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ISIAQ introduction – HB2021 Proceedings 

The International Society for Indoor Air Quality and Climate (ISIAQ) was happy to sponsor the virtual 
Healthy Buildings Europe 2021 conference. This Healthy Buildings series is one of ISIAQ’s flagship 
regional conferences and a key benefit for the members of the society. 

ISIAQ is an international multidisciplinary non-profit organization with the aim to promote dissemination 
of scientific knowledge and to foster exchanges among professionals for healthy, comfortable and 
productive indoor environments. ISIAQ is a meeting point for disciplines involved in indoor air sciences. 
The role of the society is even more crucial in the context of the global COVID-19 pandemic, for the 
management of which buildings are playing a major role, and during which scientific results are 
fundamental to drive the policy makers in an uncertain context.  

Healthy Buildings Europe 2021 gathered hundreds of participants from all over the world to accomplish 
knowledge dissemination and to facilitate exciting discussion across international scientists and 
practitioners from different disciplines and perspectives. Despite a virtual format, Healthy Buildings 
Europe 2021 created a unique moment to take a break from our daily activities and make time to meet 
colleagues, share results and develop new ideas.  

If you are not yet a member of ISIAQ, don’t miss this opportunity to join and visit our website: 
https://isiaq.org/ 

Corinne Mandin 

President of ISIAQ, 2020-2022 
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Preface 
 

Healthy Buildings 2021 – Europe 
Proceedings of the 17th International Healthy Buildings Conference 21–23 June 2021 
 

The Healthy Buildings 2021- Europe was the 17th instance of the Healthy Building Conferences since 
the first in Stockholm, Sweden in 1988. It was also the first fully digital conference in the series. The 
original idea of the organizers was a traditional face-to-face conference taking full advantage of the 
facilities of Oslo Metropolitan University as a venue, several ambitious new buildings in the vicinity, and 
the general pleasantness of the Scandinavian summer, and add some digital attendance opportunities 
for parts of the conference content. However, the Covid-19 pandemic forced us into a fully digital format. 

We are happy to say that this allowed the participants to 

 Reduce their traveling time and cost and environmental impact to a tiny fraction  
 Mostly avoid the choice between parallel presentations, and the running between different 

lecture rooms where progress was not always well synchronized 
 Replay presentations 
 Reduce the stress of making presentations work on more or less unfamiliar equipment 

In our evaluation, the platforms selected for participant and contribution management (ConfTool and 
Zoom) allowed for a generally smooth experience for the program committee, scientific committee, and 
to the best of our knowledge to authors and presenters. For the efficient dissemination of scientific 
output, as well as feedback and discussion, we believe that the digital format in many ways is superior. 

However, it is clear that our efforts to provide a platform for more informal meetings and discussions as 
a substitute for the meeting between people during coffee breaks, conference dinners and technical 
tours were mostly unsuccessful. Also, we have noted a tendency that the format may be more suitable 
for the scientific community than for policy-makers and practitioners. This is somewhat ironic, given that 
the community response to the pandemic forcing the conference into its digital format might have 
benefitted from a better utilization of different fields of science. 

Thus, we look forward to future face-to face ISIAQ conferences. 

We would like to thank all authors, reviewers and subeditors for their valuable contributions. The 
outcome is organised in two volumes, the conference proceedings and the book of abstracts. All 
abstracts are reviewed for relevance, absence of commercialism and unethical content. The authors 
were then given a choice to proceed with preparing an extended abstract for the book of abstracts, or a 
full paper going through an anonymous peer-review. All full paper manuscript was reviewed by two 
reviewers from the scientific committee, with a second review is revisions were deemed necessary. The 
subeditors were given the task of resolving any disagreements. A final check of formatting issues was 
then performed by SINTEF Academic Press prior to publication of this volume. 
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Conference sponsors 
 

 

Avidicare AB is a research-based medical tech company focusing on infection prevention. They 
develop systems for managing airborne bacteria and virus contamination in hospitals. 

Avidicare was initially part of Airsonett AB, which introduced tech from industrial cleanrooms to the 
healthcare sector. As part of Airsonett, they developed airshowers and TcAF (Temperature controlled 
Air Flow), new opportunities to prevent harmful bacteria in medical environments. This gave rise to 
Opragon –a ventilation system for infection-sensitive surgery in ultra-clean air. 

The company is based in Lund, south in Sweden, where a state-of-the-art laboratory to study different 
ventilation solutions in operating rooms was constructed in 2013. 

 

 

GK is Scandinavia's leading end-to-end technical contractor and service partner with a turnover of over 
NOK 6 billion. With more than 3,000 employees and over 80 offices in Norway, Sweden and Denmark, 
they deliver smart and sustainable solutions in ventilation, cooling, building automation, electrical 
installations and plumbing. 

They work with project design, installation, service and maintenance of technical systems in buildings. 
Their track record comprises large, complex installation projects, such as a new hospitals, museums, 
theatres, hotels and data centers. Its mission is to build sustainable societies for generations to come. 

 

 

Camfil is a leading manufacturer of solutions for air filtration and air pollution control, improving worker 
and equipment productivity, with a life-cycle approach to sustainability, energy use and service life costs. 
It is a global operator with 30 manufacturing sites, 6 R&D centres, and the HQ in Stockholm, Sweden. 

 

 

Airthings is a Norwegian tech company that develops and manufactures out-of-the box solutions for 
businesses (airthings.com/business), consumers, and radon professionals.  

Founded in 2008, Airthings is on a mission to ensure that people around the world recognize the impact 
of air quality, and make radon and indoor air quality sensors an essential element of every building. 
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GRAPHICAL ABSTRACT 

ABSTRACT 

To evaluate the impact of the aging (the use of 
detergent and exposure to light, high relative humidity, 
and temperature) on the efficiency of biocides present 
in the renovation plaster after being added to polyester 
cellulose (combined material) and on VOC and SVOC 
emissions, an inoculation of innate and aged materials 
with fungal spores was carried out in this study using 
a dry aerosolization system. VOCs and SVOCs emitted 
from these different materials before and after 
inoculation were characterized using gas (TD-GC-
MS/FID) and liquid (HPLC) chromatography.  

On the microbial level, the results of the inoculation 
process showed a proliferation of inoculated mold on 
the surface of the innate polyester-cellulose whereas 
no visible growth was detected on the aged polyester-
cellulose and the combined material. 
Regarding VOC/SVOC emissions, the aging or 
inoculation process led to a decrease in the emission 
rates of most compounds and the appearance of some 
"new" ones. However, the combined effect of aging and 
inoculation on VOC/SVOC emissions showed a more 
variable behavior.  

Keywords:    Fungi, VOC and SVOC emissions, aging 
process, building and finishing materials, antifungal 
treatments

INTRODUCTION 

In developed countries, people spend 90% of their time 
in confined spaces (housing, workplaces, and even 
public places) which might have a crucial effect on 
their health. Poor indoor air quality (IAQ) can be 
responsible for a number of disorders, starting from 
respiratory diseases to lung cancer (Awada et al. 
2020). 

The deterioration of IAQ could be due to the presence 
of various indoor pollutants, including fungal spores 
and Volatile Organic Compounds (VOCs). Twenty 
percent of the European and American buildings have 
been found to be affected by the presence of visible 
mold (ANSES 2016). Moreover, VOCs concentration 
was found to be 2 to 100 times higher indoors than 
outdoors (Jia, Batterman, et Godwin 2008).  

The results from various building surveys suggest that 
building materials, whether structural or furnishing, as 
well as human activities such as cleaning, are the main 
sources of these pollutants (ADEME 2017).  

Indeed, the exposure of building and furnishing 
materials to certain environmental conditions 
(temperature, relative humidity, light, ozone...) can 
lead to a physico-chemical aging process and promote 
microbial growth (Laycock et al. 2017). The aging 
process may also affect IAQ throughout the emission of 
certain VOCs and semi-volatile organic compounds 
(SVOCs) (Singh et Sharma 2008; Zervos 2010).  

However, aging processes can differ according to the 
atmosphere where the material is present and the 
texture and chemical composition of the material itself. 
For instance, the main degradation pathway of paper 
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or cellulose under acidic conditions during accelerated 
dry or wet thermal aging is the hydrolysis of the 

glycosidic bonds of the cellulose macromolecule which 
will lead to paper embrittlement due to the loss of fiber 
strength.  Nevertheless, under neutral and alkaline 
conditions, the mechanism is complex and oxidation 
seems to be a major factor (Zervos 2010). 

In addition, fungal growth is also strongly dependent 
on climatic conditions, in particular the availability of 
high relative humidity (more than 75%) and moderate 
temperature (20-29 °C)  (Deacon 2005). These 
conditions may enhance the germination of airborne 
spores and the formation of hyphae on the 
contaminated surface causing accelerated aging of the 
material (Deacon 2005; Johansson et al. 2012).  

The interaction between the material and mold may 
result in the release of metabolites and wastes 
(microbial VOCs, CO2...) that can have adverse effects 
on both IAQ and  occupants health (Korpi, Järnberg, et 
Pasanen 2009; ANSES 2016). 

Therefore, in order to reduce chemical (VOC/SVOC) 
and biological pollutants, it is necessary to limit 
emissions from the sources. For this reason, the French 
Ministry of Ecology has issued in 2012 an obligatory 
labelling of building materials based on their VOCs 
emission (FFB 2018); moreover, the addition of 
biocides to certain building materials has been 
adopted to prevent microbial growth. Nevertheless, 
there are only a few papers reporting the lifespan of 
these antifungal treatments (Silva et al. 2020). 

The aim of this study is divided into two main 
objectives: 1) developing a methodology to assess the 
impact of the aging process on the effectiveness of 
biocides and 2) characterizing the evolution of VOCs 
and SVOCs emissions with time (before and after 
aging).   

MATERIAL AND METHODOLOGY 

1. Building and decorative materials

In order to represent real-life conditions, a 
combination of building and decorative materials was 
made prior to sampling. Polyester cellulose and 
renovation plaster were selected in this study due to 
their low VOCs emissions and content of antifungal 
products, respectively:  

- Polyester-cellulose is a smooth renovation wall
covering containing at least two polymers (polyester
and cellulose) and is classified as very weakly
emissive (A+) of VOCs according to the French label
(FFB 2018).

- Renovation plaster with an unknown composition
is generally used for the renovation and decoration of
walls and ceilings. It contains 50 ppm of the biocide
1,2-benzothizol-3(2H)-one. This biocide was proved
to have an antibacterial (tested on Escherichia coli
ATTC 8739 and Pseudomonas aeruginosa ATTC 9027
according to UNI EN ISO 846/1999 - Method C) and

antifungal (tested on Aspergillus niger, Penicillium 
purpurogenum, Cladsporium cladosporoides, and 
Alternaria alternata according to EN 15457/2008) 
actions.  It is also classified as A+ for VOC emissions. 

2. Sample preparation

Twenty-one polyester-cellulose samples were cut into 
circles of 63.61 cm2, out of which fourteen were 
covered by a layer of renovation plaster (1.23 ±0.61g) 
(named combined materials) and seven remained 
intact (termed “uncovered” samples).  

The fourteen combined materials were divided into: 

- Four (2 innate and 2 aged) samples to evaluate the
impact of aging process on the variation of VOC and
SVOC emission rates.

- Ten samples to consecutively evaluate the aptitude of
materials to promote fungal growth before and after
aging and to assess the impact of fungal growth and
incubation process on the variation of VOC and SVOC
emissions rate. For this purpose, the ten samples
(called "inoculated and incubated materials") were
inoculated with fungal spores before being divided
into six (3 innate and 3 aged) samples for the
quantification of fungal growth as CFU cm-2 and four
others (2 innate and 2 aged) for the assessment of
VOC and SVOC emissions.

The seven “uncovered samples” were used to estimate 
the contribution of renovation coatings in VOC/SVOC 
emissions and resistance to fungal growth. For this 
purpose, the seven samples were partitioned into one 
innate sample, for the evaluation of VOC and SVOC 
emission rates, and six others (3 innate and 3 aged 
inoculated and incubated samples) for the 
measurement of fungal concentration as CFU cm-2.  

3. Materials aging

The aging process used is a physico-chemical process 
that takes place over a period of 30 days. It consists of: 

- Adding a commercially bought cleaning product, with
the aim to accelerate the aging process and imitate
real-life conditions and daily habits. This product is
made up of >30% water, 5%-15% vegetable alcohol,
<5% surface agent (anionic, nonionic, amphoteric),
citric acid, and perfume (Limonene and citral). It was
applied twice a day for one month with a sprayed
volume of 750µL upon each use.

- Exposure of the material to a visible light spectrum
(400-450nm to 600-650nm) for 24h for 30 days. The
distance between the light and the samples was equal
to 48cm.

The aging process was conducted at a T = 35±9 °C and 
a relative humidity (RH) = 25±17% in a sealed 
chamber. 
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4. Fungal Inoculation

In order to select the environmental fungi that may be 
susceptible to grow on the polyester-cellulose, 
preliminary tests were carried out including an 
impaction inoculation test (using Air-sampler system 
MAS-100NT for 1000L/ 10min sampling) and 
culturing on diverse synthetics solids mediums.  

These tests showed that only the Aspegillus niger 
species has the ability to grow on polyester-cellulose 
(uncovered material) during all stages of research 
regardless of the inoculation and incubation 
conditions.  

Based on this result, this strain was grown on Rose 
Bengal Chloramphenicol Dichloran Agar (DRBC, 
Biokan Diagnostics) at 25±2°C until spore generation 
(3 days), and then it was inoculated on sixteen samples 
(innate, aged, covered, and uncovered) using a dry 
aerosolization system. The latter process provides an 
air flow over the Aspegillus niger culture. The fungal 
spores are thus transported by this air flow to a sealed 
chamber containing the samples. The inoculation will 
be achieved after sedimentation of the airborne spores 
within about 45min.  

The inoculated samples are then incubated for 30 days 
under high relative humidity (93±6%) and moderate 
temperature (23±2°C). 

The inoculation and incubation of the materials could 
be conceived as a second aging process including the 
impact of fungal growth and high relative humidity on 
the target material. 

5. Quantification of airborne spores

The quantification is performed by recovering the 
fallen spores from the small empty petri dishes using 
an isotonic solution (MgSO4 10-2 M and 0.25% Tween 
20), performing a series of dilutions at 1/10th, from 
which 0.1mL is taken from each dilution and spread on 
the DRBC medium, and finally determining the fungal 
concentration as CFU cm-2.  

6. Fungal growth assessment

The evaluation of fungal growth on the inoculated 
surface of each test sample is carried out by visual 
inspection followed by a quantitative evaluation which 
consists of counting the number of developed fungi 
using the same protocol as the quantification of 
sedimented spores. 

The visual inspection (qualitative assessment) is 
performed according to the following rating scales: (0) 
as no apparent growth with the naked eye or under the 
microscope and (1) visual fungal growth on the 
surface of the specimens. 

7. Impact of the cleaning product on fungal
growth

In order to have an idea on the effect of the cleaning 
product on the fungal growth, a diffusion test on a disc 
was carried out. 

During this test, a DRBC agar plate dish was covered 
with an A. niger culture, then dried paper disks 
impregnated with a cleaning agent were placed on it, 
and the dish was then left to incubate at 25°C for three 
days. During the incubation period, the A. niger strain 
can easily grow on the DRBC medium. However, if the 
detergent has a negative impact on fungal growth (kills 
or stops A. niger growth), an inhibition zone will 
appear around the disc. 

8. VOC/SVOC emissions

8.1. VOC analysis 

The Field and Laboratory Emission Cell (FLEC) was 
used in this study to characterize VOC/SVOC 
emissions.  

The cell was directly placed on the studied samples.  A 
flow of 50% humid, VOC-free air of 500±20 mL/min 
was supplied to the FLEC. Samples were actively 
collected on 2,4-Dinitrophenylhydrazine (DNPH) 
cartridges for trapping carbonyls and Tenax TA tubes 
for collecting the other VOCs and SVOCs. Two 
cartridges or tubes were connected in series to prevent 
breakthrough. The sampled volume was equal to 36 L 
(3 hours sampling with an air flow rate of 200 
mL/min).   

The DNPH cartridges were then eluted by 3 mL of 
acetonitrile and analyzed using an HPLC/UV (High 
Performance Liquid Chromatography coupled to Ultra 
Violet Detector, Dionex Ultimate 3000, Thermo 
Scientific U.S.A.) equipped with an Acclaim RSLC 
Carbonyl column (2.2 µm, 2.1 x 150 mm, Thermo 
Scientific, U.S.A.). 

 The Tenax TA tubes were analyzed using TD-GC-
MS/FID system (Thermal Desorption Gas 
Chromatography, Clarus 680 - Mass Spectrometry and 
Flame Ionization Detection, Clarus SQ 8T, Perkin 
Elmer, U.S.A.) with a CP-Sil 5CB column (60 m x 0.25 
mm x 1 µm, Agilent U.S.A.).  

The used HPLC and TD-GC-MS/FID methods in this 
study are those used by (Tobon Monroy 2020). The 
limit of detection (LOD) of the GC method for toluene 

was equal to 0.004 µg m-3 while that of the HPLC 

method ranged from 0.2 to 0.6 µg m-3, depending on 
the oxygenated VOC, for an air sampled volume equal 
to 25 L.  

8.2. VOC calibration 

Calibrations were run before each analysis depending 
on the targeted compounds: 

- Label VOCs in GC (toluene, tetrachloroethane,
ethylbenzene, (ortho-, para-, meta-) xylene, styrene, 2-
butoxyethanol, 1,2,4-trimethylbenzene and 1,4-
dichlorobenzene) were calibrated individually.

- For Carbonyls analysis by HPLC, calibration was
performed using a standard solution of 20 compounds:
formaldehyde, acetaldehyde, propanone, acrolein,
propanal, methyl vinyl ketone (MVK), crotonaldehyde,
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methyl ethyl ketone (MEK), methylpropenal, butanal, 
benzaldehyde, isopentanal, pentanal, glyoxal, 
tolualdehyde (ortho-, meta-, and para-), methylglyoxal, 
hexanal and 2,5-dimethylbenzene.  

- All the other VOCs were quantified as toluene
equivalents.

8.3. Cell Blanks 

A blank measurement of the FLEC took place before 
each experiment to verify the absence of 
contamination.  As this contamination is considered to 
be a point contamination, the VOC concentrations 
calculated from the blank were deducted from the 
analyzed samples. 

8.4. Calculation of emission rate 

The emission rates (ER, µg m-2 h-1) of the emitted VOCs 
and SVOCs at the outlet of the FLEC were calculated:  

ER =
 Mass concentration (µg m−3) X air flow  rate (m3 h−1)

Sample surface area (m2)

RESULTS AND DISCUSSION 

1. Assessment of material’s resistance to
fungal development

Visual inspection of fungal growth revealed that aged 
polyester-cellulose (aged uncovered sample) and all 
combined samples (innate or aged) are classified as 
category 0, due to absence of any fungal growth (fig. 1). 

Fig 1. Pictures of samples classified -0-

Whereas the innate uncovered sample showed the 
presence of macroscopic stains (fig. 2), which 
highlighted the effectiveness of the inoculation test and 
the biodegradability of polyester-cellulose in the 
absence of coating (such as renovation plaster).  

Fig 2. Fungal growth pictures of samples classified-1-

The obtained results by the visual inspection were 
confirmed by the quantitative assessment (fig. 3). 

Figure 3 shows the Log change of A. niger that occurs 
on the surface of the materials.  The concentration of 
the inoculated spores was equal to 103 CFU cm-2. After 
4 weeks of incubation, this concentration increased to 
104 CFU cm-2 on the surface of the uncovered samples, 
which is 10 times higher than the initial concentration. 
On the other hand, the aged uncovered samples had 

not shown any signs of fungal development. The same 
is true for the combined samples (innate or aged).  
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Fig 3. Log change of Aspergillus niger inoculated on the 
uncovered and on the combined samples after 4 weeks 
of incubation. 

These results highlight the fact that the renovation 
coating ensures the material's resistance to fungal 
development, and that the aging process provides 
further protection against fungal growth. 

The resistance to fungal growth provided by the 
coating material could be due to its biocide content or 
the non-biodegradability of its chemical composition. 

Vacher et al. (2010) reported in their study that 
adding a thin layer of wallpaper (80 g m-2) to the 
surface of the biocide-free gypsum board resulted in 
a rapid fungal infestation of the substrate, indicating 
that the use of thin wallpapers can be considered as a 
nutrient source for fungal growth. On the other hand, 
thick wallpapers (240 g m-2) did not allow fungal 
growth; the same phenomenon applies to 
plasterboard treated with biocides (2.5% of 1,2-
benzisothiazol-3(2H)-one + 2.5% of 2-methyl-4-
isotiazol-3-one) combined with thick or thin 
wallpaper. These results indicate that the nature of 
the wallpaper has an effect on fungal growth and that 
the biocide treatment confers the resistance of the 
material to mold development. It was also indicated 
in this study that A. niger and Penicillium sp. were the 
main species to invade the wallpaper which confirms 
the obtained results. 

 Therefore, and according to figure 3, the biocide 
content of the renovation plaster might have a 
negative impact on fungal growth, but this cannot be 
confirmed without defining the lifetime of these 
incorporated biocides and identifying the chemical 
composition of the used coating. Moreover, the aging 
process increased the resistance of the material to 
mold growth.  

Fungal 
growth 
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2. Impact of the cleaning product on fungal
growth

The action of the cleaning agent on the fungal growth 
was studied using a diffusion test on detergent disks 
(fig 4).  

Fig 4. The impact of the used detergent on A. niger 
growth 

Figure 4 shows the presence of an inhibition zone 
around each deposited disc. These results explain the 
previous findings (Figure 3), that the fungal non-
proliferation on the aged uncovered samples was due 
to the application of the cleaning product. 

Terpene molecules (such as limonene and α- and β-
pinene), frequently used in cleaning products (Carslaw 
2013; Wolkoff 2013), may be responsible for this 
biocidal effect. Many studies reported that terpenes 
have a biocidal action against bacteria, yeasts, and 
molds. Due to their lipophilic character, they can act on 
the cell structures and membranes causing an 
inhibition of membrane enzymes and the increase in 
membrane fluidity; moreover, they can act on ion 
transport and microbial respiration (Andrews, Parks, 
et Spence 1980; Helander et al. 1998 ; Alma et al. 2004). 
For example, α-pinene has been shown to have a 
biocidal effect against Aspergillus spp, Penicillium 
notatum, and other fungi (Magwa et al. 2006).  On the 
other hand, β-pinene has shown a higher antifungal 
effect than α-pinene against Fusarium culmorum, F. 
solani, and F. poaes (Krauze-Baranowska et al. 2002).  

The study conducted by Cai et al. (2019) on the 
antifungal activity and mechanism of citral, limonene, 
and eugenol against Z. rouxii showed that all three 
compounds have antifungal activity and that the most 
potent compound is citral followed by eugenol and 
limonene. Besides, the antifungal mechanism of these 
three ingredients in essential oils was very similar, but 
there are still some nuances concerning their time of 
action and effect. In addition to this, the study by Chee, 
Mm, et Lee (2009) has also demonstrated the 
antifungal effect of limonene, particularly against 
Trichophyton rubrum, using two methods: 
microdilution of the broth and contact with vapor. 

3. Evolution of biocide emissions contained
in renovation plaster

In order to assess the contribution of biocides to the 
fungal resistance induced by the renovation plaster, a 
measurement of biocide release from the samples in 
different states (innate, innate inoculated and 
incubated, aged, and aged inoculated and incubated) 
was performed by TD-GC-MS/FID (Fig. 5). 

Fig 5. Evolution of biocide emission rate. 
Two samples were characterized for each type of 
material with, S1 and S2 being two replicates from the 
same sample. 

Two biocides: 2-methyl-3(2H)-isothiazolone (MIT) 
and 2-octyl-4-isothiazolin-3-one (OIT) have been 
quantified. However, the biocide 1,2-benzisothiazol-
3(2H)-one (BIT), initially present as an ingredient in 
the product label, could not be detected using our 
method. 

According to Figure 5, the innate emission rates of MIT 

were 1.97 and 2.10 µg m-2 h-1 for the first and second 
samples, respectively after which the emission rate of 
this compound decreased to values below the 
detection limit for all samples taken after inoculation, 
aging, and after aging and inoculation combined 
processes. 

The same is true for the compound OIT, which showed 

an emission rate of 2.71 and 2.94 µg m-2 h-1 for the first 
and second innate samples, respectively after which 

the emissions dropped to 0.55 and 0.62µgm-2h-1 for the 
first and second inoculated and incubated samples, 
respectively and could not be detected in the other 
samples. 

These results demonstrate the depletion of biocides in 
the ambient air emissions after the aging process and 
after the inoculation and incubation processes. Indeed, 
during the incubation process, the material was 
conditioned at RH=93±6% and T=23±2°C. Under these 
conditions, the material absorbed water from the air, 
causing the leaching of biocides from the surface of the 
material and thus the decrease in their emission rates. 
These results appear to be consistent with numerous 
studies that have demonstrated that OIT, MIT, BIT,  and 
other biocides are leached from the material when they 
come in contact with water  (Burkhardt et al. 2012; 
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Bollmann et al. 2017). During the aging process, the 
cleaning product might have the same impact as water 
and promote the leaching of these substances. In fact, 
once the cleaning product (containing more than 30% 
water) comes in contact with the material, 
solubilization of the biocide molecules is achieved 
followed by diffusion of these compounds and water-
soluble substances through the pores of the material 
towards the surface causing their leaching from the 
material.  This leaching phenomenon is accelerated 
and becomes particularly important when a wet/dry 
cycle is introduced into the aging process, especially 
when the material remains wet during leaching 
(Styszko, Bollmann, et Bester 2015). The relatively 
high temperature (35°C) used during aging can lead to 
an increase in VOC emission rates from the studies 
materials and the degradation of the material itself 
(Wangler et al. 2012; Bollmann et al. 2017). Similar 
leaching profiles have been observed during the 
spraying of herbicides and insecticides on concrete and 
polymer resin surfaces (Luo et al. 2013; Wangler et al. 
2012). It has also been shown that an amount of 
biocides (<20% relative to the initial content) is 
leached out over time and that this leaching 
phenomenon is predominant only in the middle of the 
first year and decreases significantly thereafter 
(Styszko, Bollmann, et Bester 2015). 

4. Emission of VOC from the combined
material

4.1. Organic compounds emitted from the 
combined innate material 

The combined innate material released around 66 
organic compounds, of which 5 compounds are SVOCs 
and 61 are VOCs. Table 1 shows some VOC emission 

rate (µg m-2 h-1) from innate and uncovered materials. 
As shown in table 1, two oxygenated volatile organic 
compounds (OVOCs), propylene glycol and the co-
eluting benzoic and octanoic acids, were highly emitted 
compared to other compounds, with emission rates up 

to 194 and 25.7 µg m-2 h-1 respectively. 
A comparison between the compounds emitted from 
the combined innate material and the uncovered 
material was carried out in order to assign the origin of 
each detected compound. 
Thus, 71 compounds were released in total from the 
two materials, of which 25 compounds are in common, 
42 compounds are released only from the coating, and 
4 compounds are emitted only from the uncovered 
material.  
According to table 1, the uncovered material is less 
emissive than the innate material which shows that the 
common compounds mainly originate from the 
renovation plaster. 
Indeed,   45% of VOC emissions come from the use of 
solvents in coating materials (ADEME 2018). This is 
the case of propylene glycol and the co-elution of 

benzoic and octanoic acid which are mainly used as 
solvents in various building materials, such as in paints 
and coatings (INERIS 2015).   

4.2. Impact of aging on VOC/OVOC emissions 
from the combined material 

In order to estimate the impact of aging on VOC/OVOC 
emissions, a comparison between two samples of the 
combined innate material and two others of the 
combined aged material was performed. 
 A total of 83 compounds were released by the two 
materials, of which 27 compounds are in common, 40 
compounds were only released by the innate material, 
and 16 compounds are emitted only from the aged 
material. Table 2 shows a comparison of the emission 
rates of some VOCs/OVOCs emitted from innate and 
aged materials. 
According to Table 2, three types of behaviors were 
observed:  
- Decrease in VOC emissions with aging. It is the case of
the major common compounds, more specifically
propylene glycol which showed a significant decrease
in the emission rate between innate and aged materials

(from 194 and 102 µg m-2 h-1 for the 1st and 2nd innate

materials, respectively to 3.5 and 3.0 µg m-2 h-1 for the
1st and 2nd aged materials, respectively).
- Constant VOC emissions between the innate and aged
states, but from which it is difficult to draw a reliable
conclusion on their exact behavior.  This is the case for
the co-elution of benzoic and octanoic acids which
shows a higher difference in emission rates between

two innate samples S1 (25.74 µg m-2 h-1 )  and S2 (9.70

µg m-2 h-1) compared to their emission rates from the

two aged samples S1 (32.49 µg m-2 h-1 ) and S2 (25.81

µg m-2 h-1). This variation in emission rates between
two samples of the same state may be due to the time
difference in sample analysis.
- VOCs that appeared as a result of aging, including a
hydrocarbon C7H10 and an alcohol C10H16O, which
could be due to the use of the cleaning product. Indeed,
during the aging process, limonene (C10H16O) and
other chemical compounds present  in the cleaning
product  may be released from the aged material and
may also react with the reactive gases (O3, OH) and
form a number of secondary products that might have
adverse health effects (L. Walser et al. 2008; Carslaw
2013).

In addition to the effect of the cleaning product, the 
three other parameters that are involved in the aging 
process (temperature, visible light spectrum, and 
relative humidity) have also a direct and significant 
impact on VOC emissions. High temperatures, 35°C in 
this study, have an effect on VOCs vapor pressure and 
their diffusion within the material resulting in higher 
emission rates (Fang, Clausen, et Fanger 1999). 
However, the decrease in VOC emissions to low levels 
after a long conditioning period (4 weeks in our study) 
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could be due to the fact that their emission becomes 
controlled by diffusion instead of evaporation which 
leads to the exhaustion of VOCs in the material. These 
findings appear to be consistent with numerous 
studies investigating the effect of temperature and 
relative humidity on VOC emissions from building 
materials (Sollinger, Levsen, et Wünsch 1994; Wolkoff 
1995; Haghighat et De Bellis 1998; Wolkoff 1998; Fang, 
Clausen, et Fanger 1999). For instance, the study 
carried out by (Wolkoff 1995; 1998) on the evolution 
of VOC emissions from five construction materials 
(carpet, PVC flooring, sealant, water-based wall paint, 
and floor varnish) over time revealed that the emission 
of most of the analyzed VOCs increased by more than 
20% when the temperature increased from 23 to 60°C. 
The effect of temperature was significant on the initial 
emission of VOCs; however, after three weeks of 
ventilation, this latter became independent of 
temperature change, more precisely in the range of 23 
to 35°C. Similarly, Haghighat and De Bellis (1998) 
found that VOC emissions from paints and varnishes 
increased with increasing temperature from 15 to 35°C 
to decrease after few hours of incubation to values 
close to exhaustion. However, the individual 
compounds did not necessarily follow the same trend 
as that established by the Total Volatile Organic 
Compounds (TVOCs).  

Regarding relative humidity (25±17%) used during 
the aging process, it was found to have a negligible 
effect on VOC emissions as stated by Sollinger, Levsen, 
et Wünsch (1994) in their study on the coupled impact 
of temperature (23-71°C) and humidity (0-45%) on 
VOC emissions from textile floor coverings.  

The light (400-450nm to 600-650nm) used during the 
aging process could have an impact on the 
photoinitiators. Photoinitiators are usually introduced 
into the coating system to prevent the undercuring of 
the coating film. However, when these compounds are 
exposed to light, a fragmentation process is initiated 
resulting in the emission of a number of  VOCs, such as 
benzaldehyde and alkyl-substituted benzaldehyde, 
that can contribute to indoor air pollution (Uhde et 
Salthammer 2007). 

4.3. Impact of inoculation and incubation 
processes on VOC/OVOC emissions   

4.3.1.  Impact on the innate material 

The impact of inoculation and incubation on 
VOC/OVOC emissions was assessed by comparing the 
emissions of the two innate samples with those of the 
inoculated and incubated innate matter. 76 
compounds were emitted in total, of which 40 
compounds are in common, 27 compounds were 
released only by the innate material, and 9 compounds 
were emitted by the inoculated and incubated 
material.  

Table 3 shows a comparison of the emission rates of 
some VOCs/OVOCs detected in innate and inoculated 
and incubated materials. 
Based on Table 3, the ER of the major common 
compounds decreased upon inoculation and 
incubation process. For example, propylene glycol 
showed a significant decrease in ER from 194 and 

102µg m-2 h-1 from the 1st and 2nd innate materials, 

respectively to 29.6 and 10 µg m-2 h-1  from the 1st and 
2nd inoculated and incubated material.  
These results show that high relative humidity 
(93±6%) used in the incubation process has a 
significant impact on VOC and OVOC emissions. It is 
likely that the increase in air humidity can lead to the 
extraction of the more hydrophilic OVOCs (such as 
acetic acid, isopentanal, 2-ethyl hexanoic acid, 
propylene glycol...) from the material surface and thus 
results in an increase in their emission rates (Fang, 
Clausen, et Fanger 1999; Tobon Monroy 2020). 
However, this increase occurs rapidly after one or two 
weeks of conditioning  to become stabilized by the 
third week (Wolkoff 1998).  
The incubation temperature (23±2°C) appears to have 
a small influence on VOC emissions (Fang, Clausen, et 
Fanger 1999). 
The new compounds released, including 1-octanol, 
butyl acetate, and benzene, could be derived from the 
fungal growth (Korpi, Järnberg, et Pasanen 2009; 
Stotzky, Schenck, et Papavizas 2008). However, 
according to the previous results, no fungal growth 
was recorded. Therefore, the probable source of these 
compounds is only material emissions.  

4.3.2. Impact on the aged material 

The comparison between the emissions of the aged 
material and those of the inoculated and incubated 
aged material showed that out of 64 compounds 
emitted, 30 compounds were emitted in common, 13 
compounds were emitted by only the aged material, 
and 21 compounds by the inoculated and incubated 
material. From these 21 compounds, 13 compounds 
were newly detected under the impact of the 
inoculation and incubation processes while the other 
(8 compounds) were already present in the innate 
state (Table 4).  
In fact, as shown in Table 4, the compounds as a whole 
did not follow the same trend i.e each individual 
compound behaved differently from the other: 
- VOCs whose emission rate, decreased such as
monochloro-acetic acid isopropyl ester (from 0.44 and

0.33 µg m-2 h-1 for the 1st and 2nd aged materials,
respectively to values below the limit of detection for
both inoculated and incubated materials).
- VOCs with a relatively stable emission rate such as
benzaldehyde, 2,3-dehydro-1,8-cineole and 1-methyl-
4-(1-methylethenyl) benzene.
- VOCs whose emission rate increased after a decrease
under the effect of aging, such as propylene glycol and
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acetic acid (from 1.41 and 1.11 µg m-2 h-1 for the 1st and 
2nd aged materials, respectively to 1.70                        

and 2.57 µg m-2h-1 for the 1st and 2nd inoculated and 
incubated materials, respectively). 
- VOCs that appear as a result of inoculation and
incubation processes like n,n-dibutyl formamide, 1-
octanol, benzene, and 1,2-etanediol.
The fluctuating behavior of some compounds, such as
acetic acid and propylene glycol, could be caused by the
use of the cleaning product during aging. In the
humid/dry aging cycle, the temperature allowed the
evaporation of some of the cleaning product from the
humid sample while preventing the emission of polar
VOCs during this period due to hydrogen bonding
(Haghighat et De Bellis 1998). Once the material is in
the moist conditions, the water molecules compete
with the hydrophilic VOCs present on the adsorption
sites of the material, and would cause the adsorption
equilibrium to shift to the gas phase(Tobon Monroy
2020).
Finally, the following study aimed to mimic real
conditions by exposing a renovation coating and
polyester-cellulose to a combination of parameters
(temperature, relative humidity, light, and cleaning
product). Thus, the combination of these aging
parameters (Table 4) induces a variable and complex
behavior of the emissions. However, it must be noted
that VOCs can present much more complex behaviors
in real conditions due to the interactions that may
occur within emissions or between them and the
reactive gases (NO3, O3, OH) (Uhde et Salthammer
2007).
This study presents only one example of a combination
of building and consumer materials; however, other
combinations of building materials should be
characterized in order to have a global vision on the
impact of aging on VOC emission and therefore on IAQ.

CONCLUSION 

The impact of the aging process on the effectiveness of 
biocides and on VOC and SVOC emissions has been 
highlighted and discussed in this paper. This study 
showed that: 

• Renovation plaster protects polyester-cellulose
against fungal growth due to its non-biodegradable
composition. However, biocides contained in this
plaster might not have a significant impact on fungal
growth. It has been proven that the aging process and
high relative humidity promote the loss of these
antifungal ingredients with time.

• The cleaning product, used during the aging process,
showed an antifungal activity since it contained
terpenic substances.

• Renovation plaster and polyester-cellulose
wallpapers are low in VOC emissions, rated A+.
However, propylene glycol and co-elution of octanoic
and benzoic acids are the predominant VOCs.

• Moderately high temperatures (35±9°C) and high
relative humidity (93±6%) have a significant effect

on VOC emissions. It was noted that after 4 weeks of 
conditioning, the emissions of the major VOCs 
decreased while others VOCs newly appeared due to 
the use of cleaning products.  

• Conditioning of aged materials at high relative
humidity led to a fluctuating behavior of some
detected compounds and the appearance of some
other compounds. This effect cannot be described in
a general emission trend.
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Table 1. VOC/OVOC emissions rates (µg m-2 h-1) from combined innate and uncovered materials 

COMPOUNDS 

INNATE MATERIAL UNCOVERED MATERIAL 

S1 S2 S1 

BUTANAL 0.75 1.41 0.18 

BENZALDEHYDE 1.39 2.20 0.56 

PENTANAL 0.61 0.68 0.89 

ACETIC ACID NQ1 2.99 0.68 

PROPYLENE GLYCOL 194 102 <LOD 

CHLORINATED COMPOUND 5.21 5.94 <LOD 

METHOXY PHENYL ACETIC ACID 3.53 2.33 <LOD 

HEXAMETHYL CYCLOTRISILOXANE 1.58 1.68 0.42 

ISOCAPROLACTONE <LOD2 <LOD 3.17 

HEPTANOIC ACID 1.56 1.49 <LOD 

NITROSO-3-PYRROLINE <LOD <LOD 1.45 

2-ETHYL HEXANOIC ACID 1.40 1.26 <LOD 

BENZOIC ACID + OCTANOIC ACID 25.7 9.70 <LOD 

OXALIC ACID + DIMETHYL BENZAMIDE 6.38 4.78 <LOD 

6-METHYL OCTADECANE 1.38 2.00 <LOD 

METHYL PARABEN 1.90 3.17 <LOD 
 1NQ = Not quantified; 2LOD = Limit of detection  

Table 2. VOC/OVOC emissions rates (µg m-2 h-1) from combined innate and aged materials 

COMPOUNDS 
INNATE MATERIAL AGED MATERIAL 

S1 S2 S1 S2 

PROPYLENE GLYCOL 194 102 3.53 3.00 

METHYL PARABEN 1.90 3.17 <LOD <LOD 

CHLORINATED COMPOUND 5.21 5.94 <LOD <LOD 

ACETIC ACID NQ 2.99 1.41 1.11 

METHOXY PHENYL ACETIC ACID 3.53 2.33 <LOD <LOD 

HEPTANOIC ACID 1.56 1.49 <LOD <LOD 

DIFLUOROMETHYL SILANE 0.51 0.23 0.62 0.64 

PENTANAL 0.61 0.68 0.37 0.82 

PHENOL + HEXANOIC ACID 3.27 1.52 1.05 1.22 

BENZOIC ACID + OCTANOIC ACID 25.7 9.70 32.5 25.8 

METHYLGLYOXAL 0.89 <LOD 0.59 0.80 

DIMETHYL SILANEDIOL <LOD <LOD 0.54 0.33 

MONOCHLOROACETIC ACID ISOPROPYL ESTER <LOD <LOD 0.44 0.33 

2,3-DEHYDRO-1,8-CINEOLE  <LOD <LOD 1.04 0.95 

1-METHYL-4-(1-METHYLETHENYL) BENEZENE <LOD <LOD 2.00 1.82 

ALCOHOL C10H16O <LOD <LOD 4.57 3.80 

HYDROCARBON C7H10 <LOD <LOD 1.60 1.24 

N-DECANOIC ACID <LOD <LOD 7.91 4.29 
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Table 3. VOC/OVOC emissions rates (µg m-2 h-1) from combined innate and inoculated and incubated materials 

COMPOUNDS 
INNATE MATERIAL 

INCUBATED AND 
INOCULATED MATERIAL 

S1 S2 S1 S2 

BUTANAL 0.75 1.41 0.72 0.91 

BENZALDEHYDE 1.39 2.20 0.19 0.86 

ISOPENTANAL 1.66 2.47 <LOD <LOD 

ACETIC ACID NQ 2.99 NQ 2.54 

BENZENE <LOD <LOD 0.25 0.23 

PROPYLENE GLYCOL 194 102 29.6 10 

CHLORINATED COMPOUND 5.21 5.94 0.67 0.82 

BUTYL ACETATE <LOD <LOD 0.32 0.26 

METHOXY PHENYL ACETIC ACID 3.53 2.33 0.71 0.86 

HEXAMETHYL CYCLOTRISILOXANE 1.58 1.68 0.49 0.52 

HEPTANOIC ACID 1.56 1.49 0.58 0.36 

2-ETHYL HEXANOIC ACID 1.40 1.26 <LOD <LOD 

BENZOIC ACID + OCTANOIC ACID 25.7 9.70 8.77 4.44 

OXALIC ACID + DIMETHYL BENZAMIDE 6.38 4.78 1.66 1.19 

6-METHYL OCTADECANE 1.38 2.00 <LOD <LOD 

METHYL PARABEN 1.90 3.17 <LOD <LOD 

1-DODECANOL <LOD <LOD 0.94 0.71 

Table 4. VOC/OVOC emissions rates (µg m-2 h-1) from combined aged and inoculated and incubated aged materials. 

COMPOUNDS 
AGED MATERIAL 

INCUBATED AND INOCULATED 
AGED MATERIAL 

S1 S2 S1 S2 

BUTANAL <LOD 0.59 0.66 0.87 

BENZALDEHYDE 0.06 0.60 0.68 0.05 

PENTANAL 0.37 0.82 0.70 0.17 

ACETIC ACID 1.41 1.11 1.70 2.57 

BENZENE <LOD <LOD 0.21 0.32 

1.2-ETANEDIOL <LOD <LOD 0.93 1.20 

PROPYLENE GLYCOL 3.53 3.00 31.7 29.1 

HYDROCARBON C7H10 1.60 1.24 1.48 0.82 

DIMETHYL SILANEDIOL 0.54 0.33 <LOD <LOD 

MONOCHLOROACETIC ACID ISOPROPYL ESTER 0.44 0.33 <LOD <LOD 

HEXAMETHYL CYCLOTRISILOXANE 0.32 0.50 0.39 <LOD 

2,3-DEHYDRO-1,8-CINEOLE  1.04 0.95 0.93 0.60 

HEPTANOIC ACID <LOD <LOD 0.37 0.34 

1-OCTANOL <LOD <LOD 1.37 1.24 

1-METHYL-4-(1-METHYLETHENYL) BENEZENE 2.00 1.82 1.96 1.26 

BENZOIC ACID + OCTANOIC ACID 32.5 25.8 27.2 18.3 

ALCOHOL C10H16O 4.57 3.80 3.50 2.72 

N,N-DIBUTYL FORMAMIDE <LOD <LOD 3.19 2.79 

N-DECANOIC ACID 7.91 4.29 3.83 2.74 

1-DODECANOL <LOD <LOD 6.79 5.01 
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ABSTRACT	
Indoor	 thermal	 environment	 and	 air	 quality	 in	 an	
elementary	 school	were	measured	 and	 examined	 for	
the	basic	data	of	net	Zero	Energy	Buildings	(ZEBs)	and	
the	adaptation	 to	 the	 impacts	of	 climate	 change.	The	
target	 school	 is	 located	 in	 Okinawa,	 a	 subtropical	
archipelagic	 region	 with	 hot	 and	 humid	 climate	 in	
Japan.	 The	 school	 is	 equipped	 with	 air	 conditioners	
(ACs)	 that	 are	 sometimes	 operated	 without	 natural	
ventilation.	 The	measurement	 results	 are	 as	 follows:	
(1) The	ACs	were	operated	when	the	daily	average	air
temperature	was	over	22	C.	 (2)	The	ACs	 in	 the	 class
rooms	 were	 controlled	 by	 the	 teachers	 individually.
The	 preset	 temperature	was	 sometimes	 too	 low.	 (3)
Direct	 solar	 radiation	 penetrated	 the	 class	 rooms,
which	increased	the	heat	load.	(4)	The	higher	point	in
the	class	rooms	was	the	higher	temperature	when	AC
was	working.	(5)	The	CO2	concentrations	in	the	class
rooms	were	 kept	 under	 1000ppm	 by	 heat	 exchange
ventilation	systems.

INTRODUCTION	
Comfortable	indoor	thermal	environment	achieved	by	
ACs	often	conflicts	with	energy	saving	and	indoor	air	
quality	 if	 the	 ACs	 are	 operated	 without	 ventilation.	
Energy	saving	is	one	of	the	most	important	factors	to	
design	 and	 use	 buildings	 from	 the	 viewpoint	 of	
reducing	CO2	 emission	by	 electric	 energy	 generation	
and	 relieving	 climate	 change.	 The	 characteristics	 of	
energy	consumption	and	generation	in	a	building	are	
needed	to	achieve	a	ZEB	that	is	a	goal	of	energy	saving	
buildings	(METI,	Japan,	2015).	
On	the	other	hand,	indoor	thermal	comfort	of	buildings	
is	also	a	very	important	factor.	Especially,	AC’s	cooling	
operation	is	an	essential	function	to	keep	the	indoor	air	
comfortable	in	hot	and	humid	summer.	Climate	change	
drives	outdoor	 air	 temperature	higher,	which	 causes	
heat	stroke	not	only	outside	but	also	inside	(EPA,	CDC,	
USA,	2016).	Air	conditioning	 is	regarded	as	a	kind	of	
adaptation	to	the	impacts	of	climate	change.		
It	is	necessary	to	operate	ACs	and	ventilation	correctly	
to	keep	better	thermal	and	air	quality	conditions	and	
to	save	energy.	Public	facilities	are	regarded	to	be	good	

targets	 of	 ZEBs,	 because	 the	 initial	 cost	 of	 ZEBs	 is	
generally	higher	than	non-ZEBs.	Largest	 floor	area	of	
public	 facilities	 is	 covered	 by	 educational	 facilities,	
especially	elementary	 schools	 (MLIT,	 Japan,	2017).	 If	
these	 schools	 are	 designed	 as	 ZEBs,	 huge	 amount	 of	
energy	and	CO2	emission	can	be	saved.	
However,	the	characteristics	of	energy	consumption	in	
a	school	are	unique	in	comparison	with	office	buildings,	
because	of	daily	and	annual	schedules	of	class	rooms.	
Especially,	ACs	are	used	for	only	cooling	in	subtropical	
zone,	 which	 is	 different	 from	 higher	 latitude	 zones.	
Main	 purpose	 of	 this	 research	 is	 to	 obtain	 the	 basic	
data	of	thermal	environment	and	energy	consumption	
in	 an	 elementary	 school	 in	 Okinawa	 to	 clarify	 these	
points	 through	 measurements	 of	 indoor	 thermal	
conditions,	indoor	air	quality	and	energy	consumption	
about	7months	including	summer.	

MEASUREMENT	PROJECT	

Target	elementary	school	
The	target	school	has	totally	27	classes	in	6	grades	and	
total	number	of	students	 is	846.	 It	 is	 located	 in	Naha	
city,	 the	 capital	 city	 of	 Okinawa	 with	 population	 of	
320k,	 about	 26.2deg.	 N.	 The	 location	was	 developed	
from	a	former	military	base	in	1997	and	the	school	was	
opened	in	2012.	The	school	consists	of	4	buildings	and	
arranged	with	 the	 playground	 as	 shown	 in	 Figure	 1.	
The	school	 lot	 is	surrounded	by	a	commercial	area,	a	
green	park	and	low-rise	residential	houses.	
The	 school	 buildings	 are	 2-	 or	 3-storied	 reinforced	
concrete	buildings	including	a	kindergarten,	a	kitchen	
for	school	 lunch,	a	gymnasium	and	a	swimming	pool.	
The	 class	 rooms	 are	 arranged	 on	 one	 side	 of	 the	
buildings.	The	class	rooms	are	not	separated	perfectly,	
but	 open	 to	 the	 common	 space	 without	 walls.	 Air	
conditioning	areas	on	a	floor	are	connected	each	other	
without	a	part	of	 corridors	and	 staircases.	There	are	
vertical	ceiling	windows	in	the	class	rooms	on	the	top	
floor,	 but	 they	 are	 sealed	with	 paper	 because	 of	 too	
bright	and	hot.	Each	class	room	has	2	AC	units	and	a	
heat	 exchange	 ventilation	 system	 on	 the	 ceiling	 and	
they	 are	 controlled	 individually	 by	 the	 teacher	 in	
charge.	These	situations	are	shown	in	Figure	2-4.	

Healthy Buildings 2021 – Europe

- 28 -



Figure	1.		Arrangement	of	school	buildings	

Figure	2.	Class	room	and	common	open	space	

Figure	3.	Vertical	ceiling	windows	

Figure	4.	Two	AC	units	and	a	ventilator	on	the	ceiling	

Measurement	points,	items	and	instruments	
Table	1	shows	the	measurement	points	and	items.	The	
items	are	grouped	into	4	categories:	Temperature	and	
Relative	Humidity,	CO2	Concentration,	Electric	Power	
Consumption	and	Gas	Consumption.	The	measurement	
points	of	thermal	environment	and	CO2	concentrations	
were	mainly	set	in	class	rooms	on	2nd	and	3rd	floor.	
Gas	was	consumed	in	GHPs	as	heat	source	of	ACs.	

Temperature,	 relative	 humidity,	 CO2	 concentration,	
and	gas	consumption	were	measured	by	small	package	
type	data	loggers	with	sensors.	These	instruments	can	
record	16,000	data.	Electric	power	consumptions	were	
measured	by	cramp	type	sensors.	

Measurement	schedule	
The	measurement	was	 started	 on	 28	 June	 2019	 and	
ended	on	5	February	2020,	totally	223days	including	7	
months	fully	from	July	to	January.	All	the	measurement	
data	were	recorded	at	10-minute	interval	and	collected	
about	1.5-month	intervals.		

Table	1.	Measurement	points	and	items	
Measurement	Point	

(Height	from	floor,	mm)	 Measurement	Item	

Outside	of	a	bldg.	(2300)	 Air	Temp.,	Rel.	Humidity	
Entrance	Hall	(2300)	 Air	Temp.,	Rel.	Humidity	
Gymnasium	(2200)	 Air	Temp.,	Rel.	Humidity	

2nd	F.	Class	Room	(1100)	 Air	Temp.,	Rel.	Humidity	
2nd	F.	CR	AC	Outlet	(2800)	 Air	Temp.,	Rel.	Humidity	
2nd	F.	Common	Space	(2500)	 Air	Temp.,	Rel.	Humidity	
2nd	F.	Outside	Corridor	(2500)	 Air	Temperature	
3rd	F.	Class	Room	(1100)	 Air	Temp.,	Rel.	Humidity	
3rd	F.	CR	AC	Outlet	(2800)	 Air	Temp.,	Rel.	Humidity	
3rd	F.	Common	Space	(2500)	 Air	Temp.,	Rel.	Humidity	
3rd	F.	Class	Room	(100)	 Air	Temperature	
3rd	F.	Class	Room	(2800)	 Ceiling	Temperature	

3rd	F.	Outside	Corridor	(2500)	 Air	Temperature	
3rd	F.	Class	Room	(2000)	 CO2	Concentration	
2nd	F.	Class	Room	(2000)	 CO2	Concentration	

Electric	Power	Lead-in	Meter	 Total	Electric	Power	
Rooftop	Electric	Cubicle	A	 East	Bldg.	Lighting,	etc.	
Rooftop	Electric	Cubicle	B	 Kindergarten,	Kitchen,	etc.	
Rooftop	Electric	Cubicle	C	 Pump,	GHP,	EV,	Motor,	etc.	
Rooftop	Electric	Cubicle	D	 Kitchen,	Kindergarten	

2nd	F.	Power	Distribution	Panel	 2nd	F.	Power	Outlet,	AC,	etc.	
3rd	F.	Power	Distribution	Panel	 3rd	F.	Power	Outlet,	AC,	etc.	

East	Bldg.	Gas	Meter	 Gas	Heat	Pump	(GHP)	
Kitchen	Gas	Meter	1	 GHP	for	School	Bldgs.	
Kitchen	Gas	Meter	2	 GHP	for	Gymnasium	

MEASUREMENT	RESULTS	

Daily	average	thermal	environment	
Dairy	average	air	temperature	and	relative	humidity	at	
outdoor	and	indoor	measurement	points	except	class	
rooms	are	shown	in	Figure	5.	The	outdoor	temperature	
is	almost	lowest	in	winter,	but	not	highest	in	summer.	
The	gymnasium	temperature	 is	highest	and	the	open	
space	 temperature	 of	 2nd	 floor	 is	 lowest	 in	 summer	
except	 summer	 vacation	 term.	 The	 outdoor	 relative	
humidity	is	always	higher	than	indoor	humidity	data.	
These	results	indicate	the	effect	of	ACs	on	indoor	air.	
Daily	 average	 air	 temperatures	 at	 all	 measurement	
points	in	the	class	rooms	are	shown	in	Figure	6.	Low	
temperatures	 of	 AC	 outlets	 indicate	 the	 operation	 of	
ACs.	Weekly	changes	are	very	clear,	but	sometimes	ACs	
were	working	on	weekends	without	classes.		
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Figure	5.	Thermal	environment	of	the	school	

Figure	6.		Temperatures	in	the	class	rooms	

Figure	7.		Relative	humidity	in	the	class	rooms	

Figure	8.		CO2	concentration	and	air	temperature	

The	cooling	terms	last	until	November	and	December	
on	 3rd	 and	 2nd	 floor,	 respectively.	 The	 AC	 outlet	
temperature	 is	 sometimes	 below	 20	 deg.	 C,	 and	 the	
room	temperature	is	nearly	25	deg.	C	on	2nd	floor.	The	
lowest	temperature	in	the	measurement	term	is	about	
20	deg.	C	on	1	Feb.	
Daily	average	relative	humidity	data	in	the	class	rooms	
are	shown	in	Figure	7.	Humidity	data	of	AC	outlets	are	
very	high	when	ACs	were	working.	Humidity	data	at	
the	corridor	are	always	lower	than	inside	data,	though	
it	is	located	outside	of	AC	area.	The	difference	between	
inside	and	outside	on	3rd	floor	is	clearer	than	2nd	floor.	
It	is	regarded	as	the	effect	of	heat	from	the	roof.	

Daily	average	CO2	concentration	
Dairy	average	CO2	concentrations	in	two	class	rooms	
with	the	daily	average	air	temperatures	are	shown	in	
Figure	8.	CO2	concentrations	on	2nd	and	3rd	floor	are	
almost	the	same	level,	about	400ppm,	in	the	summer	
vacation	term.	It	 is	the	same	level	of	the	atmosphere,	
which	means	these	class	rooms	were	well	ventilated	in	
the	summer	vacation	term.	
CO2	concentration	on	2nd	floor	is	higher	than	3rd	floor	
when	ACs	were	working,	though	they	reverse	in	winter.	
Especially,	CO2	concentrations	on	3rd	floor	are	clearly	
higher	than	2nd	floor	when	the	air	temperatures	were	
below	23	deg.	C.	This	difference	between	2nd	and	3rd	
floor	 in	 winter	 is	 regarded	 to	 be	 caused	 by	 lack	 of	
ventilation.	 The	 occupants	 on	 the	 top	 floor	may	 feel	
colder	than	lower	floors	because	of	cold	radiation	from	
the	ceiling	in	winter.	

Daily	electric	energy	consumption	
Daily	electric	energy	consumptions	in	the	elementary	
school	are	shown	in	Figure	9.	 It	does	not	 include	the	
energy	consumed	in	the	kindergarten	and	the	kitchen.	
Most	 of	 the	 electric	 energy	 is	 used	 for	 lighting	 that	
includes	power	outlets.	GHP	means	electric	energy	for	
gas	heat	pumps	as	the	heat	source	of	ACs.	GHP	needs	
electric	energy	mainly	to	drive	the	pumps	and	the	fans,	
not	for	the	heat	source	itself.		

Figure	9.		Daily	electric	energy	consumption	

Figure	10.		Electric	energy	for	GHP	and	air	temp.	
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Figure	11.		GHP	electric	energy	and	outdoor	air	temp.	

GHP	energy	and	air	temperature	
Electric	 energy	 for	 GHP	 and	 outdoor	 and	 indoor	 air	
temperatures	 are	 shown	 in	 Figure	 10.	 The	 electric	
energy	for	GHP	data	is	clearly	fluctuating	weekly	and	
seasonally	 along	 with	 the	 temperatures	 except	 the	
summer	 vacation	 term.	 The	 GHP	 energy	was	 almost	
zero	when	the	daily	average	outdoor	air	temperature	
was	lower	than	about	22	or	23	deg.	C.	
Correlation	between	the	GHP	electric	energy	the	daily	
average	outdoor	air	temperature	is	shown	in	Figure	11.	
The	 GHP	 electric	 energy	 sharply	 changes	 when	 the	
daily	average	outdoor	 temperature	 is	over	22	deg.	C.	
The	 GHP	 energy	 on	 holidays	 may	 be	 used	 for	 the	
teachers’	work	and	 sometimes	unexpected	operation	
of	ACs	as	shown	in	Figure	6	and	10.	

Gas	energy	for	GHP	
Gas	consumptions	were	measured	by	pulse	counters	of	
which	1	pulse	is	equal	to	1m3	of	gas.	Relation	between	
daily	gas	pulse	count	and	GHP	electric	energy	is	shown	
in	Figure	12,	and	theses	correlation	is	shown	in	Figure	
13. The	GHP	electric	energy	consumed	without	the	gas
pulse	 is	 regarded	 to	 be	 used	 for	 the	 maintenances,
monitors	and	controllers,	not	for	the	gas	engines.
The	lower	heat	value	of	the	gas	is	39.7MJ/m3N	that	is	
equal	 to	 11kWh/m3N.	 The	 practical	 heat	 value	 is	
roughly	estimated	to	be	the	same	value,	though	it	is	not	
normal	 condition.	 If	 1kWh	 of	 GHP	 electric	 energy	 is	
consumed,	2.27m3	of	gas	is	used	for	GHP.	That	amount	
of	 energy	 is	 almost	 the	 same	 value	 as	 2.27x11kwh,	
nearly	25kWh.	Total	energy	for	ACs	is	estimated	as	26	
times	 as	 large	 as	 GHP	 electric	 energy	 including	 the	
electric	energy.	

Figure	12.		Gas	pulses	and	GHP	electric	energy	

Figure	13.		Gas	pulses	and	GHP	electric	energy	

Solar	power	generation	
This	school	is	equipped	with	photovoltaic	panels	(PVs)	
on	the	rooftop	as	shown	in	Figure	14.	The	solar	system	
consists	 of	 2	 sets	 of	 solar	 battery	 arrays.	 Each	 solar	
battery	array	consists	of	55	VPs,	and	the	rated	power	
of	 one	 PV	 is	 92.5W.	 Total	 rated	 power	 of	 the	 solar	
system	is	about	10kW.	
Fluctuations	of	global	solar	radiation,	outputs	of	2	PV	
arrays	and	total	output	of	PVs	are	shown	in	Figure	15.	
Difference	between	the	outputs	of	2	PV	arrays	is	almost	
negligible.	 Global	 solar	 radiation	 data	 used	 here	 are	
obtained	 from	 Okinawa	 Meteorological	 Observatory	
that	is	located	about	3km	south.	Theoretical	PV	energy	
can	be	calculated	from	the	solar	radiation	data.	
Correlation	between	the	theoretical	and	the	measured	
PV	 energy	 is	 shown	 in	Figure	16.	The	 theoretical	 PV	
output	is	calculated	from	the	solar	radiation	data	and	
the	rated	performance	of	the	PVs.	They	correlate	well	
and	the	practical	output	is	about	82.5%	of	theoretical	
energy.	Although	 these	PV	arrays	 are	 surrounded	by	
tall	buildings	and	arranged	in	parallel	to	the	building	
sides	 and	 not	 facing	 to	 due	 south,	 the	 performance	
ratio	of	82.5%	is	relatively	high	efficiency.	

Figure	14.		PV	arrays	on	the	rooftop	

Figure	15.		Global	solar	radiation	and	PV	outputs	
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Figure	16.		Theoretical	and	practical	PV	energy	

Environment	and	energy	in	summer	
The	summer	vacation	started	on	27	Jul.	and	ended	on	
25	Aug.	 in	 2019.	 A	week	 from	26	Aug.	 just	 after	 the	
summer	vacation	is	selected	as	a	typical	summer	term,	
since	the	weather	conditions	were	unstable	in	July.	
	Temperature	fluctuations	in	the	non-air	conditioning	
area	in	the	elementary	school	are	shown	in	Figure	17,	
and	 those	 in	 the	air	 conditioning	areas	are	 shown	 in	
Figure	18.	These	data	in	the	figures	are	instantaneous	
values	measured	at	intervals	of	10	minutes.		

Figure	17.		Temperatures	of	non-AC	area	in	summer	

Figure	18.		Temperatures	of	AC	area	in	summer	

Figure	19.		Temperature	and	electric	power	in	summer	

Figure	20.		Air	quality	and	ventilation	in	summer	

Temperature	in	the	gymnasium	was	highest	and	higher	
than	outdoor	temperature.	The	roof	of	the	gymnasium	
is	made	of	corrugated	thin	plates	of	steel	with	thin	heat	
insulation	boards,	which	is	regarded	as	a	cause	of	this	
high	temperature.	
The	corridor	on	the	2nd	floor	was	cooled	as	well	as	air	
conditioning	areas	in	the	daytime.	The	corridor	on	the	
3rd	 floor	 was	 rather	 higher	 temperature	 like	 other	
non-air	conditioning	points,	while	it	was	not	cooled	in	
the	 nighttime.	 RC	 structure	 with	 huge	 heat	 capacity	
affects	this	high	temperature	in	the	nighttime.	
The	 indoor	 temperatures	 on	 the	 2nd	 floor	 were	
generally	cooler	than	those	on	the	3rd	floor.	Especially,	
the	 temperature	 difference	was	 over	 2	 deg.	 C	 at	 the	
center	of	the	class	rooms.	The	ACs	in	the	class	rooms	
were	 controlled	 by	 the	 class	 teachers,	 which	 is	
regarded	as	a	cause	of	the	temperature	difference.	
The	indoor	temperatures	changed	suddenly	just	before	
air	 conditioning	 in	 the	morning.	 It	 is	 regarded	 as	 an	
impact	of	direct	solar	radiation	from	the	east	windows.	
These	 phenomena	 were	 not	 observed	 in	 winter	 as	
shown	in	Figure	22.	It	causes	higher	cooling	load	and	
larger	energy	consumption.	

Figure	21.		Temperatures	of	non-AC	area	in	winter	

Figure	22.		Temperatures	of	AC	area	in	winter	

Figure	23.		Temperature	and	electric	power	in	winter	

Figure	24.		Air	quality	and	ventilation	in	winter	
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Fluctuations	of	 the	AC	outlets	 temperatures,	 the	GHP	
electric	power,	temperature	and	electric	power	in	the	
gymnasium	 are	 shown	 in	 Figure	 19.	 The	 AC	 outlet	
temperature	on	2nd	floor	was	below	15	deg.	C,	nearly	
10	at	lowest.	If	the	outlet	air	blows	directly	on	students,	
it	must	be	too	cool	for	their	health.	
The	temperature	in	the	gymnasium	is	always	very	high,	
about	 32-33	 deg.	 C.	 It	 must	 be	 too	 hot	 for	 physical	
education	 and	 exercises.	 Small	 amount	 of	 the	 GHP	
energy	was	consumed	when	the	ACs	were	not	working,	
which	was	already	mentioned	before	about	Figure	13.	
The	 gymnasium	 electric	 energy	was	 used	mainly	 for	
lighting	and	ventilation	not	for	the	ACs.	
Fluctuations	of	CO2	concentrations,	electric	power	for	
the	ventilation	system	and	the	room	air	temperatures	
are	shown	in	Figure	20.	CO2	concentration	on	the	2nd	
floor	was	higher	than	that	on	the	3rd	floor,	while	the	
air	 temperature	 on	 the	 2nd	 floor	was	 always	 lower.	
The	 higher	 CO2	 concentration	 and	 the	 lower	 room	
temperature	indicated	that	the	class	room	on	the	2nd	
floor	was	tightly	closed	and	strongly	air-conditioned.	
The	 highest	 CO2	 concentration	 was	 under	 1000ppm	
that	was	recommended	level	as	indoor	air	quality.	The	
CO2	 concentration	 data	 indicated	 that	 the	 total	 heat	
exchanging	 ventilation	 systems	 in	 these	 class	 rooms	
and	 the	architectural	design	and	 features	 could	keep	
appropriate	air	quality	under	air-conditioning.	
Electric	 power	 for	 ventilation	 on	 the	 2nd	 floor	 is	
always	vibrating	in	a	range	of	about	100W,	though	that	
on	3rd	floor	is	rather	stable.	The	cause	of	this	vibration	
is	 unknown.	 The	 ventilation	 systems	 were	 operated	
only	two	levels	with	the	ACs	definitely.		

Environment	and	energy	in	winter	
A	week	 from	 9	 to	 16	 Dec.	 was	 selected	 as	 a	 typical	
winter	week	from	the	weather	conditions,	though	it	is	
difficult	to	define	real	winter	season	in	the	subtropical	
zone.	Figure	21-24	show	the	same	contents	of	data	for	
winter	as	shown	in	Figure	17-20	for	summer.	
The	outdoor	temperature	was	always	lower	than	other	
points	in	winter.	The	gymnasium	temperature	changed	
widely,	from	the	lowest	in	the	nighttime	to	the	highest	
in	the	daytime	on	the	weekend.	Thermal	performance	
of	the	gymnasium	roof	is	regarded	as	a	main	reason	of	
this	 temperature	 change.	 The	 entrance	 temperature	
was	almost	the	same	level	as	the	outdoor	temperature	
in	 the	 daytime,	which	 showed	 that	 the	 entrance	 hall	
was	open	and	exposed	to	outdoor	air.	
The	 corridor	 temperatures	 on	 the	 2nd	 and	 the	 3rd	
floor	were	almost	 the	 same	 level.	However,	 the	 class	
room	 temperature	 on	 the	 2nd	 floor	was	 higher	 than	
that	on	the	3rd	floor	in	the	daytime.	Especially,	the	ACs	
on	the	2nd	floor	were	operated	occasionally	on	12	Dec.	
as	shown	in	Figure	23.	The	ceiling	temperature	on	the	
3rd	floor	was	lowest	in	the	class	room.	It	is	regarded	as	
a	thermal	 impact	of	 the	rooftop,	which	 is	 the	reverse	
case	of	summer.	Sudden	changes	of	the	temperatures	
on	11	Dec.	were	caused	by	unstable	weather.	

The	gymnasium	electric	energy	was	the	same	level	as	
the	summer	case,	which	means	the	ventilation	and	the	
lighting	systems	in	the	gymnasium	were	used	all	year	
round.	 Small	 amount	 of	 the	 GHP	 electric	 power	was	
found	even	in	winter,	though	the	ACs	were	not	used.	
The	CO2	concentration	on	3rd	floor	was	always	higher	
than	that	on	the	2nd	floor	and	occasionally	it	was	over	
1000ppm.	The	ventilation	power	in	Figure	24	indicates	
that	the	mechanical	ventilation	system	on	the	3rd	floor	
was	not	operated,	while	that	on	2nd	floor	was	operated	
by	half	level.	The	cooler	thermal	conditions	on	the	3rd	
floor	led	air	tightness	without	mechanical	ventilation.	
The	ventilation	on	the	2nd	floor	in	the	nighttime	on	11	
and	12	Dec.	is	regarded	as	a	mis-operation.	

Vertical	distribution	of	temperature	
The	measurement	points	for	temperature	in	the	class	
room	on	the	3rd	floor	are	located	at	100mm,	1100mm	
and	2800mm	from	the	 floor.	The	highest	point	 is	 the	
ceiling,	 Vertical	 distributions	 of	 temperature	 can	 be	
obtained	from	these	data.	
The	data	in	the	actual	class	hours	were	used	to	make	
the	vertical	distributions	of	temperature,	because	the	
class	hours	were	calmer	than	other	time.		One	typical	
week	 in	 each	month	 and	 the	 summer	 vacation	 term	
was	 selected	 for	 the	 average	 data.	 Monthly	 average	
data	at	3points	were	obtained	from	all	the	data	in	the	
class	hours	of	one	typical	week	in	each	month.		
The	vertical	distributions	of	 temperature	 in	 the	class	
room	on	3rd	floor	in	each	month	are	shown	in	Figure	
25. The	 highest	 temperatures	 were	 recorded	 in	 the
summer	 vacation.	 These	 distribution	 in	 the	 summer
vacation	was	 almost	 uniform	 vertically	with	 a	 lower
temperature	at	the	lowest	point.
The	air	conditioning	months	are	Jul.,	Aug.,	Sep.,	Oct.	and	
Nov.	The	higher	temperature	is	observed	at	the	higher	
point	in	the	air	conditioning	months.	These	are	typical	
temperature	distributions	in	air-conditioned	rooms.	
The	shapes	of	vertical	distribution	changed	in	Dec.	and	
Jan.	 Especially,	 the	 temperature	 at	 the	 highest	 point	
was	lower	than	that	at	the	middle	point.	Solar	radiation	
on	the	rooftop,	heat	capacity	of	the	roof	material	and	
the	 cooled	 air	 by	 the	 ACs	 are	 regarded	 as	 causes	 of	
these	distribution	shapes.		

Figure	25.		Vertical	distributions	of	temperature	
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Discussion	
Thermal	environment	and	CO2	concentration	of	indoor	
air	 and	 related	 energy	 consumption	 were	 measured	
and	examined	in	this	research	for	basic	data	to	design	
Zero	Energy	Buildings	(ZEBs).		The	target	building	is	an	
elementary	school	that	is	located	in	a	subtropical	zone,	
which	is	a	unique	point	of	this	research.	Several	weak	
points	 of	 the	 air	 conditioning	 system	and	ventilation	
system,	architectural	design	and	materials	were	found	
from	the	view	point	of	energy	consumption.		
However,	ideal	or	standard	criteria	of	indoor	thermal	
conditions	 for	 elementary	 schools	 are	 not	 clear,	 and	
standard	energy	consumption	in	elementary	schools	is	
not	clear,	either.	It	is	impossible	to	estimate	the	energy	
consumption	 level	 exactly	 only	 from	 this	 research.	 If	
actual	reactions	of	students	and	teachers	of	the	school	
to	the	thermal	situations	were	observed,	ideal	and/or	
standard	 thermal	 conditions	 would	 be	 clear	 and	 it	
would	be	possible	to	estimate	energy	consumption	and	
saving	level.	It	is	next	step	to	apply	the	thermal	comfort	
index	to	the	data	obtained	in	this	research.	

CONCLUSIONS	

Characteristic	results	obtained	in	this	research	are	as	
follows:	(1)	The	ACs	in	the	class	rooms	were	controlled	
independently	by	the	teachers.	(2)	The	ACs	started	to	
be	used	when	the	daily	average	outdoor	temperature	
was	over	22	deg.	C.	(3)	The	ACs	were	working	even	on	
weekends	sometimes.	 (4)	The	outlet	air	 temperature	
from	the	ACs	was	sometimes	set	too	low.	(5)	The	heat	
exchanging	 mechanical	 ventilation	 system	 worked	
well	to	keep	CO2	concentration	in	the	class	room	under	
1000ppm.	 (6)	 Solar	 radiation	 on	windows	 and	 roofs	
clearly	affected	on	the	indoor	thermal	environment.		
The	results	of	this	research	are	effective	for	the	design	
of	ZEBs.	They	indicate	that	there	are	two	points	to	save	
energy	and	to	complete	ZEBs.	One	is	the	architectural	
design	 and	 construction	 materials,	 and	 the	 other	 is	
appropriate	building	equipment,	especially	ventilation,	
air	conditioning	and	lighting	systems.	
It	is	an	essential	factor	in	subtropical	zones	to	control	
solar	 radiation	on	buildings.	Orientation	of	windows,	
solar	protection	devices	and	heat	capacity	of	materials	
should	be	considered	to	reduce	cooling	load	in	summer.	
These	facts	are	already	very	general	things	for	energy	
saving	 buildings	 in	 higher	 latitude	 zones.	 Practical	
design	to	apply	these	facts	to	low	latitude	areas	is	one	
step	to	ZEBs	in	subtropical	zones.	
Important	 points	 to	 save	 building	 equipment	 energy	
are	to	select	appropriate	performance	equipment	and	
to	operate	it	correctly.	Air	conditioning	system,	lighting	
and	ventilation	system	are	essential	for	buildings.	Not	
only	the	performance	of	them,	but	also	the	operation	of	
them	is	very	effective	to	reduce	energy	consumption.	
However,	 the	 operation	 depends	 upon	 the	 building	
owners	or	users.	 Practical	manuals	 or	 guidelines	 are	
required	for	the	correct	operation.	
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ABSTRACT 

In recent years, the demand for energy conservation, 
the best energy mix, and thus air conditioning with 
energy options has increased. For this purpose, an 
integrated hybrid Variable refrigerant flow system 
(called hybrid VRF system) was developed in which a 
heat pump driven by a gas engine (GHP) and a heat 
pump driven by electricity are connected to the same 
refrigerant system. However, the actual characteristics 
of the hybrid VRF system remain unexplored. In this 
study, we analyzed a hybrid VRF system installed in a 
commercial facility. The results show that the actual 
operation differs from expectations. The results show 
that the GHP is preferentially operating when the 
system load factor is low, which is not optimal. Based 
on data obtained for indoor units, we propose a 
method to improve this problem. 

INTRODUCTION 

The energy used by buildings must be reduced. The 
Japanese oil crises in 1973 and 1976 and occurrences 
of large earthquakes have triggered the interest in 
energy conservation. Japanese nuclear power plants 
automatically shut down due to the Great East Japan 
Earthquake that occurred in 2011, leading to a power 
shortage in Japan. Therefore, Japanese people are 
interested in energy conservation.  

In recent years, the construction of Zero Energy 
Buildings (called ZEBs), which can significantly reduce 
the annual energy consumption, has increased. Many 
energy-efficient buildings are constructed because the 
government enacted a law to subsidize ZEBs. 

Therefore, the demand for energy conservation has 
increased. To satisfy this demand, an integrated hybrid 
VRF system has been developed (Furuhashi.Y, 2015).  

In this study, we analyzed a hybrid VRF system 
installed in a commercial facility to determine its 
efficiency and energy consumption during actual 
operation. Based on the results, we propose 
operational improvements. 

METHODS 

Integrated hybrid VRF system 

The hybrid VRF system is a multi-split air conditioner. 
This system connects the heat pump driven by a gas 
engine (GHP) and that driven by electricity (EHP) to 
the same refrigerant cycle. A remote monitoring server 
is used to operate the hybrid VRF system. The remote 
monitoring server sends driving instructions to the 
hybrid VRF system and the system sends driving data 
back to the remote server. By connecting the EHP and 
GHP to the same refrigerant cycle, the operating ratio 
of the GHP and EHP can be easily changed. 

An integrated hybrid VRF system has two advantages. 
First, it can be operated with high efficiency. When the 
load factor is low, only the EHP operates. At a moderate 
load factor, only the GHP operates. When the load 
factor is high, the GHP and EHP operate simultaneously. 
Second, the electric power consumption can be 
reduced by combining the EHP and GHP, leading to a 
reduction in the electricity costs. 

Figure 1. Schematic of the integrated hybrid VRF system 
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Figure 2. Illustration of the high-efficiency operation of the 
hybrid VRF 

Measuring method 

The air enthalpy method is commonly used to evaluate 
the performance of air-source heat pumps in Japan. 
Because the air enthalpy method is laboratory-based, 
it differs from the actual operation. Therefore, the 
multi-split measurement method (MM) was developed 
to measure the performance of outdoor units (Yasuda, 
M, 2015). The measurements in this study were 
performed using this method. 

The MM method is based on the air enthalpy method. 
The heat exchange of the outdoor unit is calculated 
using the difference between the inlet surface and 
outlet surface temperatures as well as the wind speed. 
We installed a thermocouple and anemometer on the 
outlet surface of the outdoor unit and another 
thermocouple on the inlet surface to measure the 
temperatures and wind speed. 

The differences between the inlet and outlet surfaces 
were determined as follows: The inlet surface was 
divided into four subsurfaces and the temperature of 
each subsurface was measured using a thermocouple. 
The temperatures were then weighted and the average 
temperature of the inlet surface was calculated. A 
thermocouple was installed on the outlet surface and 
the average temperature of the outlet surface was 
determined. 

The inlet wind speed was measured based on a 
previously used procedure. In a previous study, we 
measured the relationship between the inlet and outlet 
wind speeds of the outdoor unit. Figure 3 shows the 
measurement points and Figure 4 shows the inlet and 
outlet wind speeds. The inlet surface was divided into 
subsurfaces and the wind speed was measured. The 
results show that the inlet and outlet wind speeds 
correlate and thus the inlet wind speed can be 
calculated from the outlet wind speed.  

The inlet wind speed was calculated using Eq. (1): 

𝑉𝑛 =
𝑉𝑛.𝑜
𝑉𝑜𝑢𝑡.𝑜

× 𝑉𝑜𝑢𝑡 = 𝑎𝑛 × 𝑉𝑜𝑢𝑡 , (1) 

where Vn is the inlet wind speed, Vn.0 is the base inlet 
wind speed, Vout.0 is the base outlet wind speed, and an 
is the ratio of the inlet wind speed to the outlet wind 
speed. 

The heat exchange of the outdoor unit was calculated 
using Eq. (2):  

Q = 𝑎𝑛 × 𝑉𝑛 × 𝑆𝑛 × 𝜌 × 𝐶𝑝 × (𝑇𝑖𝑛 − 𝑇𝑜𝑢𝑡), (2) 

where Q is the amount of heat exchanged in each grid, 
Sn is the representative area, 𝜌 is the specific weight, Cp 
is the specific heat, Tin is the inlet air temperature, and 
Tout is the outlet air temperature. 

Figure 3. Points used for the measurement of the inlet wind 
speed 

Figure 4. Outlet and inlet wind speeds 

Figure 5. Schematic of the multi-split measuring method 
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Indoor unit data 

It is important to analyze the operation of the indoor 
unit  to determine the status of the entire system. 
Therefore, we obtained data for both the outdoor and 
indoor units. The data for the indoor unit, as listed in 
Table 1, were obtained from a hybrid VRF server. Both 
datasets were obtained in the same period. 

Table 1. Indoor unit data 

Dat
e 

Time 
Set 

temperatur
e 

Inlet 
temperatur

e 

Mod
e 

Every 
10 

secon
d 

℃ ℃ 
ON 
or 

OFF 

Simulation method 

To confirm the energy and cost reductions due the use 
of the hybrid VRF system, we simulated the energy 
consumption of a general EHP with the same 
horsepower as that of the hybrid VRF system. Table 2 
provides an overview of the general EHP. We 
measured the long-term multi-split air conditioning 
performance. Based on the data, we calculated the 
average performance of the EHP (called standard EHP) 
(Yasuda.M, 2016). Figures 6 and 7 show the 
characteristics of the standard EHP. The amount of 
energy consumed was calculated using Eq. (3) and 
Figures 6 and 7: 

COP =
𝑃

𝐼
, (3) 

where COP is the coefficient of the performance of the 
outdoor unit, P is the heat production of the outdoor 
unit, and I is the dissipation power. 

Actual measurement 

Table 3 lists details about the study environment. The 
building in which we conducted the actual 
measurements was a commercial 6-story facility in 
Chiba, Japan. The measurements were conducted from 
August 1, 2019, to February 29, 2020. Table 4 lists 
information about the hybrid VRF system equipped 
with a GHP (45 kW) and EHP (22.4 kW). 

Table 2. Information about the standard EHP 

Figure 6. Standard EHP efficiency: cooling 

Figure 7. Standard EHP efficiency: heating 

Table 3. Details about the study environment 

Uses 
Commercial 
construction 

Location Chiba, Japan 

Floor 5 floors above ground 

Measurement area Ground floor 

Measurement period 8/1/2019–2/29/2020 

Table 4. Information about the hybrid VRF system 

Model GHP EHP 

HP 16 8 

Cooling 
[kW] 

Capacity 45 22.4 

Electric 
consumption 

0.645 6.01 

Gas 
consumption 

37.8 - 

Heating 
[kW] 

Capacity 50 25 

Electric 
consumption 

0.505 6.53 

Gas 
consumption 

34.9 - 
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RESULTS 

Measurement results 

Figure 8 shows the efficiency based on the relationship 
between the COP and load factor of the hybrid VRF 
system. Figure 9 shows the frequency of the cooling 
operation. As shown in Figure 8, the individual EHPs 
operated at a low load factor. The individual GHPs 
operated at a medium load factor. The most common 
load factor used for the operation was ~20%. The load 
factor almost never exceeded 60%. The operation of 
the EHP at a low load factor was highly efficient. As 
shown in Figure 8, the efficiency of the individual EHP 
operation at the low load was small. Even at a low load, 
many individual GHP and integrated operations were 
carried out.  

Figure 10 shows the efficiency based on the correlation 
between the COP and load factor of the hybrid VRF 
system. Figure 11 shows the frequency of the heating 
operation. As shown in Figure 10, the COP increased as 
the load factor increased. Figure 11 shows that the EHP 
and GHP operated less during heating than during 
cooling. 

Figure 8. Efficiency of the hybrid VRF system: cooling 

Figure 9. Frequency of the load factor: cooling 

Figure 10. Efficiency of the hybrid VRF system: heating 

Figure 11. Frequency of the load factor: heating 

Indoor unit analysis results 

Figure 12 shows the operating ratio of the indoor units 
during the driving time. Figure 13 shows the 
correlation between indoor unit number and load 
factor during the operation. Table 5 lists the set 
temperatures of the indoor units. As shown in Figure 
12, most of the time, only two indoor units were 
operating. Figure 13 shows that many EHP individually 
operated when only one unit was operating. However, 
when two or more indoor units were operating, many  
individual or integrated GHP operations were 
observed. As shown in Table 5, the set temperatures of 
unit Nos 1 and 4, which were always in operation, were 
lower than those of the other four units. 

Figure 12. Operating ratio of indoor units 
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Figure 13. Correlations between the indoor units and load 
factor 

Table 5. Set temperatures of the indoor units 

Indoor unit 
number 

1 2 3 4 5 6 

Temperature 
of indoor unit 

23 24 25 23 24 26 

Simulation results 

Figure 14 shows the energy consumptions of the 
hybrid VRF system and standard EHP. Figure 15 shows 
the monthly energy costs of the hybrid VRF and 
standard EHP systems. Based on the figure, the cooling 
operation from August to October using the standard 
EHP system consumed less energy than the operation 
of the hybrid VRF system. From December to February, 
the standard EHP consumed more energy than the 
hybrid VRF system. When the energy consumption was 
increased in all periods, the energy consumptions of 
the standard EHP and hybrid VRF systems remained 
the same. As shown in Figure 15, the costs of the hybrid 
VRF system are lower than those of the standard EHP, 
in all months. 

Figure 14. Comparison of the energy consumptions of the 
hybrid VRF system and standard EHP 

Figure 15. Energy costs of the hybrid VRF system and 
standard EHP 

DISCUSSION 

In this study, measurements were carried out to gain 
insights into the actual performance of the hybrid VRF 
system. Hagi et al. (2019) found that the individual EHP 
operation at a low load factor was big. but the results 
show that the efficiency of the individual EHP 
operation at a low load factor was small. To confirm the 
advantages of the hybrid VRF system, we compared it 
with a standard EHP system. The results show that the 
same amounts of energy were consumed. However, the 
costs of the hybrid VRF system were less than those of 
the standard EHP system. 

The set temperature is the main cause of the inefficient 
operation of indoor units. The set temperatures of 
units Nos 1 and 4 were lower than those of Nos 2, 3, 5, 
and 6. Because the set temperature was low, only Nos 
1 and 4 operated for a long time. In addition, when two 
or more indoor units were in operation, there was little 
EHP individual operation, which might be due to the 
difference in the set temperatures of the indoor units. 
Therefore, this problem could be solved by using the 
same set temperatures for all indoor units. Because the 
efficiency of the operation of an individual EHP is high, 
this measure will also lead to the reduction of the 
energy consumption. 

In the future, measurements should be carried out 
under improved conditions. 

CONCLUSIONS 

In this study, measurements and simulations were 
conducted to study the performance of the hybrid VRF 
system. The comparison of the hybrid VRF system and 
standard EHP shows that the energy consumption of 
both systems is the same. The energy costs of the 
hybrid VRF system are lower than that of the standard 
EHP. However, the results show that the operation is 
not ideal. The results obtained for the indoor units 
indicate that the problem can be solved by using the 
same set temperatures for all indoor units. 
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ABSTRACT 

The energy efficiency of new buildings in Norway has 
been steadily improved over the last decades, but with 
less heating, hydronic heating systems have adversely 
increased in price. Lessening electric power 
consumption in new buildings is an important part of 
the government’s plan to de-carbonize, in which 
hydronic heating is a suitable alternative for direct 
electric heating.  In this regard, a developer claimed to 
have found a potential cost-efficient hydronic solution 
in terms of investment cost. This solution is based on 
two measures, using the Domestic Hot Water (DHW) 
circulation loop to cover both DHW demand as well as 
space heating demand in the building, and significantly 
reducing the number of heat emitters.  In this work, we 
studied the possible benefits and the issues associated 
with this solution and performed an analysis based on 
the following accounts, i) the distribution system, ii) 
indoor climate, iii) energy demand/consumption, iv) 
hygienic security. A newly finished apartment complex 
located in central Oslo is chosen for this purpose.  Two 
apartments and the central heating are examined by 
inspection, experimental measurements, and 
Computational Fluid Dynamics (CFD) simulations. The 
distribution system is examined to confirm the alleged 
cost efficiency with a simplified cost calculation based 
on the BIM-model and the documentation provided by 
the developers. We estimated an additional cost of 67 
NOK per square meter in comparison to direct 
electrical heating. The end user could also financially 
benefit from using less expensive district heating. 
Using fan-coils as main heat emitter in each apartment 
was found to produce satisfactory indoor climate, 
however, in one apartment it was found that poor 
planning sabotaged its intended function which 
negatively affected indoor climate. Additionally, we 
found a lack of measures to protect the DHW from 
Legionella-growth, which is a violation of Norwegian 
building code TEK17. 

INTRODUCTION 

In Norway, heating demand for new buildings has 
decreased considerably the last two decades. New, 
stricter regulations require efficient heat recovery, 
tightness, and insulation which minimize heat loss. 
With a lower need for heating, one might expect 
heating systems to decrease in scope and price, but the 
costs for hydronic heating systems have adversely 

increased in the same period. Rising costs for energy-
flexible heating sources such as hydronic heat are 
perceived as problematic for the construction industry. 
Electrification of transport and industry is particularly 
an important part of the government’s plan to achieve 
a 50 % reduction in non-quota emissions. To achieve 
this with existing electrical infrastructure, the power 
requirement in buildings must be reduced 
(Miljødirektoratet, 2020). In 2018, KMD (Ministry of 
Local Government and Modernisation) and DiBK 
(Norwegian Building Authority) proposed a change in 
building regulation. In which buildings over 1000 m2 
would be required to use energy-flexible heating 
systems that covered a minimum of 80 % of the heating 
demand, in comparison to the current 60 %. The 
reasoning for the proposal was to curb power jumps 
and large scale upgrading of grid infrastructure, which 
in turn could ease the transition to a fully electrified 
transport and industry. In practice, this would mean 
that all buildings over 1000 m2 would be required to 
use hydronic heating systems. With this, it is possible 
to use several non-electric energy sources and energy-
efficient heat pumps. DiBK’s proposal received 
responses from a number of players in and outside the 
industry, of which some argued that investment costs 
and housing prices would greatly increase if the 
regulations were to be stricter (Revfem, 2018). Those 
in favour of the change are mainly energy, consultation 
and environmental organizations who stated that it 
would be necessary to relieve the electric-grid and 
make buildings more energy-efficient to achieve 
climate goals (NVE, 2020). The new regulation was 
planned to be put into effect 01/01/2019, but this was 
postponed indefinitely. 

Background & Objective 

The term energy flexibility is linked to an objective that 
a building should be able to be heated by means of 
different energy sources or by means of different 
energy distribution systems (Revfem, 2018). Most 
often, this means a hydronic heating system. Building 
regulations stipulate that buildings must in part be 
energy flexible. Nevertheless, large sections of 
Norway’s new buildings use direct electric space 
heating, as the current requirement of at least 60% 
energy flexibility from TEK17 §14-4 does not 
completely exclude direct space heating (DiBK, 2017). 
The investment cost of hydronic heating is considered 
to be significantly higher than direct electric, and in 
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order to achieve the best possible financial gain in 
construction projects, the cost-effectiveness of direct 
electric heating is often prioritized. However, the 
alleged benefits of direct electric heating have recently 
been questioned. Demand for electricity in transport 
and industry has increased significantly to achieve 
Norway’s climate goals. With this increase, the price of 
electrical energy to consumers has also increased by 
50% in the period 2016–2019, and the price is 
expected to increase further (Havskjold, 2020). 

NVE (The Norwegian Water Resources and Energy 
Directorate) proposed changing the grid rent 
structure, so that households also pay according to the 
sizes of the power peaks (Torfinn. J, 2020).  If the 
developer chooses direct electric space heating, it can 
for the above reason increase cost for the consumer, 
but it will potentially also give indirect societal costs as 
well. Andreas Bjelland Eriksen, advisor in NVE, 
estimates that for every 1 kW reduction in peak hour 
output saves 4,500 NOK in grid development costs 
(Havskjold, 2020). This means that consumers could 
experience higher grid rent as peak loads increase. In 
addition, it should also be considered that a portion of 
electrical energy in Norway originates from fossil 
energy sources, which in longer terms results in 
societal costs as a result of climate change. 

In February 2020, consulting engineering firm 
Erichsen & Horgen presented a report examining the 
actual costs of hydronic heating systems, to find how it 
affected property price (Havskjold, 2020). The report 
concluded that hydronic heating is not a significant 
driving factor for total building-costs and did not 
necessarily affect housing prices as claimed. One 
specific cost-reducing solution presented in the report 
was a solution with a combined DHW and space 
heating system in apartments. The report mentions an 
apartment complex built by ‘AF Gruppen’ in which this 
type of solution had been used. The solution called 
‘direct 3-pipe system’ (see Figure 1) can reportedly 
reduce investment costs, operating costs, space, and 
installation time for hydronic heat (Nørstebø, 2018) 
(Mathisen, 2019) (H. S. Kristofersen, 2019) (Kulvik, 
2019). If such a solution could significantly improve on 
hydronic heating in respect to cost, it could have 
considerable significance for the entire industry as 
well as the proposed change in regulations. 

In AF Gruppen’s project «Dronninglunden», the 
contractor wanted to test an energy-flexible solution 
that could compete with direct electric heating (Figure 
2) in cost per m2 living space. A solution that uses less 
electricity for heating can provide benefits to 
consumers and society (BJØRHEIM, 2019).

This solution would also be combined with a simplified 
method for heat dissipation, where water-borne fan 
coil and underfloor heating in the bathroom alone 
accounts for the largest share of the heating. To date, 
no complete assessment has been made of this solution 
in terms of cost-effectiveness, consumer friendliness 

and hygienic safety.  In this work, we investigate 
whether this solution can challenge direct electric 
heating on price, and possibly what experiences should 
be taken further when the solution is used.  

The objective is to find if direct 3-pipe system 
combined with a fan coil satisfies current regulations 
and expectations, as well as whether the solution has 
led to reduced investment costs. In addition, it will be 
assessed whether the heating system is adapted to 
practical operation and use and how comfort is 
affected for the residents. 

To investigate these issues, we study the following: 

• The distribution system
The solution for the heating system, direct 3-pipe
system, is considered an untested method. It can
reportedly provide savings on investment and
operation. Does this also apply to
Dronninglunden?

• Heat emitter and indoor climate
A fan coil is used for heating and cooling the living
units. What implications does this have for the end
user?

• Energy needs and consumption 
How is the energy consumption of the apartments,
and what degree of energy flexibility has been
achieved?

• Hygienic security
Questions has been raised as to whether the
solution is less safe in respect to bacterial growth,
is this correct?

To answer the above questions, measurements and 
numerical simulations are performed in two 
apartments at Dronninglunden. A simplified cost 
assessment is prepared based on data provided by the 
AF Gruppen, to analyse the alleged savings of the novel 
hydronic solution. 

Figure 1: Example of direct 3-pipe system solution with underfloor 
heating as main heat emitter 

Figure 2: Example of a solution with direct electric space heating, 
which the 3-pipe solution is compared to in terms of cost.
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METHOD 

The distribution system 

The cost assessment is performed using internal cost 
data made available by the contractor AF Gruppen. 
These values are compared with a corresponding 
estimate of direct electric heating in the same average 
apartment. The cost comparison between direct 
electric space heating and direct 3-pipe system is 
carried out with the following simplifications: 

• The cost difference is assumed to be negligible in
the primary circuit. Dimensioning and choice of
solutions are comparable in both situations, with
only a moderate reduction in pipe, pump and heat
exchanger sizes.

• In both cases, the secondary network is
approximately the same, with a moderate increase
in pipe size with the 3-pipe system. Installation
and material costs are assumed to be little affected
by this difference in size and are then neglected in
the cost assessment.

• The costs for bathroom cabinets with direct
electric underfloor heating and hydronic heating
are set equal. The technical director of the AF
Gruppen was informed that their cabin supplier,
Probad, gave the same price for cabins regardless
of whether direct electric or water-borne
underfloor heating was installed (Olsen, 2020).

• AF Gruppen’s reported costs are assumed to be
correct and are not extensively verified.

• Costs for piping at Dronninglunden are not
documented by AF Gruppen. A CAD model (using
Revit) for plumbing is used to calculate the total
number of meters of pipe-in-pipe PEX. This is used
in connection with the heat emitters in the
apartments. “Norsk Prisbok 2019” is used to
estimate the cost of materials and installation of
said piping. (Norsk Prisbok 2019).

The simplifications of the cost-analysis are 
considerable, the resulting numbers should therefore 
be considered an estimate. 

Heat emitter and indoor climate 

Indoor climate field measurements 

The selected measurements provide a basis for arguing 
for or against the use of a fan coil as a heat emitter. Q-
Trak with thermal anemometer and probe, globe 
thermometer and thermography camera are used to 
perform the necessary measurements. In all 
measurements, the fan coil is set at maximum speed of 
2.25 m / s. Noise is not analysed, as an earlier work had 
found no considerable noise issue (Tania Markussen, 
2018). During the first inspection, the air velocities are 
measured at 6 points in apartment A-H0602 and at 5 
points in apartment E-H0702, both on four different 
heights, see example in Figure 3. The measuring 

heights are presented and explained in Table 1. The 
lowest measuring height is 1.1 m, as the fan coil is 
ceiling mounted. 

Table 1:Measuring heights during field measurements. 

Height Reason 

1.1 𝑚 Inside residence zone 

1.8 𝑚 Upper limit of residence zone 

2.1 𝑚 
Mapping of the fan-coils 

airflow pattern 
2,6 𝑚 

Figure 3: Sketch of heights and points of measurements in E-
H702, resulting in a total of 19 measurements. (figure not to 

scale) 

Air speed is only measured in the living room where 
the fan-coil is located (See Figure 6-Figure 9). This is to 
investigate presence of a coandă effect and to detect air 
velocities exceeding discomfort levels within the 
residence zone. Uncertainty calculations was made to 
find the sensitivity of temperature and velocity 
calculations. Measurements of air velocity are stated 
with an uncertainty of ± 0.016 m / s. 
The air temperatures are measured at eight points in 
A-H0602 and at six points in E-H0702 at three different 
heights of .1, .6, and 1.1 m. This is to identify or exclude
unpleasant vertical temperature differences.
Measurements of air temperatures are performed with 
a Q-Trak connected thermal anemometer. The
operative temperature is calculated with air
temperature and mean radiant temperature. An 
anemometer connected to a Swema 3000 logger is 
used for measuring air temperature, and radiant 
temperature is measured using a globe thermometer 
connected to the PeakTech digital reading screen. A 
thermography camera is used to give an indication of
coandă effect from the fan coil. The apartment is first 
cooled down, and then the fan coil is set on full heat.
The resulting trail of heated airflow is then visualised 
using the device.
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CFD simulations  

We performed numerical simulations with CFD tool 
StarCCM+ considering air (steady incompressible 
turbulent flow) as working fluid. Two-equation 
(standard  𝑘 − 𝜖) turbulence model is used to solve 
governing fluid flow equations with Reynolds 
Averaged Navier Stokes approach. CAD models of the 
apartments A-H0602 and E-H0702 were constructed 
in StarCCM + on a scale of 1: 1 (see Figure 4).  

Figure 4 CAD, A-H0602 in StarCCM + from south-east direction. 

A more refined mesh is constructed around the fan 
coil’s intake and exhaust. Mainly around the separate 
ventilation exhaust and in the ceiling in front of the fan 
coil, up to the opposite wall as seen in Figure 5. 

Figure 5 Plan from apartment E-H0702 to illustrate the mesh 
network with different refinements. 

In apartment A-H0602, part of the fan-coil inlet is in the 
hallway, outside the CAD model. In apartment E-
H0702, the entire inlet is in the model. This means that 
the former unit only has one out-flow as output in the 
file. The latter has both out- and in-flow as outputs in 
the file. Therefore, the mass flow in E-H0702 was 
assessed.  Table 2 summarizes input variables for the 
apartments. Both apartments have extraction from fan 
coil as inputs in the files. Exhaust and intake are set as 
“velocity inlet” boundary condition (BC), which 
actively sucks air in or out of the room, where the 
intake has a negative speed. The exhaust is set as a 
“pressure outlet” BC. 

Table 2: Calculated values used in StarCCM + 

A-H0602 E-H0702

Parameters Out flow In flow Out flow Out flow In flow 

Area. 𝐴 𝑚2 0.08 0.06 7.9E-3 0.30 0.06 

Velocity. 
 𝑣 

𝑚

𝑠
Set as 

pressure 
outlet BC 

2.25 
Set as 

pressure 
outlet BC 

-0.30 2.25 

Massflow. 
�̇� 

𝑘𝑔

𝑠

Set as 
pressure 
outlet BC 

0.16 
Set as 

pressure 
outlet BC 

0.10 0.16 

Turbulent 
kinetic 
energy 
(TKE) 

𝑘 

𝐽

𝑘𝑔
Zero gradient 

BC 
7.56e-2 

Zero 
gradient BC  

Zero 
gradient 

BC 

7.56e-
2 

Rate of 
dissipation 

of TKE. 𝜖 

𝑚2

𝑠3

Zero gradient 
BC 

1.21 
Zero 

gradient BC 

Zero 
gradient 

BC 
1.21 

The calculations are performed with 1.93 million cells 
in A-H0602 and 1.69 million cells for E-H0702. Both 
simulations are run up-to 5,000 iterations and the 
steady-state solutions are considered with the 
residuals dropping below 10-4.  

Figure 6: A-H0602 Fan coil Figure 7: A-H0602 in Solibri 3D model. 

Figure 8: E-H0702 Fan coil Figure 9: E-H0702 in Solibri 3D model. 
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Energy needs and consumption 

The energy requirement for space heating and tap 
water is calculated using dynamic building simulation 
tool SIMIEN (IBPSA-Nordic). The different zones 
depend on technical installations, usage patterns and 
simulation purpose. Each apartment is divided into 
three different zones for differentiation of heating type 
(see Figure 10,11). Heated zones can in principle be 
merged, but due to different heat emissions, the living 
room / kitchen and bathroom are kept as separate 
zones. Due to the negligible heat emission in the 
bedrooms, these are considered as a separate zone as 
well. 

Figure 10: Zones for E-H0702 Figure 11: Zones for A-H0602  

Figure 12 shows an overview of energy supply for the 
heat demand in the apartments of Dronninglunden. 
The heating coil in the air handling unit (AHU) is 
powered by electricity, while the combined 
distribution network for space heating and domestic 
hot water is hydronic supplied with district heating. 

Figure 12 Energy flexibility of total heat requirement.  
Green is hydronic heating, blue direct electric. 

The proportion of energy coverage from source in 
relation to the total energy requirement is calculated 
(see Equations 1 & 2) where units and sizes are 
corresponding to those defined in NS 3031:2014 
(SIMIEN, 2015). Equation 1 is for Percentage flexible 
energy consumption in Dronninglunden and Equation 
2 is for Percentage non-flexible energy consumption in 
Dronninglunden.  

𝑑𝑄𝐹𝑙𝑒𝑥𝑖𝑏𝑙𝑒 =  
𝑄𝑚𝑎𝑖𝑛 ℎ𝑒𝑎𝑡𝑖𝑛𝑔

𝑄𝑡𝑜𝑡
+

𝑄𝐷𝐻𝑊

𝑄𝑡𝑜𝑡
 [%]  

𝑑𝑄𝐸𝑙𝑒𝑐𝑡𝑟𝑖𝑐 =
𝑄𝑣𝑒𝑛𝑡.ℎ𝑒𝑎𝑡𝑖𝑛𝑔

𝑄𝑡𝑜𝑡
 [%] 

Hygienic security 

To determine the quality of the system’s protection 
against the legionella bacterium, the design and use of 
the heating system are examined quantitatively and 
qualitatively. A quantitative survey is first carried out 
through an inspection of the facility on 05/05/2020 as 
well as inspection of drawings, this data was compared 
with guidelines and regulation. 

After the inspection, a qualitative study is performed 
with consultation of leading experts in hydronic heat 
and water treatment. The following people are 
contacted via e-mail and telephone interview: 

• Engineer B.Sc Per Eivind Larsen

• Dr. Scient. Biology Hanne Therese Skiri

• Professor PhD Natasa Nord 

• Engineer M.Sc David Zijdemans 

RESULTS AND DISCUSSION 

The distribution system 

The manifold cabinets for the direct 3-pipe system 
from LK Systems are delivered with the prefabricated 
bathroom cabins, where one bathroom cabin per living 
unit is specially adapted with this special cabinet. AF 
Gruppen was able to document that the extra material 
and installation costs for the special adaptations 
amounted to 2,437,000 NOK ex. VAT. Divided into 138 
apartments, this is an additional cost of 17,659 NOK 
per apartment, compared with a traditional bathroom 
cabinet (AF Gruppen, 2020). 

At Dronninglunden, a total of 140 fan coils are installed 
for space heating purposes. AF Gruppen’s cost 
documentation indicates a fixed price for material and 
installation of each fan-coil where the cost per unit is 
7,500 NOK ex. VAT. The installation itself had a fixed 
price of 1,500 NOK ex. VAT, which gives a total of 
1,260,000 NOK ex. MVA (AF Gruppen, 2020). 

With hydronic heat in the apartments, it will require 
additional piping compared to direct electric space 
heating. In addition to standard piping with cold and 
hot tap water, piping for the fan coil and secondary 
bath (see Figure 13) is needed. Cooling is an option for 
buyers and is not included in the calculation. 

Figure 13 Setup of pipes in the apartments at Dronninglunden 
in a screenshot from Revit. Piping designated in black would 

not have been installed in an direct electrical system solution. 

The costs for the heating system’s piping are not 
documented by AF Gruppen, but the Revit model for 
HVAC was made available for further investigation. 
With the BIM model, pipe lengths are calculated, and 
costs estimated with “Norsk Prisbok 2019” (Norsk 
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Prisbok 2019). The resulting calculation are shown in 
Table 3, where the total cost of the extra piping is 
estimated at 131,217 NOK ex. VAT, or 950 NOK ex. VAT 
per dwelling unit on average. 

Table 3: Pipe lengths in connection with fan coil and underfloor 
heating calculated on Excel and Revit. Costs are taken from the 

Norsk Prisbok 2019 (Norsk Prisbok 2019). 

Type 
Diameter 

[mm] 
Length  

[m] 
Material 
[kr/m] 

Installation 
[kr/m] 

Kostnad 
[kr] 

PEX 16 1 697 163 110 55 885 

-Iso 20 1 180 - - - 

-Iso 8 517 - - - 

PEX 20 204 221 147 75 332 

-Iso 20 204 - - - 

Total 1 902 13 1217 

AF Gruppen estimated in their Enova application that 
costs for equivalent electrical equipment and 
installation wiring and panel heaters is 22,000 NOK ex. 
VAT per apartment, or 3,036,000 ex. VAT for the entire 
building. This calculation does not consider the 
possible need for increased transformer size as well as 
electrical installations outside the apartment. With 
these findings, the additional cost for a direct 3-pipe 
system with a fan coil can be roughly compared with 
what is considered a cost-effective direct electric 
heating system, and shown in Table 4, the additional 
cost is estimated at 67 NOK per m2 ex. VAT. 

Table 4: Cost estimate of three-pipe system with fan coil 
compared to direct electric heating. 

Pipes 
Fan- 
coils 

Distribution 
cabinets 

Panel 
heaters 

Cost 

Total 
cost 

103Kr 131.2 1 260 2 437 -3 036 792.2 

Cost 
per m2

Kr/m2 11.1 106.7 206.4 -257.2 67.1 

This additional cost can be compared with the 
property price per square meter for the apartments at 
Dronninglunden, which as of May 2020 had an average 
price of 111 749 NOK per m2. The extra cost of 
hydronic heat will only be 0.06 percent of the price per 
square meter. (Røisland&Co, 2020) 

Unlike the traditional hydronic solutions, the 3-pipe 
system has a de-centralized heat circuit in each 
apartment, which means several components usually 
found in the plant room, is placed in each apartment 
and is the owner’s responsibility to maintain. The 
components have an estimated service life of 15 years 
and with decentralization of the components, the end 
user is financially responsible for the acquisition of 
new components as well as service. These components 
have a total value of 5,727 NOK excluding installation 
costs. Hourly price per FL-VA / VVS, which is 
considered the industry’s common sales and delivery 
terms, was as of January 2020 at 728 NOK ex. MVA 
(FL/VA-VVS, 2020). The estimated installation time 

per component is 2 hours. Table 5 shows an overview 
of the components’ cost, as well as the total cost for 
replacement and installation of all components. With a 
lifespan of 15 years, these result in a hypothetical 
annual cost of upkeep at 746 NOK including VAT. 

Table 5: Estimated cost of upkeep.  
(Trandem & Dalen, 2019) (FL/VA-VVS, 2020) 

Cost estimate (NOK) 

Circulation pump 1 595 

Expansion vessel 1 375 

Plate heat exchanger 2 757 

Installation incl. VAT 5 460 

Total 11 187 

Hydronic heating also comes with some financial 
benefit, as price for district heating is considered 
cheaper than electricity. Using average prices as of 
2019, the annual savings becomes NOK 2,853 per 
apartment, as shown in Table 6. 

Table 6: Calculation for annual savings for district heating, 
versus electricity. Calculated average energy use 5 521 kWh 

for space heating per apartment. 

Cent/kWh 
(NOK) 

Monthly expense 
(NOK) 

District heating 
energy 

63.23 3491 

Electric energy 114.9 6344 

Difference 2853 

With an estimated saving of 2,853 NOK per year for 
district heating, the decentralization of components is 
not considered an economic challenge for the end user. 
The annual savings for the end user is 2,107 NOK with 
service on components considered. 

Heat emitter and indoor climate 

Field measurements 

Air velocities 

High air velocities can cause cooling effect, dry mucous 
membranes and discomfort for the occupants. Ideally 
air speed should not exceed 0.2 m/s within the 
residence zone (within 1.8 m of floor, and 0.6 m from 
walls) The authors intended to investigate if such 
velocities could be produced by the fan coil. During 
field measurements in apartment H0602, no such 
velocities is detected. In contrast, apartment E-H0702 
is found to have several points in which velocities 
exceeded acceptable limits. The authors hypothesised 
that the intended coandă effect is being disrupted by a 
submerged beam of 18 cm, and redirected airflow 
down from the roof onto the occupants. CFD 
simulations are performed to analyse the airflow to 
substantiate the hypothesis and the measurements. 
Results of field measurements and simulation are 
stipulated, compared, and presented in the following 
section.  
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Air temperatures and operative temperatures 

Due to lack of heat demand during days of 
measurements, no specific conclusions could be drawn 
between indoor temperature and fan-coil heating 
efficiency. Measurements of temperature were still 
made to rule out any significant faults in thermal 
comfort. Unpleasant vertical temperature differences 
were not found, as the largest vertical temperature 
difference is found to be 0.9 ºC with a median of 0.1 ºC. 
The operative temperature is found to be higher than 
desired, with over 26 ºC in both apartments at one 
point. These high temperatures are hypothesized to be 
due to direct sunlight exposure of the interior before 
measurement. Although it is noteworthy that 
automated sun protection should be considered to 
lower the cooling demand and improve indoor 
environmental quality. 

Thermography 

As an auxiliary tool for visualizing a possible disruption 
of airflow by the construction beam in apartment 
H0702, the roof is exposed to IR-imaging. We found 
clear indications that the beam is hindering airflow in 
the resulting images in Figure 14. 

Figure 14 Visualization of a sabotaged coandă effect using 
differences in radiant temperatures. 

Airflow simulation with STAR CCM + 

Figure 17 illustrates how the air flow from the fan-coil 
moves in the simulation, where colour-scale illustrates 
air velocities. The results from CFD calculations show 
high velocities immediately from the exhaust, and a 
decrease in speed along the roof. It is observed that air 
flow in E-H0702 is disrupted by the 18 cm submerged 
beam which changes airflow direction directly into the 
occupied zone. Figure 15 and Figure 16, show the 
comparison between simulations and the values from 
the field measurements. Correlation are observed 
between measured and simulated values, although 
with some discrepancies.

Figure 15 Graph of simulation and measurements taken at the 
same points in A-H0602. Flow direction towards the left side. 

Figure 16: Graph of simulation and measurements taken at 
the same points in E-H0702. PS: No data at x=1.8 and 2.6m 

height due to the presence of the beam. Flow direction 
towards the left side. 

The simulations confirm the initial hypothesis that the 
beam provokes a disruption of the airflow, which 
causes sufficient drafts leading to feeling of discomfort. 
In the case of H0602, the airflow from the fan coil 
moves undisturbed and is kept satisfactory within the 
occupant zone. 

Figure 17 Vector scene with air velocities in the two apartments. The scale goes from 0.00 to 2.25 m / s
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Energy needs and consumption 

Table 7 shows the energy requirements for a full year 
simulation by SIMIEN. 

Table 7: Energy for space heating 

Apartment Heating 
Required 

energy 
  kWh 

Specific energy 
required 

𝑘𝑊ℎ

𝑚2

A-H0602
Room 3867 41,1 

Air supply 448 4,8 

E-H0702 
Room 3592 45,9 

Air supply 470 6 

This gives us a total energy requirement for heating of 
A-H0602 and E-H0702 of 4315 kWh and 4062 kWh,
respectively. The values for DHW (presented in Table
8) are extracted from the simulations. The direct 3-
pipe solution must be able to supply the energy for 
both tap water and space heating.

Table 8: Energy for DHW 

Apartment 
Required energy 

  kWh 
Specific energy required 

𝑘𝑊ℎ

𝑚2

A-H0602 2800 29.8 
E-H0702 2329 29.8 

Figure 18 and Figure 19 show the coverage of 
standardized net heat demand. Tap water and space 
heating that are covered with an energy-flexible 
heating system (hydronic) are marked in orange, and 
direct electricity is marked in blue. It can thus be seen 
that the simulated coverage rate for hydronic heat for 
apartments A-H0602 and E-H0702 is 94 and 93 
percent, respectively. The remaining 6 and 7 percent of 
the heat demand is covered by heating of supply air 
(direct electricity). 

Figure 18: Energy flexibility of E-H0602 

Figure 19: Energy flexibility of E-H0702 

Thus, one can conclude that the apartments satisfy the 
requirement as over 60 percent energy flexible. 

Hygienic security 

The principle design of the direct 3-pipe system 
deviates from the regulatory advice in TEK 17 where a 
minimum of 65 ° C is required in the DHW circulation 
loop. It is still possible to comply with the regulations 
by referring to other measures that prevent the 
occurrence of legionella, of which Norconsult and 
Kompa separately has documented what measures 
would be satisfactory in the case of 3-pipe systems 
(Monan, 2015) (Skiri, 2020). When implementing 
these measures, a deviation from regulation could be 
justified when measures hinder bacterial growth. 3-
pipe systems can therefore be utilized  to achieve 
hygienic security  while satisfying the regulations 

The implementation of said measures is assessed in 
two parts. 

• First, the heating system is inspected and
compared with the recommendations from the
reports of Norconsult and Kompa.

• Secondly, the discrepancies are assessed by the
authors with the assistance of experts in hydronic
systems and legionella, thereof writers of the
Kompa report.

The heating system at Dronninglunden is found to have 
no measures in place preventing bacterial growth 
beyond what exists in traditional hydronic systems, it 
could not be documented that the plant’s design 
justifies the deviation from building code. It could thus 
be concluded that the hydronic system has deficiencies 
that violate TEK17. With feedback from experts, three 
possible alternatives are proposed to solve the lack of 
satisfactory hygienic security. 

1. Install a microbiological barrier in the plant room

Installation and maintenance of an Advanced 
oxidation process (AOP) reactor will provide
significant investment and maintenance costs but 
can provide protection against legionella entering
the system through the cold water inlet.

2. Raise the DHW temperature by ~ 5–10 ° C

At high temperatures, most Legionella bacterium 
could be eliminated before reaching the first DHW-
outlet. In order to determine the correct 
temperature increase, new calculations should be
made. The increased temperature would not
require adjustment in the apartments as the tap 
water temperature is individually thermostatically 
controlled. The disadvantage of higher temperature
is a greater heat loss in the distribution network, 
which in turn could result in increased operating
costs.

3. Install digestion boiler

With a digestion boiler, water travel time between 
the heat exchanger and the first outlet would 
reportedly increase enough to ensure elimination 
of Legionella bacterium. The investment cost of the
boiler is assumed to be significantly lower than the

94 %

6 %

A-H0602: Percentage heat flexibility

Hydronic space
heating & DHW,
6667kWh

Electric ventilation
heating,
 448kWh

93 %

7 %

E-H0702: Percentage heat flexibility

Hydronic space
heating & DHW,
5921kWh

Electric ventilation
heating,
470kWh
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microbiological barrier and would have low 
operating cost. Moderate increase in flow 
temperature will significantly lower the required 
boiler volume, but higher flow temperature will 
also result in increased heat loss. A more thorough 
calculation should be made to assess whether a 
smaller boiler volume with a higher temperature is 
cost-effective in the long term. 

In general, a control function is recommended in the 
Industrial control system (ICS) that would warn 
operators in the event of deviations in temperature, 
when using a digestion boiler, the measuring point 
should be set after the boiler. It should also be 
considered whether the existing expansion vessel 
should be switched to one with constant flow to 
eliminate dead ends where legionella could fester. 

CONCLUSIONS 

The findings show that it is possible to build modern 
apartment blocks with very high energy flexibility and 
a low additional cost. It is estimated that the building 
Dronninglunden has achieved over 90 percent energy 
flexibility with only 67 NOK per square meter 
additional cost compared to direct electric heating. 
This demonstrates that buildings with more than 1,000 
m2 can have energy-flexible heating that covers more 
than 80% of the heating demand without significantly 
affecting the developer and contractor in terms of 
costs. The end user will in turn have reduced energy 
costs without notable impact on housing cost. This 
method of designing hydronic heating systems can 
therefore be expected to become far more widespread 
in the near future, but the industry has little experience 
in how it could be designed and optimized. The 
following experience should therefore be considered 
in future use: 

• the use of fan-coils must be accounted for 
early in the planning phase to avoid placement 
of construction elements that hinder proper 
airflow.

• specific measures must be planned against 
bacterial growth to prevent violations of
TEK17 §15-5. Direct 3-pipe system design 
does not violate TEK17 in and of itself with the
correct design, but at Dronninglunden a
reassessment should be made.

Finally, it is important that we as society rethinks and 
challenges old methods. This study has shown that it 
does not necessarily need to be expensive to build 
energy- and climate-friendly system solutions that also 
are economically advantageous. 
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ABSTRACT 

This study examined approaches to predict electricity 
consumption of a Heating, Ventilation and Air-
Conditioning (HVAC) system in a multi-complex 
building using two neural network models: Back 
Propagation (BP) and Radial Basis Function (RBF) with 
input nodes, e.g., temperature, humidity ratio, and 
wind speed. Predicting HVAC energy consumption of 
buildings is a crucial part of energy management 
systems. We used two main neural network models, BP 
and RBF, to evaluate the prediction performance of 
electricity consumption of HVAC systems. The BP 
neural network method exhibited good performance, 
but it exhibited relatively large fluctuations and slow 
convergence in the training process. In contrast, RBF 
exhibited relatively fast learning and reduced 
computing costs. The HVAC energy consumption rate 
of working days was higher than that of non-working 
days. The results indicate that the prediction of HVAC 
energy consumption using neural networks can 
effectively control the relationship between the HVAC 
system and environment conditions. 

INTRODUCTION 

Heating Ventilation Air-Conditioning (HVAC) systems 
play a large role in commercial buildings, including 
office buildings, hotels, and shopping malls, providing 
a comfortable indoor environment for occupants 
Bluyssen et al. (2011); (Domjan et al., 2019; Kassai et 
al., 2016; Melikov, 2016; Sultan, 2007). Such systems 
account for a large (50%) proportion of energy 
consumption in buildings (Cholewa et al., 2021; Hou et 
al., 2006; Kim et al., 2014; Kim et al., 2018; Pérez-
Lombard et al., 2008) and around 20 % of total energy 
consumption (Chua et al., 2013). The performance of 
HVAC systems is a crucial technology to improve 
human health and comfort in buildings (Chua et al., 
2013; Kassai et al., 2018). Forecasting energy 

consumption aids in the design of enhanced power and 
facility management, grid operation and Electrical 
Energy Storage (EES) (Ye & Kim, 2018). However, 
studies had not presented how each element such as 
ambient temperature, humidity ratio, wind speed and 
working or non-working days in a multi- complex 
building could affect electricity consumption. This 
study explored forecasting of energy consumption in a 
multi-complex building to determine the optimal HVAC 
system operation in relation to ambient temperature, 
humidity, wind speed and working or non-working 
days.  
Many studies have used Artificial Neural Network 
(ANN) methods for predicting building energy 
consumption, with good accuracy (Bocheng Zhong, 
2015; Kim et al., 2019; Lee et al., 2019; Ye & Kim, 2018; 
Yuan et al., 2018). Modelling with ANN is one of the 
main algorithms used for forecasting energy 
consumption in buildings (Ahmad et al., 2016; Azadeh 
et al., 2008; Ekici & Aksoy, 2009; Kim et al., 2020a, 
2020b; Wong et al., 2010) because it can adapt to many 
irregular rules and neural networks exhibit self-
learning (Lek & Guégan, 1999; Ye & Kim, 2018). 
Compared with statistical and regression methods, 
ANN methods present better prediction performance 
(Pombeiro et al., 2017; Sekhar Roy et al., 2018). Ye and 
Kim (Ye & Kim, 2018)used Levenberg-Marquardt Back 
Propagation method to predict electricity consumption 
in a commercial building. Kim et al. (Kim et al., 2019) 
presented simplified ANN models with sensitivity 
analysis. And Lee et al. (Lee et al., 2019) suggested a 
building energy prediction method with training data 
generation. Yuan et al. used ANN prediction model for 
a university campus (Yuan et al., 2018), and Biswas et 
al. (Biswas et al., 2016) showed ANN prediction results 
in a residential building. And Raza and Khosravi (Raza 
& Khosravi, 2015) reviewed ANN algorithms for smart 
grid and buildings. 
Back-Propagation (BP) neural networks are widely 
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used to predict energy consumption because they 
possess several advantages. Such networks combine 
information storage and process calculations (Jia et al., 
2015; Kim et al., 2020a; Xu et al., 2015; You & Cao, 
2015; Yu et al., 2008). The storage of training and self-
learning is based on the distribution of 
interconnections between neurons (Ye & Kim, 2018).  
Radial Basis Function (RBF) modelling was proposed 
by Powell in 1981 (Powell, 2015). The algorithm shows 
a linear combination of functions of input parameters 
(Buhmann, 2003; Yang et al., 2016). And it has been 
used in function approximation, energy prediction 
with time series, and control system. The learning 
speed of RBF network is usually faster than that of BP 
networks, and it has no local minima problems 
(Buhmann, 2003).  
This study newly proposed a predictive methodology 
based on two neural networks, BP and RBF algorithms, 
with input nodes of the surrounding environment e.g., 
temperature (°C), humidity ratio (g/kg), and wind 
speed (m/s), which impact HVAC energy consumption 
of a multi-complex building. In this study, we examined 
whether either or both of two artificial neural 
networks were suitable to predict HVAC electricity 
consumption in a multi-complex building in China and 
which algorithm was more efficient, in terms of time 
and accuracy.  

METHOD 

Back-Propagation neural network 

Back Propagation neural networks are widely used 
neural network models, comprised of a multi-layer 
feedforward neural network model trained by an error 
back propagation algorithm. This algorithm is 
characterized by mapping relationships inside the 
model with training procedures before calculation, and 
then it predicts and fits any continuous model function 
with a specified precision (Hao et al., 2013; Kumar et 
al., 2013; Yuan et al., 2018). The BP neural network 
algorithm is generally composed of at least three 
layers: an input layer, a hidden layer, and an output 
layer (Liu et al., 2017; You & Cao, 2015). Neurons are 
inter-connected among layers by numerous functions. 
By learning a large number of input-output mapping 
relations, the BP-algorithm utilizes the steepest 
descent method to continuously adjust the network 
threshold and weight by means of back propagation 
(Kuo Lu, 2015; Svozil et al., 1997; Yu et al., 2008). At 
the same time, the error value of the leading layer of 
the output layer is estimated by the error value of the 
output layer, and the error value of the leading layer is 
deduced by back-propagation of the analogy. 
Consequently, the estimation error of each layer of the 
network is determined (Kim et al., 2019; Lee et al., 
2019; Ye & Kim, 2018; Yuan et al., 2018). Figure 1 
illustrates the structure of BP neural network (Kim et 
al., 2019; Lee et al., 2019; Ye & Kim, 2018). 

Forward-propagation of BP neural network 

The output of the hidden layer is expressed by 
equation (1) 

𝑂𝑗 = 𝑓(∑ 𝑤𝑖𝑗𝑥𝑖 − 𝜃𝑗
𝑛
𝑖=1 )                          𝑗 = 1,2, … ,1 

(1) 
The output of the output layer is expressed by equation 
(2) 

 𝑌𝑘 = (∑ 𝑂𝑗𝑤𝑗𝑘 − 𝑑𝑘
𝑙
𝑗=1 )                        𝑘 = 1,2, … , 𝑚 

(2) 
The error function (Azadeh et al., 2008; Bocheng 
Zhong, 2015; Xu et al., 2015; Yu et al., 2008) is 
expressed by equation (3) 

𝐸𝑘 =
1

2
∑ (𝐻𝑘 − 𝑌𝑘)2

𝑘                          (3)

In summary, equations (1), (2), and (3) can be derived: 

𝐸𝑘 =
1

2
∑ (𝐻𝑘 − 𝑓(∑ 𝑤𝑗𝑘𝑓(∑ 𝑤𝑖𝑗𝑥𝑖 − 𝜃𝑗

𝑛
𝑖=1 ) −𝑙

𝑗=1 𝑑𝑘))
2

𝑘

(4) 
The output node and the threshold are derived using 
the error function (3) as follows: 

𝜕𝐸𝑘

𝜕𝑤𝑗𝑘
= −(𝐻𝑘 − 𝑌𝑘) ⋅ 𝑓′(∑ 𝑂𝑗𝑤𝑗𝑘 − 𝑑𝑘

𝑙
𝑗=1 ) ⋅ 𝑂𝑗  (5) 

𝜕𝐸𝑘

𝜕𝑑𝑘
= (𝐻𝑘 − 𝑌𝑘) ⋅ 𝑓′(∑ 𝑂𝑗𝑤𝑗𝑘 − 𝑑𝑘

𝑙
𝑗=1 )     (6) 

The order of the error of the output node is as follows 
equation (7) 

𝛿𝑘 = (𝐻𝑘 − 𝑌𝑘) ⋅ 𝑓′(∑ 𝑂𝑗𝑤𝑗𝑘 − 𝑑𝑘
𝑙
𝑗=1 )              (7)

Then it can be concluded that 

𝜕𝐸𝑘

𝜕𝑤𝑗𝑘
= −𝛿𝑘𝑂𝑗   (8) 

𝜕𝐸𝑘

𝜕𝑤𝑗𝑘
= −𝛿𝑘𝑂𝑗   (9) 

The correction formula for the output layer weight and 
threshold is given by equation (10, 11): 

𝑤𝑗𝑘(𝑎 + 1) = 𝑤𝑗𝑘(𝑎) + 𝛥𝑤𝑗𝑘 = 𝑤𝑗𝑘(𝑎) + 𝜂𝛿𝑘𝑂𝑗  

(10) 
       𝑑𝑘(𝑎 + 1) = 𝑑𝑘(𝑎) + 𝜂𝛿𝑘              (11) 

The correction formula for the hidden layer weight and 
threshold is as follows equation (12, 13): 
𝑤𝑖𝑗(𝑎 + 1) = 𝑤𝑖𝑗(𝑎) + 𝛥𝑤𝑖𝑗 = 𝑤𝑖𝑗(𝑎) + 𝜂𝛿𝑗𝑂𝑖   (12) 

       𝜃𝑗(𝑎 + 1) = 𝜃𝑗(𝑎) + 𝜂𝛿𝑗        (13) 

Where, η is the learning rate of the model. 

Figure 1 Schematic diagram of a BP neural network structure 
(Ye & Kim, 2018). 

Radial basis Function neural network 

An RBF network is very effective when there are many 
training vectors because the response relies on the 
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connecting distance of the input values to a fixed point, 
called the centroid or center (de Leon-Delgado et al., 
2018). The main disadvantage of using BP neural 
network is slow convergence. In contrast, RBF 
networks exhibit relatively fast learning and achieve 
good accuracy, thereby reducing computing costs.  
The structure of an RBF network is shown in Figure 2. 

Figure 2 RBF neural network structure diagram. 

As shown in Figure 2, an RBF network is composed of 
three layers. The input layer node is responsible for 
mapping the input signal to the hidden layer. A linear 
transformation is implemented between the hidden 
layer and the output layer. The transformation 
function of the hidden layer is a radial basis function, 
most commonly a Gaussian activation function 
(Buhmann, 2003; de Leon-Delgado et al., 2018). 
Gaussian functions are selected for the RBF, and the 
output of the 𝑖 neuron in the hidden layer is expressed 
as 

𝑢𝑖(𝑥) = ∅ (‖𝑥 − 𝑐𝑖‖) =  𝑒𝑥𝑝 [−
‖𝑥−𝑐𝑖‖

2𝜎𝑖
2 ]      (𝑖 =

1,2, ⋯ , 𝑄)  (14) 
where 𝑢𝑖  is the output of the 𝑖 hidden node, 𝜎𝑖  is the 
standardized constant of the 𝑖 hidden node, 𝑐𝑖  is the 
center vector of the Gaussian function of the 𝑖 hidden 
node, 𝑥 is input sample, and 𝑄 is the number of hidden 
layer nodes. 
Equation (14) can be used as its conformance with the 
Gaussian function. After obtaining all outputs of the 
hidden layer, the final output of an RBF network is 
calculated as the linear function given in equation (15). 
The linear mapping from the hidden layer to the output 
layer 𝑢𝑖(𝑥) → 𝑦𝑘   is expressed as 

�̂�(x) = 𝛽0 + ∑ 𝛽𝑘∅  (‖𝑥 − 𝑐𝑖‖)      (𝑘 = 1,2, ⋯ , 𝐿)𝑄
𝑖=1  

(15) 
where, the coefficients, 𝛽𝑖  for k = 0, 1, 2 … n, and 𝑄 is 
the number of hidden layer nodes. 
For compact matrix notation, equation (15) may be 
written as 

      𝑦 = ∅β +  ϵ                                        (16) 

The value �̂�  can be calculated using the Pseudo inverse 
as follows:     

   �̂� =  (∅𝑇∅)−1∅𝑇𝑦        (17) 
The output of an RBF neural network can be finally 
calculated using the estimated weight. 

 �̂� =  ∅�̂�  (18) 

Overview of energy consumption in a multi-
complex building: A case study 

This study used electricity consumption data (March to 
May) for a multi-complex in Nanjing, China, to validate 
the prediction model and algorithms. The building 
occupies 370,000 square meters and has 33 floors, 
with a total height of 150 meters. Thus, it exhibited a 
high-energy consumption. The building is classified 
into several areas. The first to fifth floors are for 
shopping malls, the sixth to 22nd floors are for office 
space, the 23rd to 33rd floors are for hotel and living 
areas, and there are also functional spaces distributed 
throughout the building housing mechanical or 
electrical systems.   
The specific proportions of each class of use are 
summarized in Figure 3. Shopping malls account for 
30% of the total building area, comprehensive office 
areas account for 35%, hotel areas account for about 
19% of the total building area. The remaining 4% is for 
other purposes in the building. 

Figure 3 Proportions of the building areas 

Energy consumption in hotel areas account for 32% of 
the total energy consumption and shopping malls and 
office areas account for 22% and 19% of total energy 
consumption, respectively shown at figure. 4. Living 
service areas account for about 14% of total energy 
consumption. 

Figure 4 Proportions of the building energy consumption 
ratio 

Figure 5 presents the monthly total electricity energy 
consumption in the building based on measured value 
using a comprehensive electricity monitoring system. 
The electricity consumption rate on May was higher 
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than that of March and April. 

HVAC system composition 

The centralized all-air HVAC system is mainly 
composed of an air handling unit, controller, frequency 
converter, air ducts, fans, temperature sensors, and 
terminal devices. The system controls the variable air 
volume based on the set temperature of different 
rooms. First, the system calculates the volume of air 
required to maintain the desired temperature of halls 
and each room, based on the occupants’ thermal 
comfort, and adjusts the frequency converter. The air 
condition system in the building utilizes a typical 
centralized system.  

Figure 5 Monthly total energy consumption. 

Simulation of BP and RBF neural network model 

For the present study, 92 days (March – May 2014) of 
measured electricity consumption data of the HVAC 
system of a multi-complex building were used to 
validate the models.  
The input and output were defined to design the 
network models in the form of vectors. Input nodes 
that could affect actual electricity consumption of the 
HVAC system were selected, and included temperature 
(C), humidity ratio (g/kg), wind speed (m/s) and 
whether each day was either a working or non-
working day (on or off). To evaluate predictive 
performance, of electricity consumption for working or 
non-working days, the simulation modelling was 
categorized into three parts. First, we used data from 
80 days to train the neural networks, and then 
predicted data for the remaining 12 days, including 
both working and non-working days. Second, the 
predicted values were selected for only 6 working 
days. Finally, the predicted data were selected for only 
6 non-working days. Combined with the selection of 
electricity consumption factors, the temperature, 
humidity, wind speed and working or non-working 
days were input as vectors to the network model. 
Similarly, the corresponding electricity consumption 
for the HVAC system were also designed as an output 

vector. Input and input necklaces in the network model 
were then changed to 

X = [

T1 A1   B1 C1

T1 A2   B2 C2
:  ∶  :  ∶

TP AP  BP CP

]  (19) 

 Y = [

y1

y2
:

yp

]    (20) 

Where T is dry bulb temperature (C), A: humidity ratio 
(g/kg), B is wind speed (m/s), C is working day 
(on/off), y is electricity consumption (kWh), and p is 
sample data quantity. 
Combined with the model structure of the neural 
networks, the four main influencing factors defined 
above were selected as the input to the energy 
consumption model, and the building’s energy 
consumption was taken as the output, as shown in 
Figure 6 below. 

Figure 6 Prediction models to design input and output factors. 

Figure 7 Algorithm flow chart of training process for BP and 
RBF neural network. 

The network algorithm process is shown in Figure 7. 
Both BP and RBF neural networks are nonlinear, 
multilayer, forward networks. In the algorithm, the 
flow uses continuous approximation to reduce the 
error term. The BP neural network approximates the 
minimum error by constantly adjusting the weight of 
neurons. The method is usually a gradient descent. The 
RBF algorithm uses a feedforward neural network, 
which does not approximate the minimum error by 
constantly adjusting the weight value. Rather, it uses 
the excitation function of the RBF neural network, 
which is a Gaussian function, to reduce error rates 
(Buhmann, 2003; de Leon-Delgado et al., 2018; Yang et 
al., 2016). Gaussian functions obtain the weighting by 
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the distance between the input and the center point of 
the function (Yang et al., 2016). 
In the training of artificial neural networks, because 
the influencing factors and scale of units differ, the 
vector magnitude of each data sample could affect the 
predicted results. To minimize the impact of different 
types of factors on the magnitude of data, the data 
samples were normalized between 0 and 1 (Hao et al., 
2013). The current study used the commonly used 
formula (21) for normalization: 

 X =
x−xmin

xmax−xmin
 (21) 

Where: X is normalized data, x is each sample data, xmin 
is the minimum value of the sample data,  xmax is the 
maximum value of the sample data. 
To define accuracy of simulation results, the root mean 
squared error (RMSE) of actual and predicted values 
was used (Kuo Lu, 2015; Ye & Kim, 2018). The BP and 
RBF neural networks also used the mean squared error 
function during training to evaluate the accuracy of 
predicted values. Lower value of RMSE means good 
accuracy and stability of the modelling. The formula 
used to compute the RMSE is as follows [22]: 

𝑅𝑀𝑆𝐸 = √∑ (𝑋𝑎𝑐𝑡𝑢𝑎𝑙,𝑖−𝑋𝑝𝑟𝑒𝑑𝑖𝑐𝑡𝑒𝑑,𝑖)
2𝑛

𝑖=1

𝑛
  (22) 

RESULT 

This study used BP and RBF neural network models to 
forecast the electricity consumption profile of a HVAC 
system for a multi-complex building located in Nanjing, 
China. In the case study, the two models were trained 
on measured data for 92 days of local weather 
variables: temperature (o C), humidity ratio (g/kg), 
wind speed (m/s), and working status (0 or 1). The 
neural network training data comprised results for 80 
days and the electricity consumption were forecast for 
the remaining 12 days using BP and RBF neural 
networks. This study examined the accuracy and error 
rates of the two neural network models and 
investigated how working or non-working day 
significantly impact the accuracy and error rate of 
predictions of the HVAC electricity consumption. The 
results are presented in Figures 8-13. 
Both BP and RBF model outputs were in close 
agreement with observations of energy use. However, 
the RBF curve differed more from real values than the 
BP curve. In general, the results obtained using the BP 
algorithm matched field data better than the RBF 
model.  
Figure 9 presents comparisons of relative error rates 
for the BP and RBF neural networks. The relative error 
rate represents the ratio of the absolute error rate 
relative to the observed rate of energy consumption 
and larger error rates indicate a lower accuracy of 
predicted values. The error rate for the BP neural 
network was relatively stable and lower than that of 
the RBF neural networks. The maximum error rate of 
the BP neural network was 14.50% and the minimum 
was 1.07%. Similarly, the maximum error rate of the 
RBF neural network model prediction was 21.04% and 

the minimum was 0.48%. The mean relative error and 
the RMSE results are shown in Table 2. The mean 
relative error for the RBF neural network was 8.95%, 
which was larger than the mean relative error (7.71%) 
for the BP neural network. The RMSE was 724.97 for 
the RBF neural network and 543.32 for the BP neural 
network. Therefore, the BP neural network produced 
more accurate and stable predictions than the RBF 
neural network.  

Figure 8 Comparison of the predicted electricity 
consumption rates from BP and RBF neural networks 
and the actual values. 

Figure 9 Comparison of the relative errors for BP and 
BBF. 

In this study, HVAC energy consumption on both 
working and non-working days was predicted. 
However, in Figures 10-13, the difference between 
working and non-working day could not be clearly 
discerned. Therefore, this study predicted HVAC 
energy consumption rate in two additional scenarios: 
6 working and 6 non-working days.  
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Figure 10 Comparison of the predicted electricity 
consumption rates obtained with BP and RBF, and the actual 

values on 6 working days. 

Figure 11 Comparison of the relative error for BP and BBF on 
6 working days. 

Figure 12 Comparison of the predicted electricity 
consumption rates obtained with BP and RBF, and the actual 

values on 6 non-working days. 

Figure 13 Comparison of the relative error for BP and BBF on 
6 non-working days. 

Figures 10-13 compare the performance of BP and RBF 
neural networks with HVAC electricity consumption 
measured for 6 working days and 6 non-working days. 
As shown in Figures 10, and 12, overall HVAC energy 
consumption on working days were much higher than 
those in non-working days. Occupancy ratio, facility 
management plan, and plug load data are likely to have 
affected actual HVAC electricity consumption rates and 
explain these differences between working and non-
working days. The error rates were lower and more 
stable for the BP neural network than RBF modelling 
for both working and non-working days. When 
temperature and humidity ratios increased, actual 
electricity consumption values also increased. Thus, 
the ratio of temperature to humidity was highly 
correlated with electricity consumption, but wind 
speed was not strongly correlated. Hence, input 
combinations of temperature and humidity ratios 
exerted a strong influence on HVAC electricity 
consumption. The error rates of the BP neural network 
results were 6.77% and 8.22% for working and non-
working days, respectively, while the RMSE were and 
579.59 and 543.52 for working and non-working days, 
respectively. Error rates of the RBF neural network 
results were 7.14% and 10.47% for working and non-
working days respectively and RMSE values were 
607.54 and 633.10 for working and non-working days, 
respectively. Thus, the BP neural network exhibited a 
better predictive capacity than the RBF neural 
network. Furthermore, the predicted values on 
working days were more accurate than those on non-
working days. During the training process, the number 
of working days greatly exceeded the number of non-
working days. Hence, it is concluded that increasing the 
number of training data improves prediction accuracy.  
This study has some limitations remaining that require 
further study. A multi-complex building was selected 
and electricity consumption of the HVAC system was 
predicted. However, the experimental data could vary 
according to occupancy rate, seasonal changes, energy 
sources, and facility management. Consequently, 
further studies need to consider additional elements 
that can impact HVAC energy consumption, thereby 
improving the accuracy of predictions.    

CONCLUSIONS 

This study explored predictive capacities of two ANNs. 
Back Propagation (BP) and Radian Basis Function 
(BRF) Neural Networks were utilized with input nodes, 
e.g., temperature, humidity ratio, and wind speed,
which were used to predict the HVAC energy
consumption of a multi-complex building. We
evaluated the performance of two neural network
algorithms using machine learning and test data for
validation and the predicted results were compared
with the real HVAC electricity consumption data. The
BP neural network was 0.37-2.25 % more accurate and
stable than the RBF neural network. However, the
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results of the two algorithms exhibited good 
agreement with observed values and the differences in 
accuracy ranged between 0.25 and 8.5 %. Training the 
RBF neural network was faster than the BP neural 
network, and therefore, both neural networks can be 
effectively used to predict HVAC electricity 
consumption from three climate factors: temperature, 
humidity ratio, and wind speed. Variations of 
temperature and humidity ratio exerted a larger 
impact on HVAC electricity consumption than wind 
speed. The rates of HVAC energy consumption on 
working days were higher than on non-working days. 
Increasing the volume of training data could improve 
the accuracy of prediction. The comparative prediction 
study of HVAC energy consumption in the multi-
complex building demonstrated that ANN methods 
have good agreements with real data measured related 
to HVAC system, working and non-working days and 
climate factors. In the future works, we could illustrate 
that more ANN algorithms and more input factors such 
as plug-load data, seasonal changes, HVAC system 
types, and occupancy rates could have affected the 
accuracy of prediction methods and how each element 
could impact on energy consumption in buildings in 
local areas.  
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ABSTRACT 
Focus on sustainable construction brings many 
requirements and standards to ensure energy 
efficiency and high indoor environmental quality 
(IEQ). However, these are mainly used in design phase. 
Commissioning becomes increasingly common to 
ensure functionality when building is taken into use. 
However, buildings are expected to stay in use for 
many years. It is a building operator, who ensures that 
building delivers healthy and comfortable 
environment. It is beyond discussion that his/her skills 
and professional level affect building’s actual 
performance. The present study had an objective to 
investigate work skills, experiences and professional 
challenges of building operators in Danish office 
buildings with particular focus on IEQ and energy 
efficiency. Thirty building operation professionals 
working in 23 companies were interviewed. The 
results showed that occupant complaints were a 
driving factor with respect to IEQ related measures. 
Knowledge of standards and requirements regarding 
IEQ turned up to be rather superficial. In most cases, 
there was a lack of a well-defined operational strategy 
regarding IEQ. The results show that there is a need to 
provide a missing link between technological part of 
building operation and a strategic part defining clear 
goals and practices. 

INTRODUCTION 
Current focus on sustainable and energy-efficient 
construction comes with many requirements and 
standards to ensure low energy use and comfortable 
indoor climate (European Commission, 2018; 
European Standard, 2019). However, most 
requirements are only used in the design phase. 
Buildings are designed using advanced drawing tools, 
and their performance is assessed with dynamic 
simulations. Calculations are carried out to ensure that 
the building meets the energy frame. When the 
building is taken into use, commissioning and 
performance testing are prescribed in many countries 
(Danish Standardisation Authority, 2014). However, 
we expect the building to be in operation for fifty or 
more years. There are mostly no requirements for how 
the building should perform for the rest of its lifetime. 
It is just expected that a healthy and comfortable 
environment is guaranteed every day. 

Building operation and maintenance (OM) falling 
under Facility management (FM) is a very complex and 
interdisciplinary area. The personnel dealing with 
building operation must possess many different skills. 
The immediate profession one would think of in this 
context is "a caretaker" or "a superintendent".  
Someone who comes and changes a bulb or a door 
handle when it breaks down. The caretaker removes 
snow in winter and mows grass in the summer. He or 
she can also repair leaky pipes or change a thermostat 
on a radiator. Nevertheless, in the case of an office 
building, the task list for such a person is usually much 
longer, and does not include only manual work. 
Caretakers, now called building operators must also be 
familiar with different systems for ventilation, heating, 
air-conditioning or lighting as well as their control. 

Nowadays buildings are often equipped with many 
advanced technologies. It is somewhat expected that 
their use will lead to high quality indoor climate and 
low energy use. However, all complex control systems 
and advanced technical installations are in the end 
operated by humans. Therefore, it is crucial that the 
technical staff has right skills and competences. 
Knowledge regarding competencies and skills of 
building operators in Danish office buildings is very 
limited. Moreover, there are no official and systematic 
studies focusing on relation between building 
operators’ work-competencies and building 
performance - energy use and indoor environmental 
quality (IEQ). 
Objective of the present study was to investigate 
competencies, experiences and challenges of building 
operators in at least 10 companies or public 
institutions operating one or more office/non-
industrial buildings. A special attention was paid to IEQ 
and energy-efficient operation. 

METHODS 

Data collection 
Semi-structured interviews were used to collect the 
data. The method enables collecting of both qualitative 
and quantitative type of information (Göçer et al., 
2015). Quantitative data represented technical 
information about investigated buildings 
(construction year, heated area, installed heating, 
cooling and ventilation systems - HVAC). Qualitative 
data included building operators’ experiences, 

Healthy Buildings 2021 – Europe

- 60 -



practices and opinions. The installed HVAC systems 
form a framework for building operators’ everyday 
tasks. Systems also directly affect the required level of 
competence that the operators must have in order to 
solve their tasks. On the other hand, the technical data 
regarding HVAC systems cannot reflect operators’ 
experiences, frustrations and opinions. A template 
containing basic structure of the interview was 
prepared and implemented to an online tool. Table 1 
gives an overview of the structure. The strategy 
regarding OM/FM, IEQ or energy efficiency, mentioned 
in Table 1 referred to a written document summarizing 
the plan/policy the organization has with respect to 
given topic. Strategy is approved by the management 
and it is known to all relevant employees.  During each 
interview, the interviewer noted relevant information 
either directly in an electronic form on a PC/tablet or 
with handwriting. If possible, the interview was audio 
recoded. The recordings were always conducted with 
a consent from the respondents. Transcripts of the 
recordings were used for detailed analysis. All data 
were anonymized so it was not possible to identify 
companies, individuals or particular buildings. 

Table 1. Interview topics. 

Section of the 
questionnaire Included topics 

A company and buildings 
the respondent is 
responsible for 

General data about the 
company, buildings 
(construction year, area) and 
technical facilities (heating, 
cooling, ventilation) 

Operation and 
maintenance (OM)/ 
Facility Management 
(FM) 

Organisation, responsibility 
and strategy for OM/FM 

Indoor Environmental 
Quality (IEQ) 

Responsibility and strategy 
regarding IEQ, requirements, 
operation-related parameters 
(set-points, night setback), 
education and competencies 
with respect to IEQ and 
building automation 

Energy use Responsibility and strategy 
regarding energy use, energy 
management, energy saving 
goals 

Personal data  
(focused on a specific 
respondent) 

Job title, length of 
employment, background, 
education, 
skills/competencies needed,  
gender, age 

During the interviews, the respondents were asked to 
assess their skills regarding their current profession. 
The assessment was done on a scale from 1 (not 
enough skills) to 5 (very appropriate skills). The 
respondents were also asked to evaluate 
education/training they received regarding IEQ and 
building automation. To do that, they had to express to 
which extend they agreed or disagreed with three 
statements: a) “I think that I have learned a lot.”, b) “I 
can directly use the obtained knowledge to solve every 

day’s problems.” c) “I think that the educational 
materials were good.” They indicated their agreement 
with the statements using a scale from 1 (totally 
disagree) to 5 (totally agree). 

Studied cases 
A case was characterized as company (or a public 
institution) that operated one or more office buildings. 
Additionally, the case should have an organized 
OM/FM department. Identification of cases and 
consequent data collection was divided into two 
tracks. The first track focused on companies having a 
long-term collaboration with The Copenhagen School 
of Marine Engineering and Technology Management 
(MSK). This resulted in 12 interviews conducted in 11 
cases. These interviews were not audio-recorded, so 
qualitative analyses were not possible. The second 
track included cases from the Frederiksberg 
municipality along with other cases located on the 
island of Zealand (11 cases) and in Jutland (1 case). All 
cases were situated in Denmark. 

The survey was not focused on a particular category of 
professions. The idea was to cover as many as possible 
levels in the FM structure of the individual companies. 
The study worked with the following professions: 
service technician, supervisor technician, function or 
project leader,  facility manager, top manager. 

Data analysis 
Quantitative data formed a basic structure for the 
analysis (see Table 1). The analysis combined 
quantitative data for each the topics in the structure 
with qualitative input collected during the interviews – 
respondents’ insights, comments, observations and 
reflections. Qualitative data were analysed using the 
MaxQDA software (VERBI Software, 2018), which 
enabled coding the interview transcripts to identify 
trends, similarities and contradictions among the 
studied cases. During presentation of results, the 
quantitative data were supplemented with qualitative 
details. 

RESULTS 

Survey respondents 
There were altogether 30 respondents (27 men, 3 
women). Ten interviews were recorded, resulting in 
more than ten hours of audio material. The three 
mostly represented professions were supervisor 
technician, function/project leader and facility 
manager. Supervisor technicians and project leaders 
accounted for 53% of the conversations. Facility 
managers accounted for 37% of all interviews.  
On average, the respondents have worked in their 
current position for 10 years (minimum 3 months and 
maximum 36 years); 61% of respondents have worked 
in their current position for more than 3 years. Most 
respondents were educated electricians or engineers 
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(Fig. 1). Despite various anecdotal narratives, the study 
indicated a consistency among positions in building 
operation and education of the employees. 

Fig. 1. Educational background of respondents in the survey. 

Most respondents evaluated their skills at level 4 or 5, 
thus as appropriate for their current profession. 
Among the skills, the respondents lacked most, 
knowledge about IEQ and Building Management 
Systems (BMS) were frequently mentioned. Regarding 
approaches to obtain a new knowledge, several 
respondents mentioned that the best would be if they 
could learn on “their own” buildings. It made sense for 
them to be able to relate the theory to their daily work. 

Studied cases 
The survey included a total of 23 cases, 35% of cases 
were public institutions like municipalities or 
educational institutions, 30% of cases were private 
companies focused on administration and service (IT, 
consulting, etc.) and 26% were private companies 
engaged in production or development (operation of 
production lines or workshops were not included in 
the survey). In all cases, building operators worked 
with both medium (600–10 000 m2) and large (> 10 
000 m2) office buildings mostly built after 1985. The 
survey showed that most building operators had 
experience with district heating, mechanical 
ventilation and mechanical cooling. There were nine 
cases where the respondents mentioned ventilation 
with variable airflow (VAV). In these cases, the airflow 
was modulated according to CO2 concentration or 
room temperature. 

Operational strategies 
For each case in the survey, it was analysed whether 
building operators were aware of the strategies that 
their organization had adopted regarding OM, IEQ and 
energy use. The question "is there a strategy for ..." led 
to a positive response in most cases: 19 positive 
responses for OM, 17 for IEQ and 18 for energy use. 
This was a positive result, but deeper analysis of the 
qualitative data revealed that many respondents 
understood "a strategy" more as a representation of 
the fact that they "had an idea of how operations are to 
be carried out" than a written document. For OM 

strategies, a written strategy was mentioned in only 
five cases. Most of them mentioned that service and 
maintenance contracts, service schedules or operating 
manuals came "when the house was built". The 
situation was worse in the case of IEQ strategy. In six 
cases, the respondents mentioned that there 
“somehow was a strategy” in their organization. The 
rest stated that there was "something", but it was not 
summarized in a specific document. For example: -
Question: "Is there a precise indoor climate strategy?" 
And answer: "Yes, but it is not written down. We are 
probably going to have something written down in a 
year or two. We agree upon what the aim regarding 
indoor climate is. It is to make it simple, well, we want to 
have a BMS, records and measurements -which we spend 
a lot of time talking about-, ppm-measurements, 
temperature measurements, allowing us to keep track of 
our indoor climate conditions." The example illustrates 
how the respondent had a strong focus on what is 
needed to measure and track the indoor climate, 
whereas requirements or goals regarding particular 
IEQ parameters are not mentioned. 
The respondents were also asked about background 
for IEQ strategies in their organizations. Most 
mentioned that the strategies were based on current 
standards, guidelines by the Danish Working 
Environment Authority and/or building regulations. 
These answers show that building operators were 
generally aware of the relevant legislation and 
requirements that define IEQ and provide guidelines 
for building operation. Despite the fact that standards 
were mentioned most, it was clear from the interviews 
that guidelines by the Danish Working Environment 
Authority were of major importance during daily work 
of building operators. This was because most 
organizations must conduct so-called workplace 
assessments at regular intervals. Workplace 
assessments include more topics than IEQ, but if 
answers of employees indicate problems with IEQ, 
these are communicated directly to the work safety 
committee in the organization. This creates an effective 
pressure on the building operators because they want 
to keep complaints at a minimum. 
Eighteen respondents mentioned that there was an 
"energy use related strategy". Only four respondents 
responded that there was no such strategy and one did 
not know. The most frequently, simple reduction of 
energy use was mentioned as a background for energy 
strategy, followed by financial considerations and 
reduction of CO2 emissions. Fifteen respondents 
mentioned that there was a target for reducing energy 
use. The goal was often defined as a percentage of 
energy use reduction per year. There were two cases 
where the target was defined as a reduction of CO2 
emissions per year. In 17 cases, respondents stated 
that their companies had implemented an IT system 
for energy management. 
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IEQ requirements and control 
Fig. 2 summarizes temperature requirements from 14 
cases. The figure shows the allowed room temperature 
range. In most cases the temperature range was 
around 2 °C between 22 °C and 24 °C. It is only in case 
number 17 where temperatures were allowed to rise 
to 26 °C, which is maximum temperature 
recommended by Danish standard (Danish 
Standardisation Authority, 1995). The maximum 
temperature permitted in the Danish Working 
Environment Authority's guidance is 25 °C (Danish 
Working Environment Authority, 2008), and it was 
projected in the maximum temperature limits for most 
cases. The survey showed that in most cases the 
respondents actually mentioned values about 1 °C 
below the limit to stay on the "safe side". There were 
five cases where the respondents did not mention 
temperature range, but only a certain temperature 
level. It was visible from the interviews that the 
respondents in these cases confused the requirements 
for room temperature and room temperature set point. 
The next interesting result was that, in only three 
cases, the respondents mentioned tolerance 
requirements for exceeding temperature limits, which 
is an important parameter in evaluation of thermal 
environment. Especially on the “warm” side of the 
allowed room temperature range, many buildings have 
problems complying with requirements due to lack of 
solar shading or cooling. The building regulations 
(Ministry of Transport Buildings and Housing, 2018). 
refer in this case directly to the Danish standard 
(Danish Standardisation Authority, 1995), which 
allows for a maximum of 100 hours per year with 
temperatures > 26 °C and a maximum of 25 hours with 
temperature > 27 °C. At the same time, the Danish 
Working Environment Authority (Danish Working 
Environment Authority, 2008) does not provide any 
precise guidance. Most of the respondents did not 
mention these recommendations. These results 
obviously cannot be generalized to all office buildings 
in Denmark. However, they indicate that the difference 
between temperature requirements and a set point 
value seems to be unclear to many building operators. 
It is worth mentioning that, in several cases, the 
building operators did not directly determine the 
temperature set point, because users could adjust 
thermostatic valves on radiators in individual rooms. 
As one respondent said: "It is individual control with 
respect to the thermostats. People will typically have 22 
°C. If there is anything else they want, then can set it up 
themselves. They get the temperature they want." 

Fig. 2. Room temperature requirements (bars indicate a 
temperature interval; horizontal line indicates that a single 

value, not temperature interval was mentioned as a 
requirement). 

In terms of requirements for air quality, the answers 
showed similar trends as for temperature. Again, there 
was confusion between requirements and set point 
values used in the ventilation system. In only three 
cases, operating personnel reported requirements 
regarding air velocity. None of the respondents 
mentioned the so-called Draught Rate (DR) 
(International Standardization Organisation, 2005)  or 
the correlation between turbulence intensity and 
sensation of draught, which is defined in Danish 
thermal comfort standard (Danish Standardisation 
Authority, 1995) as well as directly cited in the Danish 
building regulation (Ministry of Transport, Buildings 
and Housing, 2018). 
Solar shading systems in most cases were 
automatically controlled, but users had possibility to 
override control actions manually. Despite that, the 
solar shading systems were causing many operational-
related problems. Several respondents mentioned 
problems with control algorithms, resulting in a 
frequent movement of sunshade screens that the users 
perceived as very disturbing. Further, problems with 
blocked visibility during sunny days and faults on both 
manual and automatic control were mentioned. The 
following quote illustrates the above-mentioned 
challenges: "In the older buildings, we have outside 
blinds you can turn manually. It works well, they are 
durable and people can operate them themselves. In the 
new buildings, there is a mix. .... There we have a clean 
glasshouse built 6 years ago. There are some screens that 
you operate automatically and it is an Italian system 
that does not work properly so we keep it in position the 
whole summer. Then people say that no light is coming 
in, but if we take them out of position, it will be too hot. 
Then you have to choose." 
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Education regarding IEQ and building automation 
Sixteen respondents answered that they had 
previously participated in IEQ related 
education/training, at the same time 12 respondents 
did not participated in any IEQ related education. In 
contrast, 23 respondents answered that they 
participated in education/training related to BMS, 
while four did not. The results indicate that there was 
more emphasis on the use of building automation, 
which has its practical reasons. It is possible to say that 
building operators got a lot of knowledge on "how" 
(using BMS), but less knowledge of "what" (different 
IEQ parameters, comfort models, comfort limits, etc.). 
This leads to the situation, that advanced functions of 
BMS allowing for a certain analysis of the data collected 
in the building are not used in practice as building 
operators do not see the need for analysis. 
Fig. 3 illustrates how the respondents assessed the 
education/training regarding IEQ and BMS they have 
received. 

Fig. 3. Evaluation of training/education related to BMS (top) 
and IEQ (bottom). 

The respondents clearly evaluated BMS related 
education as more useful. The teaching materials 
related to BMS courses were also considered to be 
better. Several respondents actually mentioned that 
they were unsatisfied with content and quality of the 
IEQ -related courses. 

DISCUSSION 
The present survey provides an insight into 
competencies, daily practices and challenges of 
building operators from 23 companies/institutions in 
Denmark. The reason why so many respondents with a 
leading/managerial role participated in the survey was 
that these employees were often a main contact to the 
case. Even though they were asked to make their 
subordinate employees available for interview, quite 
often the manager himself decided to participate. The 
most common argument was that their employees 
(building operators) always had a lot of work and did 
not have time for discussions with researchers. In most 
cases, respondents were responsible for several 
buildings and these building portfolios were highly 
heterogeneous. The results suggest that a building 
operator is often considered as a “handyman” that can 
do all kinds of jobs. It seems that even if there is a 
problem they do not know the solution for; they are 
still expected to deal with that because the building 
should “just work”. This brings them under a notable 
pressure. If there are no occupant complaints, they do 
their job right. This is an impression based on the 
interviews conducted during the study. Many 
respondents were aware of the fact, that it would be 
better if they had spent time on tasks that improve the 
IEQ and building performance in a broader time 
perspective. Principally, they lacked time and 
knowledge to take such action. It seems that building 
operators often lacked methods and tools for simple 
but effective IEQ analysis. Respondents’ own 
statements about missing information confirmed the 
need for more knowledge in this area. Although they 
generally assessed their competences as sufficient, 
they demanded more knowledge about IEQ and BMS. It 
can be recommended to reflect this need when new 
training or education for building operators is to be 
prepared.  
Amount of respondents who participated in 
education/training related to IEQ was unexpectedly 
high in the study - 52%. When this fact is set into 
context with other results, showing lack of knowledge 
regarding IEQ requirements, thresholds or analysis, 
one can speculate that the education might lack an 
appropriate curriculum and that the knowledge 
disseminated is not directly applicable in practice. In 
opposite, the education focused on building 
automation (BMS) was evaluated as more beneficial. 
The BMS courses are often focused on advanced use of 
the systems, but from the study does not imply that the 
building operators would vastly use this knowledge on 
daily basis. Nevertheless, the connection between the 
curriculum and practice seems to be clearer for the 
respondents.   
Results from the study reveal that occupants are often 
those who decide how the IEQ is managed in the 
building. This is the overall goal of reducing the 
number of complaints that drives building operator’s 
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actions.  This approach is generally correct, but the 
data collected in the survey indicate that a well-defined 
operating strategy related to IEQ would release some 
of the pressure from building operators as well as 
support more consistent IEQ management. Resolving 
particular complaints without having a reference in the 
form of a predefined strategy leads to individual 
actions not a comprehensive optimization. In most 
cases, a well described strategy was missing. The 
situation was better when building operation was 
outsourced to an external FM company. In these cases, 
a particular form of strategy was included in service 
agreements. It was interesting that it was only strategy 
related to IEQ or OM, which was mentioned in these 
cases, but not a strategy in relation to energy-
effectivity. It can be related to the fact that current 
legislation defines requirements for energy-efficient 
construction, but not directly to energy-efficient 
operation.  
The IEQ management strategy does not need to be a 
thick and hard to read document. It should rather be 
understood as a simple collection of requirements and 
practices. Several current standards can serve as a 
basis for such strategy. For example the international 
standard EN 16798-2 (European Standard, 2019), 
which is extensively used during design, but its 
application in operational phase is limited. 

CONCLUSIONS 
Thirty building operation professionals from 23 
companies/institutions in Denmark were interviewed 
regarding their competencies, daily practices and 
challenges related to IEQ and energy use in office 
buildings. 
Most respondents were trained engineers, heating, 
ventilating and plumbing technicians or electricians 
competent to work as building operators. 
Respondents assessed their skills as appropriate with 
respect to their current professions, but they missed 
practice-oriented knowledge regarding IEQ 
management. 
In most cases, a well-defined strategy regarding IEQ 
was missing. Measures focused on IEQ 
optimization/management were mostly driven by 
occupant complaints. 
Building operators had a general interest in analysis of 
the IEQ in their buildings, but their knowledge of 
related standards and requirements turned up to be 
rather superficial.  
Education/training related to BMS was assessed as 
more applicable in daily practice. The IEQ related 
education lacked a link to the building operators’ 
everyday practice. 
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ABSTRACT 
Efficient mucociliary clearance (MCC) is a precondition 
for the moistening capacity of human noses. A review 
of the literature reveals that only young and healthy 
individuals can maintain efficient nasal MCC in low 
ambient humidity. Aging, concomitant diseases and 
stress factors, all diminish MCC and therefore the 
ability of maintaining homeostasis of the airways. In 
an aging population this finding calls for action. We 
cannot change the outdoor climate nor the physical 
laws that cause indoor dryness. But we must take 
responsibility for the anthropogenic indoor climate 
and its undesired consequences. 

THE ORIGINE OF THE MISCONCEPTION 
From 1971 to 1977 Anderson IB, Proctor DF and 
Lundquist GR investigated the effect of different 
humidity and temperature ranges on MCC, nasal 
airflow resistance and subjective responses, (I. 
Andersen, Lundqvist, Jensen, & Proctor, 1974; I. 
Andersen, Lundqvist, & Proctor, 1971; I. B. Andersen, 
Lundqvist, & Proctor, 1972; D. F. Proctor, 1983; 
Donald F. Proctor, Andersen, Lundqvist, & Swift, 1973; 
Donald F. Proctor, Andersen, & Lundqvist, 1977). The 
volunteers in a series of climate chamber experiments 
were all young and healthy Danish students. The study 
of 1977 with the intention to study the impact of 
extreme climate parameters (9°C to  40°C, 9% to 70% 
relative humidity, RH) on airways of potential military 
personnel was supported by NATO. The overall 
conclusion of  the studies was that in young and healthy 
people the mucociliary transport velocity (MTV) was 
not significantly affected by changing humidity and 
temperature. However, the intra- and inter-individual 
variability of MTV was extremely high. The mean MTV 
was 6-7 mm/min. with a range of less than 1mm to 
more than 22mm. In 65 measurements (17% of 393) 
the MTV was less than 1mm/min (D. F. Proctor, 1983). 
The above studies became the core element of the 
widespread belief that dry indoor climate conditions 
do not significantly decrease the nasal MCC or damage 
the homeostasis of airways. This conclusion is not 
admissible since only healthy young adults were 
included. Nevertheless, these studies are regularly 
cited in discussions on suspected causal connections 
between indoor dryness and epidemic respiratory 
infections in winter of temperate climates. 

Anderson IB, Proctor DF and Lundquist GR used 
beads, labelled with 99mTc for their studies. Quinlan 
(Quinlan, Salman, Swift, Wagner, & Proctor, 1969) 
described the used tracers as, quote “… solid, insoluble 
beads always less than 1mm, and usually less than 0.5 
mm, in diameter”. The path of the beads was observed 
with gamma cameras. In his original description of the 
technique, Quinlan observed a dependence of the MTV 
from RH above and below 30% and on symptoms like 
dry nose, congestion and respiratory infections. In 
view of today’s knowledge and in comparison, to 
newer methods for the measurement of nasal or 
bronchial MTV, the original technique used 
unrealistically large particles with diameters of 
roughly 500µm. The particles of interest that 
accumulate preferably in the nose have less than 
0.01µm aerodynamic diameter (deposition by 
diffusion) or above 1µm aerodynamic diameter up to 
roughly 50 µm that deposit in the nose by impaction 
(Kodros, Volckens, Jathar, & Pierce, 2018; Millage, 
Bergman, Asgharian, & McClellan, 2010). Without high 
air speed, particles of above 50µm have a low chance 
of deposition in the nose (Millage et al., 2010).  

AGING, DISEASES AND STRESS FACTORS DIMINISH 
MCC 
“Normal aging affects all physiological processes”, this 
is the opening sentence of the publication “Age-
Related Physiological Changes and Their Clinical 
Significance”, (Boss & Seegmiller, 1981). MCC and 
motility of cilia, as all other parameters of lung 
physiology, decrease with increasing age even without 
concurrent diseases or stress factors like air pollution 
or smoking, (Ho et al., 2001; Pinto & Jeswani, 2010). 
The following studies showed a decline of MTV with 
decreasing RH, increasing age, allergic rhinitis, 
asthma, infections and smoking, (Ewert, 1965; 
Lindemann, Sannwald, & Wiesmiller, 2008; Naclerio, 
Pinto, Assanasen, & Baroody, 2007; Salah, Dinh Xuan, 
Fouilladieu, Lockhart, & Regnard, 1988; Sunwoo, 
Chou, Takeshita, Murakami, & Tochihara, 2006; 
Williams, Rankin, Smith, Galler, & Seakins, 1996; Wolf, 
Naftali, Schroter, & Elad, 2004). Quote, Lindeman et al: 
“Nasal complaints in elderly patients are a 
consequence of lower intranasal air temperature and 
humidity values combined with relatively enlarged 
nasal cavities due to involution atrophy of the nasal 
mucosa”. 
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Table 1. Outdoor AH in winter trimester is less than half of 
AH in summer trimester in temperate climate. 

INDOOR STRESS FACTORS “LOW RELATIVE 
HUMIDITY” AND “LOW ABSOLUTE HUMIDITY” 
Winters in temperate climate are cold and dry. 
Temperatures and AH’s are low, while RH is higher or 
at least similar to summer RH, see examples Table 1. 
Heating creates comfortable indoor temperature, 
increases the saturation deficit, expressed as low RH, 
but has no impact on absolute humidity. The 
saturation deficit reflects the dehydration stress on 
body surfaces including upper airways. This explains 
why RH is the right parameter to describe humidity 
effects on skin and eyes, Figure 1, (Wolkoff, Azuma, & 
Carrer, 2021). But conducting airways and foremost 
the nose are expose to a much greater challenge. 
Besides maintaining the hydration of their mucosal 
lining, they need to humidify breathing air to full 
saturation at core temperature, Figure 2. 

Figure 1. Saturation deficit between AH of room air and 

 body surfaces 

Noses and conducting airways of seniors and people 
with allergies, asthma, and chronic respiratory 
diseases (bronchitis, COPD) are unable to provide this 

vital humidification without desiccation and reduced 
MCC (Boss & Seegmiller, 1981; Elad, Wolf, & Keck, 
2008; Ewert, 1965; Ho et al., 2001; Lindemann et al., 
2008; Naftali, Rosenfeld, Wolf, & Elad, 2005; Pinto & 
Jeswani, 2010; Salah et al., 1988; Sun, Hsieh, Tsai, Ho, 
& Kao, 2002; Sunwoo et al., 2006; Wolf et al., 2004). A 
review on “Seasonality of Viral Respiratory 
Infections”, (Moriyama, Hugentobler, & Iwasaki, 
2020) illustrated that indoor dryness is a major factor 
that reduces the multilayered infection defense of the 
mucosa as well as the innate and acquired immune 
system. Low RH may completely block the immune 
defense against infection as a mice study has shown 
(Kudo et al., 2019).  

Figure 2. Saturation deficit between AH of room air and AH 
at 37°C determines the humidification requirement that 

conductive airways (green) must deliver 

Continuously measured outdoor climate data for a 
bunch of parameters, including humidity, are available 
in high resolution for almost any location on earth. In 
contrast, data on indoor climate, to which most of us 
are exposed for 90% of our lifetime, are almost 
inexistant or kept in secret. Although indoor comfort 
climate is a hot topic, datasets that include humidity 
and cover a whole winter season, are scarce. Here two 
of the rare published datasets. Measurements in forty 
residential apartments in New York and in six high-
quality commercial buildings in the Midwest, showed 
median indoor AH of 2.7 to 4.9 g/m3 and  indoor RH of 
12 to 24% in winter trimester (Quinn & Shaman, 2017; 
Reynolds et al., 2001). 
The industrial revolutions forced most people to an 
indoor lifestyle. They are exposed to an indoor climate 
that a majority perceives as comfortable. However, for 
the conducting airways, especially the most 
challenged nose, indoor climate in winter is more 
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stressful than almost all outdoor climates in terms of 
AH. The measured AH’s in the study of Quinn were 
lower than the mean AH in the two most stressful 
climates, studied by Maddux SD, (Maddux, Yokley, 
Svoma, & Franciscus, 2016). The annual means of AH 
in “cold-dry” climates were 6 g/m3, in “cold-wet” 
climates 7,5 g/m3. At room temperature of 22°C, RH’s 
below 40%, converted in AH, are at the same level or 
below the above mentioned annual means of stressful 
outdoor climates. 

CONCLUSIONS 
We need widespread continuous  recordings of indoor 
climate parameters, including humidity. The 
correlation with epidemiological data and 
transmission events would give us more insight into 
the climate effects on the multilayered mucosal 
defense system and infection rates.  
A growing aging population in temperate climate 
zones is overstressed by low indoor AH in winter. It is 
suspected that dryness favors seasonal epidemics, 
typically occurring in winter and affecting elderly 
people disproportionally. Recent findings underline 
the need for new research on links between seasonal 
epidemics of respiratory infections, indoor dryness 
and reduced mucosal infection defense. 
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ABSTRACT 

This paper presents the development and application 
of a ventilation system based on vertical confluent jets. 
The thermal comfort and indoor air quality levels, Air 
Distribution Index and energy consumption are 
evaluated and discussed. The numerical study is 
carried out in a virtual chamber with dimensions of 
4.502.552.50 m3. This chamber is equipped with six 
tables, twelve chairs, one outlet system and one 
confluents jets system, and is occupied with twelve 
virtual occupants. The inlet system has two horizontal 
0.15 m diameter ducts, installed at a height of 1.8 m 
from the floor, which have consecutive holes in order 
to promote downward jets close to the side walls. The 
outlet system has six air ducts, located above the head 
of the occupants, connected to the ceiling area. The 
study was developed for three different airflow rates, 
considering winter conditions. When the airflow rate 
increases, indoor air quality improves, thermal 
comfort remains within an acceptable level and ADI 
improves slightly. 

INTRODUCTION 

The confluent jets are associated to a system of 
multiple jets that, after being inflated, converge in a 
single airflow to the exhaust ventilation system. In its 
design different techniques and methodologies are 
used (Arghand et al., 2015; Karimipanah et al., 2000; 
Cho et al., 2008). In general, in this type of ventilation 
system, the inlet is made through lines made up of 
consecutive nozzles and the outlet is made through an 
exhaust system located on the ceiling of the 
compartment. 

The evaluation of occupant comfort is made by the 
levels of thermal comfort and indoor air quality, the 
local discomfort of the occupant is made by the 
Draught Risk (DR) and the performance of the Heating 
Ventilating and Air-Conditioning (HVAC) system is 
made by the Air Distribution Index (ADI). 

The Predicted Mean Vote (PMV) and Predicted 
Percentage of Dissatisfied (PPD) indexes, developed by 
Fanger (1970), are used to evaluate the thermal 
comfort level (ISO 7730:2005). ISO 7730:2005 defines 

three categories to characterize thermal comfort: A 
(PPD  6%); B (PPD  10%); C (PPD  15%). The 
carbon dioxide (CO2) concentration can be used to 
evaluate the indoor air quality (Conceição et al., 
2008a). In this numerical work, CO2 concentration 
release by the occupants is used as evidential of the 
indoor air quality in occupied spaces (ASHRAE 
62.1:2016). ASHRAE 62.1:2016 refers 1800 mg/m3 as 
the acceptable limit for CO2 concentration.  DR is an 
index developed by Fanger et al. (1988). It depends on 
the air temperature, air velocity and air turbulence 
intensity. ISO 7730:2005 defines three categories to 
characterize DR: A (DR  10%); B (DR  20%); C (DR  
30%). ADI depends on the air quality level, thermal 
comfort level, contaminants removal efficiency and 
heat removal efficiency. It was presented and detailed 
in the works of Awbi (2003), for uniform 
environments, and Conceição et al. (2013), for non-
uniform environments. 

The present numerical study is based on a coupling 
between Computer Fluid Dynamics (CFD) and the 
Human Thermal Response (HTR) numerical models, 
whose an application of the coupling methodology can 
be seen, as example, in Conceição & Lúcio (2016). This 
methodology can be seen in the works of Conceição 
(2000), Conceição & Lúcio (2001), and Conceição et al. 
(2007, 2010a). 

Some of the input data of the numerical models 
coupling is obtained from the output data of a Building 
Dynamics Response (BDR) software. The works of 
Conceição et al. (2000, 2008b) and Conceição & Lúcio 
(2009, 2010a, 2010b) present applications of the BDR 
software in the evaluation of air temperature 
distribution, surfaces temperature distribution and 
energy consumption. This software takes into account 
the evaluation of thermal comfort using the PMV/PPD 
indexes (Conceição et al., 2018), the adaptive thermal 
comfort (Conceição et al., 2010b), and the temperature 
preferred control model (Conceição et al., 2009). The 
evaluation of the air temperature and air velocity 
around the occupants is required for the assessment of 
the thermal comfort, whose methodology applied to 
buildings using numerical techniques can be seen in 
Conceição & Lúcio (2016). 
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This numerical work uses a coupling of a differential 
(CFD) and an integral (HTC) software, in conjunction 
with a third integral (BDR) software, to numerically 
evaluate a ventilation system of vertical confluent jets 
with the novelty of using ducts with a long line of 
nozzles. The objective is to achieve an efficient 
distribution of the air blown in the room in order to 
improve the levels of thermal comfort and indoor air 
quality for the occupants, with a low DR values, while 
improving the performance of the HVAC system. The 
coupling of CFD and HTR software is used to simulate 
the airflow around the occupants and the human body 
and clothing temperatures distribution. The BDR is 
used to calculate the temperature of the surrounding 
surfaces of the virtual chamber. This study was 
developed for three airflow rates, considering winter 
conditions 

NUMERICAL MODEL 

In this work, a numerical model consisting of two other 
models was applied: one, a coupling of a differential 
numerical model, CFD (Figure 1), and an integral 
numerical model, HTR (Figure 2); two, an integral 
numerical model, BDR. 

The differential CFD model evaluates the air velocity, 
air temperature, air turbulence intensity and CO2 
concentration. The numerical model, which simulates 
high occupancy levels, simulates the three-
dimensional airflow in Cartesian coordinates. These 
equations are of mass continuity, moment, energy, 
turbulence kinetic energy, turbulence energy 
dissipation rate and contaminants concentration. The 
human body is divided into 25 boxes by this numerical 
model. More details can be seen in the works of 
Conceição & Lúcio (2001) and Conceição et al. (2013). 
In the present work, DR around the occupants, thermal 
comfort, air quality and ADI are assessed. 

The CFD numerical model, which works in steady-state 
conditions, considers: 

 The non-isothermal thermal conditions;

 The RNG, for high Reynolds number, turbulence
model;

 The partial differential equations solved by the
finite volume method;

 The hybrid scheme used in the convective and
diffusive fluxes;

 The SIMPLE (Semi-Implicit Method for Pressure-
Linked Equations) algorithm used in the velocity
and pressure equations;

 The non-uniform methodology used in the grid
generation;

 The grid refined near the surfaces and in the airflow
inlet and outlet;

 The density effect negligible in the temperature
equation;

 The vertical air velocity equation considering the
impulsion term;

 The carbon dioxide equation considering the
source term in the breathing zone;

 The iterative TDMA (Tri-Diagonal Matrix
Algorithm) method used in the equations system
resolution;

 The surface proximity considers the wall boundary.

Figure 1. Scheme of the virtual chamber, equipped with 
confluent jets ventilation system, used in the CFD: inlet, green 

arrows; outlet, blue light arrows 

The integral HTR model, which simulates the human 
thermoregulatory response and the thermal response 
of the human body and clothing systems, evaluates the 
temperature distribution in the tissues, blood and 
clothing. The human body is divided into 24 cylindrical 
elements and 1 spherical element by HTR model. Each 
element is constituted by several concentric layers and 
it can also be protected by several layers of clothing. 
More details can be seen in the works of Conceição 
(2000), Conceição & Lúcio (2001) and Conceição et al. 
(2007, 2010a, 2013). 

Figure 2. Scheme of the virtual chamber, equipped with 
confluent jets ventilation system, used in the HTR 

The integral BDR model, which is used to simulate the 
virtual chamber thermal response, evaluates the 
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indoor air temperature distribution, interior 
surrounding surfaces temperature distribution and 
thermal energy consumption. This numerical model 
separates the building into opaque (ceiling, walls, floor 
and interior bodies) and transparent (windows) 
surfaces. 
The three numerical models presented in this work, 
are based on a coupling between CFD and HTR 
numerical models, with data input from the BDR. A 
validation that uses the three numerical models 
simultaneously can be seen in Conceição & Lúcio 
(2016). These validation was done using experimental 
and numerical values of the chamber surface 
temperature, air temperature, air velocity, air 
turbulence intensity and Draught Risk around the 
occupants. 

However, the three numerical simulation was 
validated, also, individually. The CFD was validated in 
a study of airflow inside office compartments with 
moderate environments in the work of Conceição et al. 
(2008c). The HTR, as example, in a numerical and 
subjective responses of human thermal sensation, was 
validated in Conceição & Lúcio (2001). Finally, the 
BDR, as example in summer conditions, for complex 
topology school buildings, was validated in Conceição 
& Lúcio (2006). 

This numerical work considers three numerical 
simulations: two integral, as HTR and BDR, and one 
differential, as CFD. The methodology considered is as 
follows: 

1. The BDR calculates the temperature of the
surrounding surfaces;

2. The CFD uses the output data of the BDR and HTR
as input data;

3. The CFD calculates the environmental variables
around the occupants;

4. The HTR uses the output data of the BDR and CFD
as input data;

5. The HTR calculates the body and clothing
temperature;

6. The iterative method uses sequentially the steps 2
to 5 and stops when the convergence is acceptable.

The HVAC system performance is assessed by the ADI. 
This index considers the levels of thermal comfort and 
air quality of each occupant, as well as the effectiveness 
of the ventilation system in removing heat and 
contaminants from the interior space. 

NUMERICAL METHODOLOGY 

The numerical study is carried out in a virtual chamber 
(Figures 1 and 2). This virtual chamber, which 
simulates a real experimental chamber, is 4.50 m long, 
2.55 m wide and 2.5 m high. The simulated scenario 
corresponds to a classroom equipped with six tables 
and twelve chairs, and occupied by twelve virtual 
people seated. The location of the virtual occupants 
and their identification number are shown in Figure 3. 

The inlet ventilation system installed in the virtual 
chamber is founded on a confluent jets system 
constituted by two horizontal ducts (represented by 
purple colour in Figure 1) equipped with a row of 
consecutive nozzles (outlet of the air jets represented 
by the green arrows in Figure 1). These ducts are 
placed next to the side walls in order to promote 
vertical jets close to them. The ducts are 3.3 m long, 
0.125 m in diameter and are placed 1.8 m high from the 
floor. The exhaust ventilation system is installed in the 
central zone of the chamber, consisting of six ducts 
(shown in blue in Figure 1), 0.125 m in diameter, 
located above the level of the occupants' head (Figure 
1). 

Figure 3. Location of the virtual occupants and their 
identification number 

The numerical simulations were done for a typical 
winter day characterized by an outdoor air 
temperature of 0C, an average indoor air relative 
humidity of 50% and an average indoor air 
temperature of 20C. In these conditions, a clothing 
level of 1.0 clo and an activity level of 1.2 met were 
considered (ISO 7730: 2015). 

The numerical simulation was developed in order to 
study the effect of the airflow rate variation on the 
levels of thermal comfort and indoor air quality of the 
occupants, as well as on the performance of the 
proposed ventilation system. Therefore, three airflow 
rate values were defined according to the 
recommended value for the number of occupants: 
0.1167 m3/s for 12 occupants (Case A); 0.2333 m3/s 
for 24 occupants (Case B); 0.3500 m3/s for 36 
occupants (Case C). Other input data from the 
numerical simulation, for each of the three Cases 
defined above, are presented in Table 1. 

Table 1. Input data from the numerical simulation for each 
Case studied 

Case A B C 

Inlet air velocity (m/s) 0.7 1.4 2.1 

Inlet air temperature (C) 11.6 15.8 17.2 

Thermal power (W) 1447.3 3942.6 6438.2 

RESULTS AND DISCUSSION 

In this section, the results obtained from the 
distribution of environmental variables (air velocity, 
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air temperature and DR) around the occupants, as well 
as those from the ADI, are presented and discussed for 
the three values of airflow rate used. 

Environmental variables 

Figures 4-6 show the results obtained from the 
distribution of air velocity, air temperature and DR 
around the occupants' body sections. Points a), b) and 
c) are, respectively, related to Case A, Case B and Case
C.

a) 

b) 

c) 

Figure 4. Air velocity (Vair) distribution around the occupants: 
a) Case A; b) Case B; c) Case C

a) 

b) 

c) 

Figure 5. Air temperature (Tair) distribution around the 
occupants: a) Case A; b) Case B; c) Case C 

According to the results obtained, it appears that, in 
general, the air velocity around the lower sections of 
the occupants remains relatively uniform between 
0.05 m/s and 0.15 m/s for the airflow rates of Cases A 
and B, rising slightly to the range between 0.10 m/s 
and 0.20 m/s for the airflow rate of Case C. The air 
velocity around the upper sections of the occupants 
located in the central area of the compartment also 
remains relatively uniform, within the values 
mentioned above. The highest differences are seen in 
occupants 3, 5, 10 and 12 located next to the side walls, 
directly under the effect of the vertical jets. In these 
occupants, the air velocity around their upper sections 
is greater than in their lower sections. The air velocity 
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around the sections of these occupants increases when 
the airflow rate also increases. In occupants 3 and 5, air 
velocity is higher in the right arm and shoulder 
sections. In occupants 10 and 12, air velocity is higher 
in the left arm and shoulder sections. 

a) 

b) 

c) 

Figure 6. Draught Risk (DR) distribution around the 
occupants: a) Case A; b) Case B; c) Case C 

In general, for the airflow rates considered in this 
study, the distribution of the air temperature around 
the occupants' body sections is relatively uniform, 
noting the greatest differences in occupants 3, 5, 8 and 
10 located next to the side walls. The amplitude of the 
fluctuations in the air temperature around the 
occupants' body sections decreases slightly with the 

increase in the airflow rate. It is also noted that the 
maximum value of the air temperature around the 
occupants' body sections decreases slightly and that its 
minimum value increases slightly when the airflow 
rate is increased. It is highlighted that the occupants 
who are positioned in the center of the room will feel 
the same thermal sensation of the occupants occupying 
the sides near the ducts. 

When the airflow rate increases, the values of the 
distribution of the DR around the occupants' body 
sections also increase, although all of them remain 
within the acceptable limit according to category C 
(ISO 7730: 2005). For the airflow rate of Case A, almost 
all values of the DR distribution around the occupants' 
body sections are within category A, while for the 
airflow rate of Case B, some body sections of the 
occupants 3, 5, 10 and 12 already present DR values 
within category B. In general, the distribution of the DR 
is greater among the occupants' body sections located 
next to the side walls than in the occupants' body 
sections located in the central zone of the 
compartment. The highest DR values are obtained in 
the upper sections of the occupants' body located next 
to the side walls, in particular the right arm, shoulder 
and hand of the occupants 3 and 5, and the left arm, 
shoulder and hand of the occupants 10 and 12. 

Air Distribution Index 

Figure 7 shows the values obtained for the PPD and the 
CO2 concentration in the breathing area to which the 
occupants are subject regarding to the airflow rates of 
Case A, Case B and Case C.  

The results show that the average PPD values are 
acceptable within category B (ISO 7730: 2005) for all 
airflow rates used. Therefore, it can be considered that 
an acceptable level of thermal comfort for the 
occupants is ensured. The CO2 concentration decreases 
with the increase in the airflow rate. For the case C 
airflow rate, its value is close to the acceptable limit 
recommended by the ASHRAE 62.1:2016 standard, so 
the air quality can be considered close to the 
acceptable. 

Figure 7. PPD and CO2 concentration in the breathing area to 
which occupants are subject regarding to the airflow rates of 

Case A, Case B and Case C 
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Figure 8 shows the values obtained for the 
Effectiveness for Heat Removal and Effectiveness for 
Contaminant Removal to which the occupants are 
subject regarding to the airflow rates of Case A, Case B 
and Case C.  

The results show that, for each of airflow rates used, 
the Effectiveness of Heat Removal is higher than the 
Effectiveness for Contaminant Removal. When the 
airflow rate increases, the average value of 
Effectiveness for Heat Removal decreases from 68.1% 
(Case A) to 53.8% (Case C), with a decrease of 10.9% 
between Case A and Case B and 3.4% between Case B 
and C. The Effectiveness of Heat Removal from each of 
the occupants it is relatively uniform. When the airflow 
rate increases, the average Effectiveness for 
Contaminant Removal increases from 22.3% (Case A) 
to 28.4% (Case C), this increase being 3.8% between 
Case A and Case B and 2.3% between Case B and C. The 
Effectiveness for Contaminant Removal of the 
occupants (3, 5 10 and 12) located next to the side 
walls is much greater than that of the other occupants. 
For example, for the airflow rate of the Case C, 
occupant number 12 has an Effectiveness for 
Contaminant Removal of 91.6%, the highest value 
obtained among all occupants. 

Figure 8. Effectiveness for Heat Removal (TC) and 
Effectiveness for Contaminant Removal (IAQ) to which the 

occupants are subject regarding to the airflow rates of Case A, 
Case B and Case C 

Figure 9. ADI, Number of Thermal Comfort (NTC) and Number 
of Indoor Air Quality (NIAQ) to which the occupants are subject 

regarding to the airflow rates of Case A, Case B and Case C  

Figure 9 shows the values obtained for the ADI, 
Number of Thermal Comfort and Number of Indoor Air 
Quality to which the occupants are subject regarding to 
the airflow rates of Case A, Case B and Case C. 

The results show that the Number of Thermal Comfort 
increases 22.0% from Case A to Case B and decreases 
31.0% from Case B to Case C. The Number of Indoor Air 
Quality and ADI increase when the airflow rate 
increases. The increase in the average Number of 
Indoor Air Quality from Case A to B is 120.0% and from 
Case B to C is 63.6%. The increase in the average ADI 
value from Case A to B is 53.1% and from Case B to C is 
7.6%. It can be seen that the increase in the airflow rate 
improves the indoor air quality but, above a certain 
value, it begins to penalize the thermal comfort level of 
the occupants. It can be seen that the increase in the 
airflow rate improves the quality of indoor air but, 
above a certain value, it begins to penalize the thermal 
comfort level of the occupants. Nevertheless, the 
performance of the HVAC system improves, that is, it 
continues to guarantee acceptable conditions of 
thermal comfort, at least within category C (ISO 7730: 
2005), and to improve the level of indoor air quality to 
a value close to acceptable. The ADI value is much 
higher for occupants located next to the side walls than 
for occupants located in the central area of the 
compartment, which shows a better performance of 
the HVAC system in the zone next to the side walls than 
in the central zone. 

CONCLUSIONS 

In this article, an HVAC system was developed based on 
a system of vertical confluent jets located next to the 
side walls, at a height of 1.8 m from the floor, and on an 
exhaust system consisting of ducts aligned in the 
central area of the compartment, and located above the 
level of the head. The aim is to improve the level of 
thermal comfort and indoor air quality for occupants 
while improving the performance of the HVAC system. 
In this sense, the performance of the proposed system 
was studied, assuming winter conditions, for three 
values of the airflow rate (Case A, Case B and Case C). 

The main conclusions drawn from this work with the 
increase in the airflow rate are as follows: 

 The distribution of air temperature around the
occupants' body sections become more uniform;

 The values of the distribution of the DR around the
sections of the occupants’ body increase, although
remaining within the acceptable limit of category C
(ISO 7730: 2005);

 The CO2 concentration decreases for values close to
acceptable and the average value of PPD increases
remaining within the acceptable limit of category B
(ISO 7730: 2005);

 The average Effectiveness for Heat Removal
decreases and the average Effectiveness for
Contaminant Removal increases;
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 The average value of ADI increases.

Concerning to occupants, those who have the best 
compromise between the level of thermal comfort, air 
quality, the DR and the value of the ADI are those 
located close to the side walls, regardless of the value 
of the airflow rate. 

The best performance of the HVAC system is obtained 
for the case C airflow rate (0.3500 m3/s). In this case, it 
is possible to obtain, on average, the best compromise 
between the values of the PPD, the concentration of 
CO2 and the DR, in general, within the acceptable 
values recommended by the standards (ISO 7730: 
2005, ASHRAE 62.1: 2016). 
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ABSTRACT 
The justification of energy consumption in dwellings 
is to maintain comfortable and healthy indoor climate. 
Sufficient air exchange and comfortable temperatures 
protect building structures against mould growth 
caused by high relative humidity and improve comfort 
and health among occupants.  
This project investigated a new way of heat 
accounting based on indoor climate meters logging 
temperature, humidity and CO2 concentrations in 
apartments every 5 minutes. The logged values 
permitted calculation of payments according to ability 
to maintain an indoor climate with moderate 
temperatures, low CO2 concentrations and low 
relative humidity of the indoor air.  
The results show less variation in payments between 
dwellings than for the traditional heat consumption 
based billing. In addition, an apparent increased 
interest in maintaining temperatures, humidity and 
carbon dioxide concentrations at recommended levels 
was noted among tenants. 

INTRODUCTION 
Average people spend around 2/3 of their time at 
home. The old, the females and the very young spend 
relatively more time at home (Farrow et al. 1997). A 
good indoor climate in the home is a prerequisite for 
healthy, productive and long lives. Typical indoor 
climate problems in homes comprise moisture related 
problems (Gunnarsen and Keiding 2009, Hägerhed-
Engman et al. 2009). House dust mites and mould 
growth is the results of high humidity indoors. Also 
high concentrations of human bio-effluents measured 
as high carbon dioxide concentrations are known to 
cause annoyance, symptoms and reduced productivity 
among occupants (Laverge et al. 2015). High humidity 
indoors may also result in costs in relation to 
renovation of apartments with adverse mould growth. 
The typical indoor climate problems in dwellings may 
have costs in relation to loss of health and 
productivity among occupants but also costs in 
relation to building maintenance and renovation.   
In blocks of flats with billing for energy use in relation 
to individually metered consumption it is 
economically attractive for tenants to keep their 

indoor temperatures low - in particular, to keep their 
temperatures lower than temperatures in 
neighbouring apartments. Savings can become very 
big when temperatures are slightly lower than in 
surrounding flats because the walls and floors 
between flats are typically more important for the 
heat loss from an individual apartment than the 
building envelope. Since tenants have no influence 
over temperatures among neighbours the heat billing 
based on the typical temperature loggers on radiator 
surfaces may include some random and for the 
individual not predictable aspects that may reduce the 
interest in maintaining a good indoor climate with 
moderate temperatures. Traditionally the interest in 
healthy and sustainable temperatures, humidity and 
carbon dioxide levels may also be diffused by only 
once per year meter based cost modification.  
The purpose of this paper is to examine the 
differences in indoor climate quality and heating 
expenditures between rental apartments in the same 
tenement before and after the introduction of smart 
indoor climate meters. 

Figure 1.  Visualisation of the large area towards neighbours 
compared to areas facing outside 

In order to acknowledge the need not only for 
reduced environmental impact trough reduced use of 
energy for heating but also for better protection of 
building envelope trough reduced indoor humidity 
and better health among tenants through reduced CO2 
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concentration the concept Dynamic Heat Accounts 
have been devised. 

METHODS 
The concept Dynamic Heat Accounts was 
experimentally introduced in 237 apartments in the 
same estate. In the year 2019 heat accounting was 
based on cloud upload, visualisation of measured 
values and monthly calculation of payments for 
energy use based on the logged values during one full 
year. 
Figure 2 shows heat consumption in relation to 
different temperatures in neighbouring apartments. It 
is based on values in table 1, an assumed average 
outdoor temperature of 8 oC, temperature in model 
apartment of 20 oC and formula (1) below It is seen 
that when neighbours have slightly more than 4 oC 
above the 20 oC of the model apartment then heat 
consumption becomes negligible. 

Table 1. Heat transmission coefficients or U values, areas, air 
change and volume used as basis of simplified heat 

consumption calculation 

Transmission losses

U Area

W/m2 oC m2

Windows 2.00 6.0

Facade 1.46 26.4

Wall neighbours 1.89 54.0

Floor/ceiling 0.93 120.0

Ventilation losses

Air change Volume

h-1 m3

0.5 162

Heat consumption: Q 
Heat transmission coefficient: U 
Area building part: A 
Temperature: T 
Volume based heat capacity of air: C 
Outside air supply: v 
(Suffix i: inside, n: neighbour and o: outside) 

Q     = Σ (Ti - To) Ao Uo +

Σ (Ti - Tn) An Un  +

v C (Ti - To) (1) 

Figure 2. Rough calculation of heat consumption in simplified 
apartment visualized in figure 1. In relation to temperature in 

neighboring apartments - all assumed same. 

Figure 3, 4 and 5 show the applied borders between 
payment zones for temperature, relative humidity and 
carbon dioxide. 
Extra payments required to compensate for extra 
expenditures in relation deviations from the optimal 
green zones in relation to relative humidity and 
carbon dioxide is not directly quantifiable in economic 
terms in spite they are big in particular in relation to 
building maintenance and health and productivity of 
occupants. It was therefore decided to calculate extra 
payments in relation to assumed extra heat 
consumption in relation to excess temperatures 
disregarding impact of neighbouring apartments and 
presuppose same extra expenditures in relation to 
deviations in relation to humidity and carbon dioxide. 

Figure 3. Limits for baseline payment, added payment and 
extra-added payment for temperature 
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Figure 4. Limits for baseline payment, added payment and 
extra-added payment for relative humidity 

Figure 5. Limits for baseline payment, added payment and 
extra-added payment for carbon dioxide 

The increased heat consumption that may be 
attributed to a temperature of 20.5 oC instead of 19.5 
oC may be calculated according to this in a simplified 
manner for outside conditions in Denmark. 
Qrel = ΔT / (19.5 oC - Qadd - Tout) *100 % 

Where 

Qrel : Relative increase in heat consumption per 1 oC 
deviation from actual room temperature. 
Qadd : Increase in room temperature from sunshine 
and other energy gains. Here assumed to be 3 oC. 
Tout : Average outside temperature in heating season. 
Here assumed to be 5 oC. 
The increased heat consumption at a temperature of 
20.5 instead of 19.5 oC is then calculated as 

 Qrel = 1 oC  /  (19,5 – 3 – 5) oC  * 100 % = 8,7 % 

Figure 6 show such calculations for a wider span of 
temperatures 

Figure 6. Reduced heat consumption at 1 oC less than 
indicated room temperatures only accounting for heat loss to 

the outside 

For simplification the extra payments shifting from 
green to yellow was suggested by building operation 
staff in collaboration with the authors of this paper to 
be 22 % or the result of 2,5 oC (temperature 
difference between middle of green temperature 
interval and yellow temperature interval) times  8,7 
%/oC. The extra payment for red zone was then 
suggested to be the double or 44 %.  
Expenditures in relation to building maintenance and 
loss of health normally by far exceeds the 
expenditures in relation to energy consumption. But 
similar calculations are as mentioned not possible for 
carbon dioxide and relative humidity. The same 
penalties as for temperature for these parameters was 
applied. 
However based on the reluctance of tenants to keep 
accepting high differences in heat expenditures they 
decided to base extra payments only on one third of 
the calculated and argued extra expenditures for the 
first year.  
We analysed heating accounts from 237 apartments 
in one tenements. The apartments was equipped with 
equipment logging temperature, relative humidity 
and CO2. 

RESULTS 
Figure 7 show energy use before introduction of 
indoor climate meters. It shows more than a factor 10 
difference between 10 % apartments with minimum 
payments and 10 % maximum payments in 
apartments with similar characteristics.  
Furthermore, preliminary results indicate that these 
differences in energy consumption does not correlate 
directely with the measured differences in indoor 
temperature, humidity and carbon dioxide. 
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Figure 7. Spread of billing according to traditional heat 
accounting 

Figure 8 show the much reduced spread of payments 
during the first year of dynamic heat accounting. 

Figure 8. Spread of billing according to dynamic heat 
accounting 

Figure 9. Expenditures in relation to average temperature for 
traditional accounting 

Figure 10 . Expenditures in relation to average temperature 
for Dynamic heat accounting 

DISCUSSION 
The experiment indicate some promises for a future 
where heat accounting benefit from the technological 
progresses including cheaper more reliable indoor 
climate measurements, cheaper and more widely 
available cloud connections and better visualisation of 
time course of indoor climate quality for tenants. 
Results also indicate some indications of a need for 
revision of the common recommendations regarding 
the preservation of energy to give a more sustainable 
set of guidelines, especially in apartment buildings 
where temperature competition between tenants 
potentially can damage the whole building. 
Tenants voted in favour of very small differences in 
payments for their first year of the new heat billing 
system. Their argumentation was related to insecurity 
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regarding the new concept and a wish for reduced 
differences in payments. In the first year the average 
expenditures in the actual average temperature range 
19 - 25 oC  as shown in figure 10 varied between 59 
DKK/m2 and 64 DKK/m2. This was far less than would 
have been the reality with the accounting they 
previously used. This is shown in figure 9 and would 
have resulted in the range 32 - 110 DKK/m2. The 
incentive to maintain good conditions in relation to 
room temperature, relative humidity and carbon 
dioxide concentrations was increased by tenants who 
as recommended voted in favour of 3 times higher 
redistribution of expenditures outside the green zone 
in the second year. 

CONCLUSIONS 
The experimenting is still ongoing. 

The shift to dynamic heat accounting improved the 
awareness of the responsibility to maintain a good 
indoor climate at all times among tenants. This was 
achieved apparently without a significant increase in 
energy consumption.  

Preliminary results indicate a need for bigger 
payment differences in relation to measured values. 

The transition from traditional billing to dynamic heat 
billing is not straight forward in regards to tenant 
acceptance and understanding of the more complex 
available readings from their apartment  
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ABSTRACT 

3D-printing has transformed traditional 
manufacturing by enabling the fabrication of 
individually designed complex systems. The building’s 
façade is one of the most challenging systems because 
it affects the control of the built indoor environment 
and allows to provide energy-saving. 

The objective of this research is to distinguish 3D-
printing technologies and applied materials in them 
that improve transparency in the façade to decrease 
artificial lighting consumption, to control solar energy, 
and to improve energy-savings.  

A literature study was performed, firstly, different 3D-
printing techniques and their materials for producing 
transparent outcomes were reviewed from academic 
databases. Then, transparent 3D-printed façade 
prototypes were identified. 

The outcomes indicated that most of the prototypes 
used the FDM 3D-printing technique and Polyethylene 
Terephthalate Glycol as a material. These prototypes 
didn’t consider the disadvantages of the FDM 
technique for the lighting transmission. Additionally, 
some prototypes have control over daylighting 
discomforts but some of them not. Prototypes tried to 
improve energy-saving which ranged from applying 
recyclable materials to controlling solar gain. 

INTRODUCTION 

In 1983, Charles Hull proposed the idea of the first 3D-
printing apparatus, which was able to create objects in 
a layer-by-layer procedure (Hull, 2015). After Hull’s 
patent, 3D-printing technology rapidly spreaded 
across various industries including architecture and 
other design disciplines. Quan and colleagues (2013) 
mentioned that in 3D-printing, objects are 
manufactured by following the layer-by-layer 
procedure,  despite their complexity. This capability of 
producing complex objects comes up with great 
geometric design freedom. 

In the building sector, the façade can be a complex 
element because of the multifunctional nature of its 
components, which are meant to  control the indoor 
environment. Additionally, building services 
components can be integrated into the façade; thus the 
façade is one of the more challenging parts of a building 
(Strauss & Knaack, 2016). The façade has an impact on 
both energy consumption and on the indoor 
environmental quality (IEQ)(Klein, 2013).  

People focused on the façade of the building for 
providing thermal comfort in indoor environment 
because the façade separates indoor from outdoor 
thermal discomforts. Therefore, static façades with 
solid walls were produced to decrease heat 
transmission loss. These static façades materials block 
the natural light and therefore, artificial lighting is 
required. Because of this demand, energy consumption 
in buildings has increased (Goia et al., 2013; Perino & 
Serra 2015). As a result, with respect to the need for 
daylighting, large glazed surfaces became available. 
These glass façade configurations cause significant 
heat transmission loss during the winter and huge 
solar heat gains in the summer (Cetiner & Özkan, 
2005). One of the challenges for buildings' façades is to 
provide a balance between daylighting and energy-
saving. Moreover, the façade is the most visible part of 
the building and sometimes for aesthetic reasons, it has 
complex shapes. Therefore, this research focused on 
3D-printing techniques that can generate complex 
geometries for integrating multiple materials and 
functions. 

The potential of 3D-printing in façade manufacturing 
has been investigated, for instance, by Sarakinioti et al., 
2018 and Grassi et al., 2019. These researchers 
conducted research into the panel improvement 
process, material selection, printing process, structural 
attributes, energy efficiency, and thermal heat storage. 

3D-printing methods have many advantages compared 
to other production methods, such as the reduction of 
resource needs and labour costs, generation of 
complex forms, and accelerated construction process 
(Sarakinioti et al., 2018; Niaki et al., 2019; Han et al., 
2021). These advantages can also help the façade 
which demands the integration of several functions. 
For instance, one of these functions is the transparency 
of façade that helps to decrease artificial lighting 
consumption. Moreover, another function of façade is 
its impact on controlling solar energy and improving 
energy in the building. The purpose of this literature 
review is to distinguish 3D-printing technologies and 
materials that can improve transparency and 
translucency in the façade of the buildings in order to 
improve energy saving. Thus, identifying new 3D-
printing façade materials that can improve 
transparency is important, which leads to the research 
questions of this review:  

- Which 3D-printing techniques can produce
transparent materials and façade prototypes?
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- What is the impact of these transparent materials and
prototypes on lighting and energy-saving?

First,  3D-printed methods and technologies that can 
give transparent results were selected.  Then, 
transparent and translucent 3D-printed façade 
prototypes were identified based on what was 
extracted from the review. Finally, the relationship 
between transparent prototypes and their impacts on 
lighting and energy-savings was analysed. 

METHOD 

A literature study was performed with the main 
keywords including 3D-printing, façade materials, 
transparency, and energy-saving. Then for finding 
more information, keywords' synonyms were 
identified as shown in Table 1. Then their 
combinations were used. 

Table 1. Search queries per concept 

Different databases were used to find literature: 

- Academic databases (e.g. Google Scholar, Science
Direct, and Scopus).

- Reports, publications, and websites of universities
and projects of companies where transparent and
translucent 3D-printed façade prototypes are used
(Eindhoven Technology University, Delft Technology
University, Technical University of Munich, Sculpteo
Company).

In order to achieve reliable sources and information, 
the Impact Factor of the journals was evaluated. 
Sources that were written by authentic authors or 
university authors in the field of 3D-printing with more 
citations were selected. Moreover, about 3D-printed 

prototypes, the tests which were used to check and 
evaluate prototypes' features and qualities (e.g. 
transparency tests, insulation tests) were extracted. 
The resource finding process is mentioned in chart 1. 

Chart 1. Resource-finding process  

The prototypes were compared based on their lighting 
transmission and energy-saving to static, glazed, and 
adaptive façades. Static, glazed, and adaptive façades 
were used because they are divided based on lighting 
flexibility and energy-saving.  

RESULTS 

Transparent 3D-printing 

Transparent 3D-printing refers to 3D-printed objects 
of varying levels of transparency that vary from 
translucent to fairly transparent (Sculpteo, 2019; Park, 
2018). Additionally, this diversity in transparency is 
related to various factors including the nature of the 3D 
model, the type of 3D-printer, 3D-printing settings, 
material selection, and the post-production treatment 
(Sculpteo, 2019; Park, 2018; Moore, 2020). These 
mentioned factors have impacts on the transparency of 
3D-printed objects, and extracted from real tests and 
experiments of various research.  

FDM 3D-printing 

The Fused Deposition Modelling (FDM) is a non-laser 
application and low cost in use and maintenance (Liu 
et al., 2019). FDM 3D-printing heats a filament and 
squirts layer-by-layer in the shape of the object. 
Because of the FDM printing nature, very small gaps 
can form between the layers which resulted in passing 
less light through the surface of the 3D-printed object. 
Layer lines produced by FDM 3D-printer are visible 
and disperse light. This light refraction interferes with 
transparency, which can be reduced through the 
design and production process (Luo et al., 2020). Sun 
et al. in 2008 mentioned that settings of FDM 3D-
printing should be adjusted based on material 
extrusion temperature and flow rate, print bed 
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temperature, printing speed, layer height thickness, 
and nozzle diameter. Sculpteo in 2019 concluded that 
using an FDM 3D-printer for transparent printing 
needs to find the optimal settings which is a 
challenging process and related to trial and error. 

Liu et al., 2019; Sculpteo, 2019; Wu et al., 2015; 
Bressan et al., 2019; Suwanprateeb & Suwanpreuk, 
2009; Luo et al., 2020; Barrios & Romero, 2019, 
propose the following transparent 3D-printing 
filaments for FDM: 

- Polylactic Acid (PLA) usually has a slight yellowish 
tinge because it is made from natural raw materials. 
PLA transparency is related to used materials’ quality.  

- Acrylonitrile Butadiene Styrene (ABS) is blended with 
a non-natural additive to make it clear, so it is 
translucent rather than transparent. Thus, it needs 
post-printing finishing for more transparent results. 

- Poly (Methyl Methacrylate) or (PMMA) prints in a 
clearer way compared to other materials and is 
available in various colours. 

- Polycarbonate (PC) is a clear, glossy, and durable 3D-
printing filament. 

- Polyethylene Terephthalate Glycol (PETG) is one of 
the clearer and more available 3D-printing filaments. 

SLA 3D-printing  

Son and Lee in 2020 mentioned that Stereo 
Lithography Apparatus (SLA) 3D-printing uses resins. 
Clear resins are not thoroughly transparent before 
post-production; however, they manage to deliver 
optically viable pieces. Additionally, Sculpteo in 2019 
explained that objects produced with resins may have 
a blueish tinge that is more notable in pieces with a 
thickness of 2 centimetres or more. SLA transparent 
resin can be coloured by adding pigment. 

By using particle-laden resins, SLA is an economic 
alternative to attain parts with higher geometric 
complexity. This higher complexity is compared to 
extrusion processes in applications that tolerate the 
high shrinkage related to this technique (Wong and 
Hernandez, 2012; Wu et al., 2011). 

Polyjet 3D-printing  

Polyjet printing overlays liquid polymer layers then 
uses ultraviolet (UV) radiation to cure each added layer 
(Chen et al., 2016). The outcome is very smooth 
surfaces with high dimensional accuracy. Polyjet resins 
can be polished to create the most transparent finish. 
Thus, Polyjet printing is suitable for tooling, visual 
prototypes, and finished products (Sculpteo, 2019). As 
a disadvantage Chen et al., (2016) mentioned that 
sometimes during the printing process, support 
materials are required that must be manually removed 
after printing. 

VeroClear resin used for Polyjet printing and is an ideal 
resin for both prototyping aims and end-products. Its 
applications range from providing a more resistant 
alternative to glass lenses and light pipes, to making 

clear covers. VeroClear has water-resistant and heat-
resistant features (Harr et al., 2020). 

3D Printed façade prototypes 

This section presents how 3D-printed samples can 
enhance daylighting transmission and energy-savings. 
Besides, their materials, types of applied 3D-printers, 
and other features and characteristics are also 
presented.  

New façade  designed by Munich-based start-up 3F 
Studio 

3F Studio’s founders, Moritz Mungenast, Oliver Tessin, 
and Luc Morroni (2018), created a façade prototype at 
the Technical University of Munich (TUM). This façade  
act as the temporary main entrance of the Deutsches 
Museum (Figure 1). This multifunctional façade was 
made of PETG plastic (FDM) which can be 100% 
reused for façades. The façade offers protection against 
the summer heat, while it lets in as much daylight as 
possible into the building in the winter. 

Other essential functions such as thermal insulation 
and natural ventilation can be integrated without the 
need for costly systems technology thanks to vertical 
closed air ducts. These air ducts provide stability for 
the façade and also insulate the building. By 
considering these essential functions and details 
during the planning process, they can be created in the 
form-finding process. Thus material consumption and 
production time will be minimized (Hemming-Xavier, 
2018). 

 
Figure 1. Entrance to the Deutsches Museum TUM (Hemming-

Xavier, 2018) 

Thin glass with 3D-printed trussed and hypar core 
patterns 

Akilo's (2018) project focuses on the creation of a thin 
glass composite with a 3D-printed polymer core. An 
optically more open structure is provided by the 
trussed core. Moreover, a translucent and textured 
appearance is provided by a perforated hypar-shaped 
core (Figure 2). To illustrate this concept and to 
explore its viability, 210 x 297 mm thin glass composite 
panels were built at TU Delft, using either a trussed 
core or a hypar-shaped core with perforations. By 
means of the FDM technique, the 11 mm thick core was 
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printed from PETG filament. Leapfrog’s "Creatr HS" 
and Kossel XL printers were employed for the trussed 
core and the hypar-shaped core respectively. This 
panel with the two mentioned cores is stronger and 
lighter than conventional laminated glass (Louter et al., 
2018). 

Figure 2. 3D printing strategy used for (a) the trussed core, 
and (b) the perforated hypar-shaped core (Akilo, 2018) 

Thin glass with 3D-printed Voronoi core pattern 
(generation 2) 

A 3D-printed core principle for the improvement of a 
thin glass composite panel has been applied in 
Neeskens's project (2018). They built a structurally 
optimized core pattern by using core material only 
where it is most effective to secure weight and 
materials (Figure 3). The panels were made up of the 
3D-printed PETG cores with a nominal thickness of 8 
mm and two external facings of chemically reinforced 
Aluminosilicate glass each with a thickness of 1 mm. A 
TESA 51966 PET tape with an Acrylic adhesive sheet 
or a Delo Photobond UV curing Acrylic adhesive was 
used to bind the 3D-printed Voronoi core pattern to the 
external glass layers. 

Figure 3. Glass panels (3D-printed PETG Voronoi core) 
(Neeskens, 2018) 

The Double Face project 

In 2014 Turrin et al. worked on the Double Face project 
(Figure 4) to passively enhance the thermal comfort of 

indoor spaces through lightweight materials and to 
allow daylight to pass through them.  

The thickness of the Double Face based on the digital 
simulations was 7 cm: 5 cm PCM (phase-changing 
material), 1 cm Aerogel (translucent insulation), and 1 
cm container wall. The lightness and transparency of 
the Double Face prototype were achieved by the 
applied layers. First samples were manufactured  by 
FDM 3D-printing method and PLA and PETG filaments 
were used. This system is adaptive to increase thermal 
advantages because PCM elements can be rotated. 
Therefore, by exposing PCM elements to winter solar 
radiation, they cause passive heat gain, and by 
protecting them from the summer solar radiation, they 
help to passive cooling. First samples were tested for 
their thermal behaviour and light transmittance in the 
Eindhoven University of Technology and Delft 
University of Technology. 

Figure 4. The Double Face project (Turrin et al., 2014) 

The Double Face 2.0 project 

The Double Face 2.0 project was done by Tenpierik et 
al. in 2018 and is illustrated in Figure 5. This project 
aims to reduce the building energy consumption by 
using a so-called Trombe wall which harnesses the sun 
energy. This wall is based on innovative materials like 
PCM (phase change material) and Aerogel (thermal 
insulation), and was created with the FDM printing 
method. The used PCM is a salt-hydrate with a phase 
change temperature of around 25°C for heat storage. It 
is non-flammable and can be transparent when liquid. 
Therefore, it allows daylight to enter the building and 
can be adapted to change environmental factors or use 
conditions.  
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The Trombe wall is adjustable, so the position of the 
PCM can be adjusted to face either the window or the 
room. In winter, during the day the PCM faces the 
window where it slowly melts because of the sun's heat 
therefore changes from solid to liquid and becomes 
translucent. In the evening the system turns so that the 
PCM faces the room where it slowly releases the gained 
heat and changes from liquid to solid and becomes 
opaque. In summer, the direction of the PCM is 
inverted so it can capture heat from internal sources 
during the day and at night it cools down with cool 
outside air when facing the window  (Tenpierik, 2018). 

Figure 5. The Double Face 2.0 project (Tenpierik, 2018) 

The research project “SPONG3D” 

Sarakinioti et al. in 2018 worked on the project 
“SPONG3D” ( Figure 6). This project aimed to create a 
3D-printed façade panel that combines insulating 
properties with heat storage in complex, mono-
material geometry. The development phase was 
carried out by simulations and experiments, employing 
the FDM printing method to manufacture the 
prototype. Transparent PETG was selected as it has a 
high solar light transmission, it has higher stiffness and 
strength compared to PLA, and  it is 100% recyclable. 

SPONG3D is an adaptive façade system that combines 
two sub-systems to control the heat exchange between 
the interior and exterior conditions of the building. The 
first system applies a porous internal core with air 
cavities to provide thermal insulation. The second 
system consists of exteriors channels that allow the 
flowing of liquid. To provide adaptive heat storage the 
liquid performs as a movable thermal mass. The liquid 
can move from one side to the other side of the façade 

in order to absorb and release the heat based on the 
need. 

Figure 6. SPONG3D project (Sarakinioti, 2018) 

DISCUSSION 

Shi et al., 2020; Yan et al., 2019; Soudian and Berardi, 
2021; Marco and Valentina, 2015, divided and defined 
façades in three following categories based on their 
lighting flexibilities, energy-saving potentials and 
users’ control on them: 

- Static or passive façades consist of massive opaque
walls with only a few transparent windows.

- Glazed façades or façades with large windows which
the most proportion of them is glass.

- Adaptive and Dynamic façades can change their
properties passively or actively over time to decrease
the energy consumption of the building.

These categories were selected because they are based 
on their lighting transmission and energy-saving. This 
research also mostly focused on lighting transmission 
and energy-saving of 3D-printed façades. Therefore, 
according to these categories, 3F studio's prototype, 
two double face projects, and Spong3D are adaptive 
façade samples. Moreover, thin glass with 3D-printed 
trussed, hypar-core patterns and 3D-printed Voronoi 
core are glass panels and new materials so they can be 
applied in the glazed façade  or façade  with large 
windows because are stronger and lighter than 
conventional glass. Thus, the lighting performance of 
the demonstrated 3D-printed prototypes in this article 
was compared based on the mentioned categories. 

Yu and Su, 2015; Tabadkani et al., 2021, refer to 
different parameters that should be considered to 
improve energy savings enabled by the façades: 
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- Solar gain control: it has direct influences on indoor
temperature, therefore, having control over it can
improve energy efficiency and occupant comfort.

- Natural ventilation: The façade  can control the
natural air exchange and circulation, thus, decreasing
the use of  mechanical ventilation.

- Daylighting vs. artificial lighting: An appropriate
combination of daylight and artificial lighting is the

main strategy  to reduce energy consumption. 
However, daylight penetration needs control 
strategies for energy savings. 

Table 2 presents the aforementioned parameters 
demonstrating the energy efficiency features of 3D-
printed façades prototypes. 

Table 2. Common features of translucent 3Dprinted façade materials in energy savings 

3D-printed 
façade 

prototypes 

(size) 

Category 
Technique 

and material 
Solar gain control 

Natural 
ventilation 

Other saving 
energy features 

Tests 
Daylight vs artificial 

light 

3F Studio’s 
prototype 

(280x160 
x6cm) 

Adaptive 
façade 

PETG plastic 
(FDM) 

Yes 

- Combination of 
translucent 

material and 
vertical closed air 

ducts  

Yes 

- Thermal 
insulation 

-Vertical closed 
air ducts 

- Reducing 
production time 

and material 
consumption 

- No need for 
costly systems 

technology 

- 100% reused 

Installed on the solar 
station on the roof of 

the Technical 
University of Munich 

and tested by accurate 
sensors 

- Compare to static 
façade and glazed 
façade, can control 
lighting and reduce 

discomforts 
(overheating) 

- More transparent 
than a static façade

(opaque walls) 

Thin glass 
with 3D-
printed 

trussed and 
hypar core 

(Thickness 
around 
1.3cm) 

Glass panel 
PETG filament 

(FDM) 
No No 

- Stronger and 
lighter than 

conventional 
laminated glass 

In a 3-point bending 
test was structurally 

efficient 

- Compare to static
façades (opaque 
walls), has more 

transparent surfaces 

- Cannot control 
daylighting 

Thin glass 
with 3D-
printed 

Voronoi core 

(Thickness 
around 1cm) 

Glass panel 
PETG cores 

(FDM) 
No No 

- Stronger and 
lighter than 

conventional 
laminated glass 

In a 3-point bending 
test was structurally 

efficient 

- Compare to static
façades (opaque 
walls), has more 

transparent surfaces 

- Cannot control 
daylighting 

The Double 
Face project 

(17x17x 

7cm-
Thickness 6-

7cm) 

Adaptive 
façade 

PLA and PETG 
filaments 

(FDM) 

Yes 

-PCM (phase-
changing 
material) 

- PCM rotation 

Yes 

- Aerogel 
(translucent 

insulation 

- Cavities trapping 
air 

- Lightweight
materials 

- Simulation with 
DesignBuilder,  Matlab 
and Simulink: energy 

reduction of 

40% compared to the 
‘no Trombe wall’ 

- Thermal behaviour:
measured by heat-
flow sensors and 
thermocouples 

- Controls lighting and 
reduces lighting 

discomforts (glare, 
overheating) 

compared to other 
types  

- More transparent 
than a static façade 

The Double 
Face 2.0 
project 

(Thickness4 
cm) 

Adaptive 
façade 

PETG 
filaments 

(FDM) 

Yes 

- PCM (phase-
changing 
material) 

- Adjustable PCM 

Yes 

- Aerogel 
(translucent 
insulation) 

- Lightweight
materials 

- Simulations with 
Matlab and Simulink 

- Physical experiments 

- 1 cm of PCM lead to 
an energy reduction of 

around 30% for a 
typical office size 

room in the 
Netherlands 

- Controls lighting and 
reduces lighting 

discomforts (glare, 
overheating) 

compared to other 
types  

- More transparent 
than a static façade 

SPONG3D 

(150x50x 

36 cm) 

Adaptive 
façade 

PETG 
filaments 

(FDM) 

Yes 

- The liquid inside 
channels 

Yes 

- Thermal 
resistance core 

- Air cavities 

- Water channels 

- Recyclable 

- Lightweight 

- Reducing 
production time 

- A Trnsys model for
analysing energy 

system 

- Thermal tests 

- Resistance and water 
tightness tests 

- Compare to static 
façade and glazed 
façade, can control 
lighting and reduce 

discomforts 
(overheating) 

- A little transparent
than a static wall 

(opaque wall) because 
of its thickness. 
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All prototypes used the FDM technique and as 
mentioned previously, FDM 3D printing heats 
filaments and creates layer lines on objects. These 
layer lines have negative impacts on light transmission 
and light dispersing, but these panels didn't conduct 
any tests about these layer lines. Additionally, the SLA 
3D-printing and the Polyjet 3D-printing methods don't 
produce these layer lines but these prototypes did not 
select and test them. Moreover, all prototypes used 
PETG and did not try other filaments such as PMMA 
which can also be clearer than others. 

The thin glass panel with a 3D-printed trussed and 
hypar core (about 1.3 cm) and also the thin glass panel 
with a 3D-printed Voronoi core (about 1 cm) could 
offer decreased weight and improved strength and 
stiffness compared to typical laminated glass units. 
Table 2 demonstrated that two thin glass prototypes 
were tested for the efficiency of their structure. These 
two panels did not conduct any test for the light 
transmission, reflection, or glare factors which are very 
significant aspects for glazed façades. Moreover, these 
two panels compare to other prototypes didn't have 
any control over the solar gain and the natural air 
exchange.  

Based on table 2, the simulation was selected for 
testing the energy efficiency of some prototypes such 
as two Double face projects and the SPONG3D 
prototype. Two prototypes Double Face and Double 
Face 2.0 projects tried to act as a Trombe wall and 
solved some problems of traditional Trombe walls 
such as heaviness and blocking daylight. The SPONG3D 
doesn't have enough opportunity for transmitting 
sunlight, but it demonstrated that 3D printing can 
integrate different façade functions such as controlling 
heat exchange, providing lightweight and recyclable 
components. Moreover, sensors were also applied for 
testing solar gain and thermal behaviour of the 3F 
Studio’s prototype and the Double face 2.0 project. 

Other projects and researchers also used 3D-printing 
to improve façades transparency and energy-saving in 
other ways. For instance, COOKFOX Company provided 
3D-printed window frames and moulds to produce a 
crystal façade. This façade was designed as a self-
shaded envelope and optimized to decrease energy 
consumption for cooling. Moreover, Mosalam et al., 
2018 demonstrated another 3D-printed building 
façade for daylight permeability in an anabolic way 
through the opaque sections of exterior façades and 
roofs. A prefabricated transparent concrete panel with 
implanted optical fibres was linked to a layer with 
compound parabolic concentrators. For producing 
these panels they used a PLA filament.  Therefore, for 
improving transparency in the façade, different 
projects used 3D-printing technology in different ways. 

CONCLUSION 

The main question of this research was to understand 
which 3D-printed façade materials can improve 

building transparency and energy-savings. Thus, by 
analysing new transparent and translucent 3D-printed 
façade prototypes and techniques, it can be concluded 
that: 

1- Polymer 3D printing introduced new opportunities
for formal and functional integration to building façade
design. It combines various aspects of light
permeability, climate control, and structure into a
single functional prototype.

2- FDM 3D printing is important for producing
transparent and translucent façade materials. All
mentioned prototypes in this article used the FDM
technique but one critical analysis is that the function
of these samples is different and some of them acted as
an adaptive façade and some of them are like glass.
Moreover, based on reviewed 3D printing methods, the
FDM 3D printing technique produced layer lines on the
objects which these lines are visible, pass less light and
disperse light. Mentioned prototypes did not focus on
these problems of the FDM technique. Therefore, the
effectiveness of other 3D printing techniques should be
tried for façade prototypes.

3- PETG was the most applied material for producing
transparent 3D-printed façade prototypes. Based on
the review this material is more available than others
but it cannot be a logical reason that PETG will be
applied for most of the prototypes. Additionally, PMMA
is clearer than others, therefore, it can be a critic that
why prototypes and specifically glass panels didn't
select this filament.

4- Several 3D-printed prototypes perform like an
adaptive façade and try to control daylight and reduce
discomfort such as overheating and glare. Among
adaptive façade prototypes, the Double Face project
not only has energy-saving features but also has more
lighting transmission compare to other adaptive
prototypes. Moreover, some 3D-printed prototypes are
like glazed façades but they do not have any control
over daylighting discomforts and energy saving
compared to an adaptive façade. Another problem
related to these glazed facades is that just structural
tests were conducted for them and experiments
related to light transmits, reflection, and glare weren't
conducted.

The focus of this research was on the transparency of 
3D-printed materials, but maybe other features of 
lighting such as glare and reflection in the 3D-printed 
façade materials will have impacts on energy-saving 
and lighting efficiency. 
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ABSTRACT 
Indoor air quality (IAQ) impacts asthmatic children's 
health. Previous research suggests that individual 
interventions such as home-based education and IAQ 
management positively impact health outcomes for 
asthma and other respiratory diseases. This study aims 
to evaluate the impact of the combination of home-
based education and IAQ management with an air 
purifier as a single intervention, rather than individual 
interventions, to improve health outcomes of 
asthmatic children. 
This study was conducted between June and 
November 2019 in McAllen, Texas. Foobot devices 
were used to monitor the temperature, relative 
humidity, particulate matter 2.5µm (PM2.5), and total 
Volatile Organic Compounds (tVOC) in the bedroom, 
kitchen, and living room of 13 homes. The monitoring 
was carried into phases of equal length of pre- and 
post-intervention. Families received asthma education 
together with recommendations on how to manage 
and improve IAQ. The children's health outcomes were 
evaluated at the beginning and end of the study using 
certified surveys. Comparison of the PM2.5 and tVOC 
levels and the scores for health outcomes were made 
between pre-and post-intervention. 
The results showed that PM2.5 and tVOC levels 
reduced significantly after intervention. The health 
outcomes were improved in asthmatic children. 
However, only the difference in the health-related 
quality of life was statistically significant. The results 
cannot be generalised; however, they provide evidence 
of the combined intervention's impact, including 
asthma education and IAQ management, with an air 
purifier to improve asthmatic children's health 
outcomes. 

INTRODUCTION 
Over recent years, asthma has become a public health 
concern in the United States (US), particularly in 
children's health. In the US alone, it is estimated that by 
the end of 2018, the prevalence rate of asthma in 
children was 8.6% for children aged 5-14 years and 
11.0% for those between 15-19 years, from which 
approximately 53.8% suffered asthma attacks. The 
Emergency Department visits from children of less 
than 18 years were 85.3 per 10,000, while the 
hospitalisations were 10.3 per 10,000 (CDC, 2020). 
The impact of indoor air quality (IAQ) is strongly 
linked to lung function, health, and the severity of 
respiratory illnesses such as asthma and rhinitis (Blanc 
et al., 2005). Additionally, children are among the most 
vulnerable population to suffer from asthmatic 
problems due to poor IAQ (RCPCH, 2018). 
Although exposure to air pollutants happens indoors 
and outdoors, the recent lockdown measures due to 
COVID have highlighted the importance of IAQ. Now 
more than ever, we spend most of our time indoors. 
The health risks from indoor air pollutants are higher 
compared to those outdoors (RCPCH, 2016). The 
number of airborne contaminants varied in 
composition. There have been identified over 900 
pollutants, biological materials, and ultrafine particles 
associated with building materials (SCHER, 2007) are 
present in the air we breathe (Jacobs, Kelly and 
Sobolewski, 2007). Particles of biological origins, such 
as bacteria, fungi, pollen, and cockroach allergens, have 
been associated with higher risks for asthma or 
exacerbating the condition (Bornehag, Sundell and 
Sigsgaard, 2004; Sundell, 2007; Svendsen, Gonzales 
and Commodore, 2018). Traditionally IAQ has been 
measure through carbon dioxide (CO2) levels. 
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Nonetheless, we now understand that IAQ is far more 
complex. The recommended IAQ parameters are 
carbon monoxide (CO), ozone (O3), radon (Rn), volatile 
organic compounds (VOCs), and ultrafine particulates 
matter (PM2.5, PM5, PM10). PM2.5 has become the centre 
of recent discussions and a major concern for public 
health. The impact of ultrafine particulate matter on 
human health, particularly on respiratory illnesses,  is 
linked directly to particles' size, exposure, and 
concentrations (Harrison et al., 2010). 
Krieger et al. (2010) suggest that in-home tailored 
interventions for asthma, particularly those that 
effectively reduce exposure to indoor agents that cause 
asthma symptoms. These interventions include 
reducing cockroach allergens, eliminating moisture, 
and removal of mouldy items. This suggests that indoor 
biological agents of IAQ may be of vital importance on 
asthma control. Carrillo, Spence-Almaguer, et al. 
(2015) and Baek et al. (2019) present interventions, 
particularly home-based education in disadvantaged 
communities in the US, such as delivering asthma 
education in families were adequate to improve health 
outcomes of children with asthma. Our group's recent 
work looks at implementing air purifiers and their 
effectiveness to control IAQ empowering families with 
additional tools to control and manage asthmatic 
symptoms (Moreno-Rangel et al., 2020). This pilot 
study's preliminary results suggested that air purifiers' 
use enhances IAQ and could improve children's health 
conditions and reduce health disparities. Air purifiers 
effectively reduce exposure to indoor airborne 
pollutants; however, it is recommended to use those 
with HEPA filters when looking to have better control. 
For instance, a study in California evaluated the impact 
and effectiveness of reducing airborne pollutants, such 
as PM2.5, in homes using air purifiers on children with 
asthma and allergic rhinitis. They found that the 
asthma control test scores improved for those in the 
interventional group compared, whilst the control 
group showed a deterioration (Park et al., 2017). 
Second-hand tobacco smoke (SHS) can worsen the 
development of asthmatic symptoms. Air purifiers 
with HEPA filters are effective in removing and 
controlling SHS. Their use in homes with asthmatic 
children has been linked to decreased unscheduled 
asthma hospital visits (Marano et al., 2009). 
Most of the previous studies centred on studying the 
impacts of single interventions; hence there is the need 
to look at combined interventions. The aim of this 
study is, precisely that, to assess asthma education and 
IAQ management as a single intervention within 
vulnerable (children and low-income) populations, 
with a particular interest in the children's bedroom 
IAQ. 

METHODS 

Study Design 
This interventional study was conducted in McAllen, 
Texas, between June and November 2019. A total of 13 
homes were monitored. The criteria for the selection of 
participants were i) at least one occupant aged 
between 7 and 12 and diagnosed with asthma, ii) 
willingness to receive asthma education and use the air 
purifier, and iii) allowing a Community Health Worker 
(CHW) to visit their home at least three times during 
the study. 
The monitoring was divided into two phases, a pre-and 
post-intervention. The participants were visited by a 
CHW who set up the IAQ monitors (Foobot) in the 
child's bedroom, kitchen, and living room in each of the 
households. Additionally, the CHW also applied pre-
tests for health outcomes, including the Home 
Environmental Personal Well-being Survey (HES), 
Paediatric Quality of Life Inventory Asthma Module 
(PedsQL), the Asthma Control Test (ACT), and the 
Healthy Homes and Asthma Test (HHA). After applying 
the surveys, the CHW provided asthma education to 
children and their families. After 15 days, the CHW 
visited the homes to install and run the children's 
bedroom air purifiers. The Footbots continued 
monitoring the IAQ during this phase until the end of 
the study. Finally, in the third visit, after 30 days of the 
initial visit, the CHW conducted the post-tests for 
health outcomes using the same surveys employed in 
the first visit and picked the IAQ monitors. 

Health outcomes assessment 
The HES, PedsQL, ACT, and HHA surveys were used to 
evaluate the health outcomes at the beginning and the 
end of the study. The ACTs were applied to children 
while the PedsQL, HES, and HHA to the parents. 
The HES is a tool that assesses the well-being of the 
most common building syndrome-related issues 
described by Raw 1995, consisting of eight questions 
(total score of 8). It comprehends dry eyes, blocked or 
stuffy nose, dry throat, headache, tiredness or lethargy, 
dry, itching or irritated skin, itchy or watery eyes, and 
runny nose. 
The ACT contains seven questions for self-assessment 
of asthma control (total score of 27) to determine how 
well controlled the child's asthma symptoms are. It 
includes general asthma symptoms, such as cough, 
wheezing, and sleep disturbance, their frequency and 
effect to asthma on daily functioning. Higher scores in 
the ACT indicate better asthma control (Nathan et al., 
2004). The PedsQL Asthma Module is an instrument 
designed to measure the impact of specific asthma 
health issues on children's aged years old quality of life 
(Varni et al., 2004). The tool includes 28 questions in 
four sections: asthma symptoms, treatment problems, 
worry, and communication problems. Each of the 
questions has a four-rating scale from never (0) to 
almost always (4) with a maximum total score of 112. 
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The HHA test includes 10 questions (total score of 10) 
to evaluate the knowledge of asthma symptoms and 
management, asthma triggers, as well as 
environmental and behavioural risk factors (Carrillo, 
Han, et al., 2015). 

Interventions 
The CHW educated children and their parents after 
conducting the surveys. Home-based education 
provided the participants with a holistic view of 
asthma control management and healthy home 
environments. The education aims to provide critical 
tools to effectively manage and control children's 
asthma, focusing on managing the home environment, 
asthma symptoms, identification and control of 
common asthma triggers, and adequate medication 
and adherence. A detailed description of these 
materials is explained by (Neltner, 2010; Carrillo, 
Spence-Almaguer, et al., 2015). During this visit, the 
CHW installed two Foobot devices in each room 
(child's bedroom, living room, and kitchen). 
After 15 days, the CHW visited a second time to install 
the air purifiers (Levoit Air Purifier Model# LV-H132) 
in the child's bedroom, where the children spend most 
of their time. Accordingly to the maker, the Levoit air 
purifier has an advanced 3-stage filtration system. It 
includes the pre-filter, HEPA filter, and high-efficiency 
activated carbon filter to capture allergens, pet hair, 
dander, smoke, mould, odour, and large dust particles, 
in addition to removing 99.97% of airborne 
contaminants as small as 0.3 microns. Other than the 
added airflows from the air purifier, the ventilation 
patterns were not changed after installing the air 
purifiers. 

Indoor air quality monitoring 
This study evaluated the IAQ using a low-cost monitor 
called Foobot (Model FBT0002100). Previous studies 
evaluated its accuracy and performance, suggesting 
that Foobot is a reliable tool to measure indoor air 
pollutants (Sousan et al., 2017; Moreno-Rangel et al., 
2018). The Foobot was calibrated and tested in our 
office in McAllen for two months previous to the study. 
To reduce the accuracy bias of using low-cost monitors, 
two Foobot were used in each room and calibration 
equations improving the data quality and data 
corroboration protocols as suggested in previous 
studies. The IAQ measurements were done following 
the ASTM D7297-14 standard (ASTM, 2014).  
The Foobot devices (air temperature [-40-125°C; 
±0.4°C], relative humidity [0-100%RH; ±4%RH], and 
PM2.5 [0-1,300µg/m3; ±4µg/m3 or ±20%]; tVOCs 
[125-1,000ppb; ±20%]) were installed in the child’s 
bedroom, kitchen and living room in each household. 
The IAQ paraments were recorded at five min intervals 
over 30 days in each of the homes. Data was recorded 
and saved automatically using an API in an online 
storage service, where it was stored and encrypted. 

Statistical Analysis 
The descriptive statistics were calculated to estimate 
the standard deviation (SD) and mean for each of the 
parameters (temperature, relative humidity, PM2.5, 
tVOCs), dividing them on the pre-and post-
intervention. T-tests were conducted to compare the 
PM2.5 and tVOC between both phases. Changes 
between both phases were tested through the 
Wilcoxon rank-sum test for each of the households. 
Wilcoxon signed-rank test was used to evaluate each of 
the surveys between the pre-and post-intervention 
phases. Scores with a lower p-value than 0.05 were 
considered statistically significant. 

RESULTS 
The 13 children who participated in the survey were 
seven boys and six girls aged between 7 and 12. Six 
(46.2%) households reported keeping hairy pets 
indoors. Occupants also reported the main housing 
characteristics of their homes: seven (53.8%) homes 
used electricity as a cooking fuel, while five (46.2%) 
used gas; six (46.2%) homes had tiled flooring, six 
(46.2%) hardwood flooring and one (7.6%) carpeted 
flooring; the total of homes with open layout (kitchen, 
living room and dinning) were 9 (63.3%) equal to 
those that reported having a cooking hood.  

Table 1.  House characteristics 
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1 10 Gas No Yes Sometime Yes 
2 7 Gas Yes No Always Yes 
3 5 Electricity No Yes Sometime No 
4 6 Electricity Yes Yes Always No 
5 5 Gas Yes Yes Always Yes 
6 4 Electricity Yes No Always No 
7 5 Gas Yes No Always Yes 
8 5 Electricity No Yes Sometime No 
9 4 Gas Yes Yes Always Yes 

10 6 Electricity No Yes Never No 
11 7 Electricity Yes No Sometime No 
12 3 Gas Yes Yes Sometime Yes 
13 6 Electricity Yes Yes Sometime No 

The building occupants also reported the ventilation 
patterns: six (46.2%) homes always reported open 
windows, six (46.2%) to ventilate sometimes, and only 
one (7.6%) never. Mean indoor temperature in eight 
(61.53%) of the homes was above the extended 25°C in 
bedrooms and only one below the 23°C benchmarks 
for bedrooms (CIBSE et al., 2006). The indoor mean 
relative humidity levels above 50%RH, as 
recommended by the US Environmental Protection 
Agency (EPA, 2012) in homes, exceeded eight 
(61.53%) homes. A summary of the house and 
demographic characteristics is presented in Tables 1 
and 2. 
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Table 2.  Children characteristics and bedroom indoor 
environment 
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1 Boy 7 Tile 25.0 (3.5) 52.9 (4.7) 
2 Girl 8 Tile 28.8 (3.4) 54.2 (5.7) 
3 Girl 10 Tile 25.7 (0.8) 48.3 (1.7) 
4 Boy 10 Hardwood 29.8 (4.5) 51.3 (7.4) 
5 Girl 10 Hardwood 29.8 (4.6) 53.1 (5.4) 
6 Boy 12 Hardwood 28.5 (2.2) 54.1 (4.2) 
7 Girl 9 Hardwood 24.2 (2.0) 46.6 (3.2) 
8 Boy 11 Tile 26.0 (0.8) 46.2 (4.4) 
9 Girl 9 Tile 24.4 (1.1) 45.2 (2.6) 

10 Boy 8 Carpet 22.5 (1.5) 56.7 (4.6) 
11 Girl 8 Hardwood 22.7 (3.0) 47.2 (5.1) 
12 Boy 10 Tile 25.0 (1.9) 48.2 (6.4) 
13 Boy 12 Hardwood 22.5 (2.9) 54.6 (6.9) 

The PM2.5 levels declined on average -0.88 µg/m3 
(p<0.001) in the bedroom, -1.81 µg/m3 (p<0.001) in the 
kitchen, and -0.04 µg/m3 (p<0.014) in the living room 
within the 13 homes. The PM2.5 levels were reduced 
significantly (p<0.001) in seven dwellings, and three 
showed a significant increase (p<0.001). As the air 
purifiers were installed in the bedroom, this might 
pose the question of whether or not the participants 
used the air purifiers as instructed. Analysis of the 
PM2.5 levels revealed that levels consistently decreased 
significantly (p<0.001) between the pre- and post-
intervention in all rooms of the households 4, 6, 8, 12, 
and 13. A summary of the bedroom, kitchen, and living 
room results is shown in Tables 3-5. 

Table 3.  Mean PM2.5 concentrations in the bedroom. 
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1 9.62 17.05 7.43 
2 21.65 20.51 -1.14**
3 11.80 11.74 -0.06
4 22.41 19.08 -3.33**
5 22.50 20.76 -1.75**
6 28.89 20.06 -8.83**
7 17.85 29.96 12.11 
8 18.64 14.15 -4.49**
9 14.31 16.51 2.20 

10 14.05 15.55 1.50 
11 25.79 27.13 1.34 
12 27.40 20.24 -7.16**
13 39.22 28.47 -10.75**

t-test and Wilcoxon rank-sum (Mann-Whitney) test.
*Significant at p<0.05, **Significant at p<0.01.

Table 4.  Mean PM2.5 concentrations in the kitchen. 
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1 11.46 15.09 3.64 
2 23.00 17.93 -5.07**
3 13.85 12.81 -1.04**
4 25.71 23.12 -2.60*
5 19.61 21.04 1.44 
6 35.21 25.80 -9.42**
7 10.27 16.58 6.31 
8 20.85 16.24 -4.61**
9 15.68 20.22 4.54 

10 17.24 18.91 1.68 
11 28.41 27.99 -0.42
12 29.97 24.24 -5.73**
13 35.55 21.79 -13.76**

t-test and Wilcoxon rank-sum (Mann-Whitney) test.
*Significant at p<0.05, **Significant at p<0.01.

The tVOC levels increased on average 38.57 µg/m3 
(p<0.001) in the bedroom, 34.41 µg/m3 (p<0.001) in 
the kitchen, and 2.91 µg/m3 (p<0.292) in the living 
room within the 13 homes. Nonetheless, the bedroom 
was the room where most of the homes decreased 
significantly (p<0.001). The tVOC levels were reduced 
significantly (p<0.001) in two dwellings, and eight 
showed a significant increase (p<0.001). Analysis of the 
tVOC levels revealed that levels consistently decreased 
significantly (p<0.001) between the pre-and post-
intervention in all rooms of households 3 and 7. A 
summary of the bedroom, kitchen, and living room 
results is shown in Tables 6-8. 

Table 5.  Mean PM2.5 concentrations in the living room. 
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1 7.38 25.84 18.46 
2 25.28 25.25 -0.03
3 8.43 8.53 0.10 
4 25.88 20.14 -5.74**
5 20.13 17.40 -2.73**
6 32.19 22.11 -10.08**
7 21.89 27.11 5.22 
8 15.93 11.46 -4.47**
9 14.89 17.19 2.30 

10 14.18 15.91 1.73 
11 26.05 27.20 1.15 
12 25.16 17.15 -8.01**
13 39.90 31.45 -8.45**

t-test and Wilcoxon rank-sum (Mann-Whitney) test.
*Significant at p<0.05, **Significant at p<0.01.
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Table 6.  Mean tVOC concentrations in the bedroom. 
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1 194.30 228.73 34.43** 
2 260.82 311.26 50.44** 
3 326.30 267.05 -59.25**
4 324.01 355.35 31.34** 
5 224.66 220.42 -4.24
6 336.81 401.89 65.08** 
7 350.03 329.71 -20.32**
8 339.05 373.63 34.58** 
9 337.65 378.28 40.63** 

10 214.80 209.19 -5.61**
11 285.23 379.28 94.05** 
12 427.06 624.43 197.37** 
13 388.83 348.18 -40.65**

t-test and Wilcoxon rank-sum (Mann-Whitney) test.
*Significant at p<0.05, **Significant at p<0.01.

The HES, PedsQL, ACT, and HHA surveys examined the 
health outcomes of children with asthma and their 
parents pre- and post-intervention and suggest an 
improvement in the children and parents' health 
outcomes. While all the tests showed an improvement, 
only the total mean PedsQL were statistically 
significant (p<0.05) between pre- (19.2) to post- (13.2) 
intervention results. The results from the HES changed 
between pre- (3.23) to post- (3.08) intervention. In the 
PedsQL and HES, a lower score means an 
improvement, while the ACT and HHA would do with a 
higher score. The total mean of the HHA results 
changed between pre- (8.00) to post- (8.23) 
intervention, while the ACT was 23.8 to 24.5 between 
pre- and post-intervention. 

Table 7.  Mean tVOC concentrations in the kitchen. 
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1 181.17 227.43 46.26** 
2 252.20 223.20 -29.00**
3 336.11 285.51 -50.60**
4 257.11 291.62 34.51** 
5 247.06 390.03 142.97** 
6 303.25 372.04 68.79** 
7 314.62 294.38 -20.24**
8 281.70 307.99 26.29** 
9 326.23 362.00 35.77** 

10 210.21 221.74 11.53 
11 250.07 303.56 53.49** 
12 383.85 467.06 83.21** 
13 336.34 362.90 26.56** 

t-test and Wilcoxon rank-sum (Mann-Whitney) test.
*Significant at p<0.05, **Significant at p<0.01.

Table 8.  Mean tVOC concentrations in the living room. 
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1 179.03 223.38 43.35** 
2 399.85 298.17 -101.68**
3 307.99 231.12 -76.87**
4 240.33 255.95 15.62** 
5 186.46 199.26 12.80** 
6 325.99 379.33 53.34** 
7 335.55 313.36 -22.19**
8 304.64 332.60 27.96** 
9 330.76 361.18 30.42** 

10 215.45 220.00 4.55 
11 248.13 297.05 48.92** 
12 445.31 513.88 68.57** 
13 337.83 362.19 24.36** 

t-test and Wilcoxon rank-sum (Mann-Whitney) test.
*Significant at p<0.05, **Significant at p<0.01.

DISCUSSIONS 
Asthma is a chronic disease whose effects on health can 
be severely impacted as we grow older. It is vital to 
manage and control asthma since early stages, 
particularly in children, to reduce its adverse effects on 
life quality. Punctual interventions and strategies can 
minimize exposure and prevent asthma symptoms 
(Etzel, 1995). 
Several interventional studies have developed 
guidelines to manage asthma and improve the 
condition. For instance, some studies in the US 
suggested an improvement in asthma symptoms by 
incorporating the 'Asthma and Healthy Homes' 
programme into asthma education. Furthermore, 
increasing asthma control knowledge in children and 
their families improves the overall quality of life 
(Carrillo, Spence-Almaguer, et al., 2015; Baek et al., 
2019), which has been further enhanced by adding IAQ 
management (Moreno-Rangel et al., 2020). The asthma 
education curricula focus on education that includes 
signs and symptoms of asthma, asthma management, 
frequent triggers, the correct use of asthma 
medications, action plans for asthma attacks, and the 
components to develop an action plan (Carrillo, 
Spence-Almaguer, et al., 2015). This program also 
incorporated the seven principles presented on the 
'Healthy Homes' developed by the National Healthy 
Homes Training Centred and Network in the US. This 
program focused on keeping the home dry, clean, 
ventilated, pest-free, contaminant-free, better indoor 
environment quality, and minimising exposure to 
hazardous products in the homes. These principles 
suggest that not only the chemical composition of the 
IAQ is essential, but the bio-particulates are equally 
important. 
The use of air purifiers has proved to reduce the levels 
of indoor air pollution. They also promise to manage 
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asthma triggers and improve the asthma condition 
(Breysse and Matsui, 2016). Martenies and Batterman, 
(2018) looked at air filters' efficiency to reduce PM2.5 
exposure indoors and their impact on respiratory 
illnesses. They found that air cleaners' use led to 
improved respiratory symptoms and breathing 
problems for adults and children with asthma, rhinitis, 
or bronchitis. There is evidence that using air purifiers, 
particularly in homes, can reduce indoor VOCs 
concentrations, especially those related to solvents 
and consumer products (Norris et al., 2019). For 
instance, Fang et al. (2019) look a the VOCs 
concentrations at night in the bedroom of children 
with asthma before installing an air purifier. They 
found that the air purifiers in homes led to a significant 
reduction of VOCs. However, they found that 
concentrations of some individual VOCs, such as 
formaldehyde, acetaldehyde, and benzene, are critical. 
Even if they were reduced, their concentrations could 
still be associated with health risks. 
One of the most significant limitations of these kinds of 
studies is that they concentrate on studying a specific 
parameter that could impact asthma. And there are still 
very few studies that look at a group of interventions 
as a whole. Therefore, in this study, we implemented 
air cleaning and asthma education as a combined 
strategy to improve asthma in children. While we 
found that PM2.5 reduced during the post-intervention 
period, this wasn't clear in the tVOC. This could be due 
to the type of air purifier as we focused on selecting an 
air purifier with HEPA filters to reduce the PM2.5. 
However, the intervention showed consistent results 
as previous studies, which could improve children's 
asthma control and management, as demonstrated by 
the surveys. 
This study suffered from clear limitations. First, the 
duration of the pre- and post-intervention study was 
short (15 days). This may suppose an explicit 
limitation on observing and quantifying precise 
changes on the IAQ and the participants' health 
outcomes between the study phases. Nonetheless, 
there were still some differences observed that were 
reported here. Second, the use of low-cost IAQ 
monitors relying on a Wi-Fi network to store the data 
proved to be a problem in remote locations. Although 
a robust data management plan was set in place, some 
data was lost during the process due to poor internet 
access. However, enough data points were collected in 
all the 13 homes to perform the statistical analysis. 
Additionally, the low-cost monitors were preferred to 
use simultaneous sampling with several monitors 
within the home. Using more precise analytical 
instruments would suppose additional costs and highly 
trained human resources to manipulate, operate, and 
set up the equipment. Moreover, one of the approaches 
we used was developing an intervention plan that low-
income populations could follow. Therefore the Foobot 
seemed viable in both aspects cost and IAQ monitoring 

resolution. Third, the Hawthorne effect is a significant 
limitation in this kind of study. People may adapt or 
change their behaviours during the study altering 
normal indoor environment conditions from the 
instant monitoring instruments. Finally, the statistical 
model did not include housing characteristics due to 
the small sample size. The CHWs verified some 
characteristics, such as the range ovens and bathroom 
vents. 
Further studies should include a more significant 
sample to utilise statistical methods to adjust for other 
building-related factors that may affect indoor air 
condition. Building modelling and CFD simulations 
could also help obtain more data making changes on 
the building design to study their impact on IAQ and 
human health. Thus, consequently controlling asthma 
from the early stages. Additionally, a  larger study is 
needed to measure with different cohorts to measure 
the effect of each intervention and the impact on 
ventilation changes on the improvement of health. 

CONCLUSIONS 
This study evaluated the effects of a combined housing 
intervention, air purification, and asthma education as 
a household intervention to improve asthmatic 
children's health outcomes. This study recommends 
that using the combination of asthma education and an 
air purifier at home might enhance IAQ and could lead 
to improving children's health outcomes. Further 
studies that include a large-scale sample are needed to 
verify a household intervention's effectiveness to 
enhance IAQ and asthma management. Additionally, 
building modelling and CFD simulations could also 
help obtain more data making changes on the building 
design to study their impact on IAQ and human health. 
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ABSTRACT 
This study aimed to assess whether building materials, 
furniture, and user equipment are sources of pollution 
that would influence the need for ventilation. Between 
2017-2020, measurements were taken in four regular 
classrooms in a low emitting school and four modular 
classrooms in a prefabricated school. Weekly passive 
sampling of volatile organic compounds (VOCs) and 
aldehydes were carried out in the classrooms under 
the following four conditions: 1) emptied, 2) furnished, 
3) with furniture and user equipment, and 4) during
normal use. For the first three conditions, the
classrooms were measured with either no ventilation
or "low" airflow rates. Total VOC (TVOC)
concentrations were up to ten times higher in the
unventilated classroom at the prefabricated school
compared to classrooms at the low emitting school
(<450 µg/m3 for conditions 1-2). Our results show the
importance of selecting low emitting building
materials and proper ventilation.

INTRODUCTION 
Aside from home, children spent the majority of their 
time at school. As a potentially vulnerable subgroup, it 
is essential to maintain good indoor air quality (IAQ) 
for children (Annesi-Maesano et al., 2013). The 
purpose of ventilation is to dilute indoor air pollutants. 
These include emissions of volatile organic compounds 
(VOCs) from both static sources such as building 
materials, furniture, equipment (Liang et al., 2014; 
Liang & Yang, 2013) or variable sources from the 
occupants and occupant-related activities (Tang et al., 
2016; Weschler, 2016).  In addition to ventilation, 
another approach is to choose construction practices 
and building materials that are more "green" and low 
emitting. The Norwegian building code specifies that a 
lower ventilation rate due to emissions from the 
building can be applied if low emitting building 
materials are selected. However, furniture and user 
equipment are also contributing pollution sources and 
might influence ventilation needs. This is particularly 
relevant in a demand-controlled ventilation strategy, 
where a minimum ventilation rate (Vmin) is delivered in 
unoccupied spaces (Mysen et al., 2005). As the 
ventilation is commonly switched off during nighttime, 
Vmin should be set at a rate that would dilute the build-

up of emissions from the materials in the room to a 
satisfactory sensory level for the occupants when they 
enter the room (Mysen et al., 2019). 
Recently, prefabricated schools are taken more and 
more into use while schools are being renovated or 
built. As a temporary solution, less emphasis might be 
put on selecting the materials used to construct and 
furnish these modular classrooms in prefabricated 
school buildings. This study aimed to compare the 
differences in VOCs between modular and low emitting 
classrooms and to compare how much building 
materials, furniture, and user equipment contribute to 
the VOC concentrations. 

METHODS 

Characteristics of the schools 
The study took place at two different schools.  School A 
is a primary school and was built according to passive-
house standards. The school has concrete floor slabs 
covered with linoleum. The walls are timber frames 
with 300 mm mineral wool insulation and are clad with 
13 mm plasterboard with acrylic paint. There is limited 
use of sealants, with no sealants visible to the rooms. 
School A is considered low emitting as building 
materials and paint were low emitting and M1-
certified. Emission rates from furniture were not 
subject to specific demands. School A was taken in use 
in autumn 2016, seven months before the sampling 
campaign. The ventilation system is demand-
controlled with CO2- and temperature sensor in each 
classroom. Two classrooms on the second floor and 
two classrooms on the third floor were selected. The 
low emitting classrooms had an average floor area of 
60 m2, a height of 2.8 m, and similar furnishings. More 
information about the school can be found in (Holøs, 
Yang, Thunshelle, et al., 2019; Yang et al., 2019). 
School B was prefabricated and consisted of two floors. 
It was taken into use in spring 2019, approximately six 
months before the sampling campaign.  The insulated 
timber-frame walls are covered with painted gypsum 
boards and particle boards. The prefabricated walls 
are painted with acrylic paint. Fire stopping sealants 
has been used in the classrooms. The floors are particle 
boards covered with linoleum. Two classrooms per 
floor were selected for sampling. The modular 
classrooms had an average floor area of 60 m2, a height 
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of 2.8 m with similar furnishings as school A. Figure 1 
shows A typical classroom in the respective schools. 

Figure 1 Upper: A typical classroom in school A (with furniture 
and user equipment). Below: a typical modular classroom in 
school B (taken during furnished condition) 

Study design 
Measurements in the classrooms were taken under the 
following conditions: 

− Emptied: Stripped bare of all furnishing and
decorations except wall-mounted cupboards,
whiteboards, and technical equipment.

− Furnished: desks, chairs, and shelves were
moved back into the classroom.

− Furnished + user equipment: the classroom is
kept as it is except for emptying the garbage can. 
The user equipment varies between classrooms.

− During normal use: no changes were done to
the classroom, measured during normal use.

Table 1 shows an overview of the sampling schedule at 
the two schools. Due to the unexpected polishing of 
floors during summer 2017 at school A, the 
measurements had to be repeated after the summer 
break. This resulted in a large gap between sampling 
time for the different sampling conditions at school A. 
The conditions C1-C3 are only possible during periods 
when the classrooms are unoccupied, i.e., during the 
holidays.  

Table 1 Sampling schedule for school A (low emitting) and 
school B (prefabricated) under four different conditions 
(C1=empty, C2=furnished, C3=with furniture and user 

equipment, C4=in normal use). 
Week No. of Room Ventilation C1 C2 C3 C4 

School A: low emitting 

 11-
2017 

4 + supply air CAV X 

 15- 
2017 

2/2 Off/low X 

40-
2017 

4 Off X 

52-
2017 

4 Off  X 

13-
2018 

4 Off  X 

School B: prefabricated 

27-
2019 

3/1 low/off X 

28-
2019 

3/1 low/off X 

40-
2019 

3/1 low/off X 

41-
2019 

3/1 CAV X 

Ventilation system 
As the schools had different ventilation systems, the 
sampling conditions were not identical during normal 
use and with "low" airflow rates. The ventilation 
system at school A was operational between 6:00-
23:00 including the weekends during the first year it 
was taken into use. Instead of using the DCV strategy, 
the ventilation was manually set to constant air volume 
(CAV) mode, and the required airflow rate was 
calculated based on 7 l/s of air per person. This 
resulted in an average airflow rate between 427 – 705 
m3/h "during normal use". For classrooms with "low" 
ventilation, the airflow rate was manually set to 215 
m3/h. This is the projected minimum ventilation rate 
(Vmin) for school A when the DCV strategy is operated. 
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The ventilation was operating 24/7 during the 
sampling week when the ventilation condition was set 
to "low". School A has a building management system 
that logged data on room temperature, CO2, and 
ventilation airflow rates.  
School B has mechanical ventilation with constant air 
volume controls. The ventilation system is operated on 
either step 2 which provides ~1050 m3/h (during 
normal use) or step 1 which yields ~525 m3/h ("low"). 
The ventilation system is usually operational on 
weekdays between 06:00 – 18:00, but during the 
ventilation conditions "CAV" and "low", the ventilation 
is set to operate 24/7. School B does not log any indoor 
parameters, thus the airflow rates manually read from 
the local ventilation control system in each classroom 
are assumed to be representative of the airflow rates 
during the respective measurement weeks. An 
overview of the airflow rates is shown in Table 2. 
The air exchange rate was also calculated using CO2 as 
a tracer gas and estimated to be 0.03-0.05 h-1 in the 
unventilated classroom, ~3.2 h-1 when the ventilation 
is set on step 1, and ~6.3 h-1 on step 2. 

Table 2 Ventilation airflow rates (mean ± standard deviation) 
for the respective classrooms under different ventilation 

conditions. 

School Classroom 
Ventilation condition 

(m3/h) 
CAV Low 

A:  
Low emitting 

A-1 628±34 

A-2 427±44 208±17 

A-3 703±56 208±27 

A-4 628±44 

B: 
Prefabricated 

B-1 1050 525 

B-2 1050 525 

B-3 1050 525 

B-4 1050 

Sampling and analysis 
The passive samplers were placed close to the exhaust 
vent, approximately 1.8 m above the floor. 
Volatile organic compounds were measured with 
passive Tenax TA air samplers, then analysed for VOCs 
using automated thermal desorption (TD) and gas 
chromatography coupled to the mass spectrometer 
(GC-MS). The obtained chromatograms were 
automatically and manually checked for identification 
of VOCs using commercially available and in-house 
libraries. The concentrations of the identified 
individual VOCs are expressed in “Toluene 
Equivalents” and ranked after concentrations. The 
number of identified VOCs varied between 24-30. 
“Total VOC” was obtained for the identified VOCs 
(varied between 24-37 compounds) and for the total 

number of compounds (TVOC) with a concentration 
above 1.0 µg/m3. 
Formaldehyde was sampled using the UMEX100 (SKC 
Ultra Ltd, UK).  

Data analysis 
Due to the low number of samples, only descriptive 
statistics were performed. The identified VOCs were 
categorized into several VOC groups (terpenes and 
terpenoids, carboxylic acids, aromatic hydrocarbons, 
etc) and the concentrations were summed.  

RESULTS 

TVOC concentrations 
The average TVOC concentrations measured under 
different conditions for the low emitting classrooms at 
school A (low emitting) and the modular classrooms at 
school B (prefabricated) are shown in Figure 2. The 
highest TVOC concentrations were found in the 
unventilated classroom at school B (furnished: 3611 
µg/m³; empty: 2626 µg/m³). Increasing the airflow 
rates to low in the modular classrooms at school B 
decreased the TVOC concentrations to less than 400 
µg/m³ for all three measurement conditions. In 
comparison, the concentration in the unventilated 
classrooms at school A was 397±46 µg/m³ and 441±28 
µg/m³ for furnished and emptied, respectively.   
Increasing the airflow rates to low in the modular 
classrooms at school B decreased the TVOC 
concentrations to less than 400 µg/m³ for all three 
measurement conditions. In comparison, the 
concentration in the unventilated low emitting 
classrooms at school A was 397±46 µg/m³ and 441±28 
µg/m³ for furnished and emptied, respectively.   

Figure 2 Average TVOC concentrations for different conditions 
measured in school A (low emitting) and school B 
(prefabricated). 
During normal use, the average TVOC concentration in 
the low emitting classrooms at school A (230±28 
µg/m³) was twice as high as in the modular classrooms 
at school B (114±21 µg/m³). The ventilation airflow 
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rates in the modular classrooms at school B were 
higher than the low emitting classrooms at school A.  
We observed an increase of TVOC concentrations in the 
unventilated classrooms at school A after adding 
furniture and/or user equipment, but this tendency 
was not seen for the modular classrooms at school B. 
There is a 12-week gap between the samples taken 
with and without user equipment in the classrooms at 
school B. 

VOC groups in unventilated classrooms 
The contributions of different VOC groups in 
unventilated classrooms are presented in Figure 3. At 
both schools, the most prevalent compound group was 
terpenes and terpenoids for all three measurement 
conditions. Alpha-pinene and 3-carene had the highest 
measured concentrations. Small variations in VOC 
groups contributing to TVOC concentrations were 
observed between the classrooms at school A, both 
when emptied and furnished. Adding user equipment 
into the low emitting classrooms resulted in increased 
concentrations of aldehydes/ketones, texanol and 
TXIB, and higher within-school variations in 
compound groups. The between-school variations in 
VOC groups were also more prominent. In the modular 
classroom at school B, carboxylic acids and aldehydes 
and ketones were similarly dominant VOC groups. 
Particularly hexanoic acid, pentanoic acid, and hexanal 
had high measured concentrations in the modular 
classrooms at school B during all three measurement 
conditions. 

VOCs in "low" ventilated classrooms 
Figure 4 presents the distribution of identified VOC 
groups in ventilated classrooms. Turning on the 
ventilation diluted the TVOC concentrations in the 
classrooms. In the modular classrooms at school B, 
carboxylic acids contributed the most to the total VOC 
concentrations, followed by terpenes/terpenoids, 
alcohols and aldehydes/ketones (with Cn≥7).      

In the low emitting classrooms at school A, in addition 
to aldehydes and ketones, siloxanes and TXIB 
contributed the most to TVOC in ventilated classrooms 
with furniture and user equipment.  

Figure 4 Distribution of VOC groups in classrooms (A: low 
emitting school; B: prefabricated school) ventilated with "low" 
airflow rates.  

VOCs in classrooms during normal use 
The contribution of different VOC groups in the 
classrooms during normal use is presented in Figure 5.  
Alkanes were the most prevalent VOC group in the 
modular classrooms at school B, followed by aldehydes 
and ketones. Difference in VOC-groups contributing to 
the total VOC concentrations are observed both within- 
and between-schools. In the low emitting classrooms 
at school A, aldehydes and ketones were the most 
prevent VOC group, followed by TXIB. Individual VOCs 
that were uncategorized also increased in the low 
emitting classrooms.  In the supply air, aldehydes and 
ketones, and TXIB were the most prevalent VOC 
groups. 

Figure 3 Distribution of VOC-groups in unventilated classrooms. Two classrooms in School A were sampled twice, in week 
15 and week 40 when it was furnished and with user equipment. 
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Figure 5 Distribution of VOC groups measured in classrooms 
(A: low emitting; B: modular) during normal usage. 

Formaldehyde 
The measured formaldehyde concentrations were 
corrected for mean concentrations measured on 
laboratory/field blanks, As seen in Table 3, the 
formaldehyde concentrations in the unventilated 
modular classroom exceeded the WHO guidelines for 
indoor air quality of 100 µg/m³ (30-min average).   

Table 3 Overview of measured formaldehyde concentration, 
µg/m³, (mean± standard deviation). * indicates not blank 

corrected values. 
Ventilation Condition School A School B 

Off 

Emptied 30±13.5 129 

Furnished 48±14.6 333 

Furnished  
+User equipment 

58±11.9 185 

"Low" 

Emptied 56±5.2 

Furnished 78±5.5 

Furnished  
+User equipment 

9.6±0.8* 61±25.8 

CAV 
"During normal use" 15.3±1.9* 27±6.1 

In the low emitting classrooms at school A, an increase 
in formaldehyde concentration is seen as furniture and 
user equipment were added. This was not observed in 
the modular classroom at school B.  
Turning on the ventilation resulted in a substantial 
reduction of formaldehyde in the modular classrooms 
at school B.  Nevertheless, the formaldehyde 
concentrations in the modular classrooms, ventilated 
and unventilated, were considerably higher than in the 
low emitting classrooms.  

DISCUSSIONS 
This study aimed to compare the differences in VOCs in 
classrooms at a low emitting school with those at a 
prefabricated school. Moreover, to assess how much 

building materials, furniture, and user equipment 
contribute to the VOC concentrations.  

Low emitting versus modular classrooms 
In Norway, the use of prefabricated schools has 
become a more common solution when schools are 
being renovated or built. Oftentimes, these 
prefabricated schools are operated for a longer period 
than what is usual as a temporary solution.  It is thus of 
interest to assess whether these modular classrooms 
at prefabricated schools would provide equally good 
indoor air quality as low emitting classrooms. Our 
results show that both TVOC and formaldehyde 
concentrations measured in classrooms at the 
prefabricated school are substantially higher than in 
the classrooms at the low-emitting school. The 
proportion of the different contributing VOC groups in 
the classrooms indicate that less attention was paid to 
the selection of building materials, interior finishing as 
well as the use of solvents, sealants in the prefabricated 
classrooms.  
Previous studies have shown that TVOC and 
formaldehyde concentrations are often higher in newly 
built or renovated buildings and the initial off-gassing 
phase from buildings materials can last for at least 2 
years (Holøs, Yang, Lind, et al., 2019; Kang et al., 2017). 
A comparison of the measurements in the modular 
classrooms done 6 months (week 28) and 9 months 
(week 40) after the prefabricated school was taken 
into use did indeed show a rapid decline of TVOC and 
formaldehyde concentrations. Nevertheless, the TVOC 
concentration measured in the modular classroom at 
the prefabricated school was more than twice as high 
compared to the measurements done in the low 
emitting classrooms at approximately 9 months 
(Figure 3, week 15 measurements) after it was taken 
into use. Often, the time between these prefabricated 
schools to be installed till they are taken into use is 
short, thus the occupants of these classrooms might be 
exposed to high pollutant levels.  
The measurements taken in unventilated classrooms 
over a week are not representative of the 
concentrations during occupancy. Nevertheless, as the 
ventilation is normally turned off during the night, our 
results might provide good indications of the 
concentrations the occupants are exposed to when 
they enter the classrooms in the morning. Ventilating 
with low airflow rates in the modular classrooms at the 
prefabricated school diluted the TVOC concentrations 
considerably, however, the formaldehyde 
concentrations (52-82 µg/m³) were still somewhat 
high compared to the low emitting classrooms. This 
shows the importance of selecting low emitting 
building materials and proper ventilation strategies. 
To ensure that the prefabricated schools comply with 
requirements regarding low emitting building 
materials, it might be necessary to measure VOCs and 
aldehydes when they are taken into use. High 
ventilation rates, in this case, an airflow rate of 1050 
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m3/h, are recommended for when the classrooms are 
in use. Also, to dilute the pollutant levels accumulating 
during the nighttime with no ventilation, it is 
recommended to start ventilating a few hours before 
the occupants enter the classrooms. 

Contributions from furniture and user equipment 
The measurements in the same classroom during 
different conditions were not taken under identical 
circumstances (i.e., school age, ventilation rate), 
making it difficult to compare results. However, 
considering that certain VOC groups often arise from 
similar sources, we can get good indications of the 
contributions from furniture or user equipment. 
The classrooms had similar furnishings, thus adding 
only the furniture back into the classroom resulted in 
increased TVOC concentration for the unventilated 
modular classroom at the prefabricated school. 
However, when the classrooms were ventilated, the 
proportion of different VOC groups changed, probably 
due to reactions between ozone and individual 
compounds (Weschler & Carslaw, 2018; Wolkoff, 
2020). The same tendencies can be seen when user 
equipment was added. Since the classrooms were 
occupied by pupils from different age groups, the 
resulting emissions from user equipment, ranging 
from books, art supplies, various drawings on the 
walls, etc, would differ accordingly.  
Users and user equipment are variable emission 
sources and could thus influence the perceived air 
quality in the room. Several studies on ventilation and 
PAQ have been done at school A (Holand et al., 2019; 
Holøs, Yang, Thunshelle, et al., 2019; Mysen et al., 
2019). The variations in PAQ-scores were influenced 
by the classroom and indicated that the minimum 
ventilation rates need to be adjusted according to the 
user groups and/or user equipment. The classrooms, 
where extra pollution sources were introduced into 
selected classrooms, required higher Vmin (Holøs, Yang, 
Thunshelle, et al., 2019; Mysen et al., 2019). During the 
measurement week "in normal use", a study on PAQ 
and odor intensity in classrooms A1- A3 was done 
(Holand et al., 2019). The results of PAQ assessment 
were consistent with the VOC measurements, as the 
classrooms with the highest VOC-concentrations (A1 
and A2) received the lowest PAQ-scores. However, the 
classroom with the lowest measured TVOC 
concentrations (A3) received the lowest average odor 
intensity score and there were in general complaints 
about unpleasant odors in this classroom. We are not 
certain about the causes behind these odor complaints 
and assessing the individual VOCs detected in each 
classroom is beyond the scope of this study.  
In the low emitting classrooms, the pollutant levels 
measured in this study were generally low compared 
to the modular classrooms at the prefabricated school, 
and a low ventilation rate (218 m3/h or 1.0 l/s per m2) 
was sufficient in diluting the concentrations to an 
acceptable level. After the initial off-gassing phase in 

low emitting classrooms, the ventilation strategy, 
particularly for a DCV strategy, Vmin should perhaps be 
controlled according to the sensory impressions of the 
occupants.  

CONCLUSIONS 
We found that the concentrations of TVOC and 
formaldehyde measured in modular classrooms at a 
prefabricated school are substantially higher than in 
the classrooms at a low emitting school. To ensure that 
the prefabricated schools comply with the 
requirements of low emitting building materials, it 
might be necessary to measure VOCs and aldehydes 
when they are taken into use. High ventilation rates, in 
this case, an airflow rate of 1050 m3/h are 
recommended for when prefabricated schools are in 
use and the ventilation in the classrooms should be 
turned on a few hours before occupancy. 
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ABSTRACT 
The indoor air quality (IAQ) in classrooms in higher 
education can influence in-class activities positively. In 
this context, the actual IAQ and students’ perceived IAQ 
(PIAQ), perceived cognitive performance (PCP), and 
short-term academic performance (SAP) were 
examined in two identical classrooms during regular 
academic courses. During the lecture, key performance 
indicators (KPI) for the IAQ, i.e. carbon dioxide 
concentration, particulate matter 2.5, and total volatile 
organic compounds, were measured. After the lecture, 
responses of 163 students were collected with a 
validated self-composed questionnaire and a cognitive 
test, which covered topics discussed during the lecture. 
A significant association between the IAQ KPI and the 
PIAQ was found (p < .000). The PIAQ significantly 
predicted the PCP (p < .05) and the PCP significantly 
predicted the SAP score (p < .01). These results 
indicate that the IAQ in classrooms is associated with 
the PIAQ and PCP, and therefore is associated with 
students’ SAP. 

INTRODUCTION 
In this study, we explore the influence of the indoor air 
quality (IAQ) on the academic performance of students 
in higher education. In this context, we define higher 
education as a college or university (Wæraas & 
Solbakk, 2009). Students’ academic performance is one 
of three main student outcomes, besides behavioural 
and psychological outcomes (Wang & Degol, 2016). 
Cohen, McCabe, Michelli, & Pickeral (2009) have 
argued that it is the primary goal of schools to create a 
sustainable and positive school climate, and by doing 
so, the academic performance of both students and 
teachers is positively influenced.  
This study focusses on the impact of IAQ on students’ 
short-term academic performance. Earlier research by 
Wargocki and Wyon (2017) revealed how thermal 
conditions and IAQ influences humans’ cognitive 
performance. However, individuals may react 
differently to the same IAQ. Cultural, climatical, social, 
and contextual factors can moderate students’ 

response to the experienced IAQ (De Dear & Brager, 
1998). Furthermore, overall satisfaction with the IAQ 
depends, among other things, on a person’s 
demographic characteristics, such as gender and age 
(Frontczak & Wargocki, 2011). Mendell and Heath 
(2005) analysed the direct relationships between the 
thermal environment (TE) and IAQ and the 
performance and attendance of students. Although 
they reported that little direct scientific evidence of 
high quality was available, they also state that certain 
indoor environmental conditions have adverse effects 
on students’ cognitive performance and attendance.  
Poor IAQ conditions may also affect teachers’ and 
students’ health and cause different physical health 
symptoms. For example, poor IAQ conditions may 
cause ocular symptoms (i.e., dry eyes), respiratory 
symptoms (i.e., nasal or throat symptoms), skin 
symptoms (i.e., dry skin), and general health symptoms 
(i.e., headache, fatigue, shivering, sweating, nausea) 
(Sahlberg, Wieslander, & Norbäck, 2010). 
Furthermore, the chance to develop rhinitis is 
significantly higher when humans are exposed to air 
with high carbon dioxide concentrations (CO2) over a 
long period, as a proxy for a poor IAQ (Sarigiannis, 
2013; Simoni et al., 2010). 
These individual responses to the IAQ influence in-
class activities, such as teaching and learning, and 
might affect students’ ability to pay attention and to be 
alert (Wargocki & Wyon, 2017), which are indicators 
for the PCP. Subsequently, when we focus on the 
specific educational goals of a lecture, the IAQ can 
influence students’ short-term academic performance 
(Dawson & Parker, 1998). Table 1 presents the 
assumed hypotheses and associations between the 
independent (x) and dependent (y) variables, which 
are explored in this study. 
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Table 1. Assumed hypotheses and associations between 
independent (x) and dependent (y) variables and explanation 
of used abbreviations. See footnote to Table and Table 2 for 

explanation of symbols used 

- = negative correlation; + = positive correlation

METHODS 
In this study, freshman of the Hanze University of 
Applied Sciences (UAS) School of Business 
Management participated during one week in 
February 2020, while following their normal 
educational program. This group of students was 
selected for this study, because they were lay persons 
and not versed in building physics. The study was 
performed in two heated and natural ventilated 
classrooms located in the city Groningen, the 
Netherlands. The capacity of these two classrooms, to 
accommodate this group of students, was sufficient to 
facilitate the 12 two-hour lectures and an additional 20 
minutes for research participation under similar 
conditions. Furthermore, these classrooms were 
identical in size, height, orientation, daylight entry, and 
artificial lighting and were both equipped with a full 
recirculation system to achieve a set air temperature 
(Ta). Fresh air could enter the classrooms though vents, 
which were located above the double glazing. Table 2 
presents the IAQ key performance indicators (KPI) 
measured, using two VLK-60W multi-sensors, 
including measurement accuracy.  

Table 2. Specifications ATAL VLK-60W multi sensor device 

The air temperature (Ta) and relative humidity (RHi) in 
the two classrooms were logged and assessed for 
confounding the results. The logged data of these 
devices was exported to EXCEL to determine the 
condition at the start of the lecture (Cs), to calculate the 
average condition (Ca) during the lecture, and to 
determine the condition in which the students 
answered the questionnaire and performed tests (Ct). 
During the study, four teachers gave a two-hour 
lecture, as part of a regular academic course. Each 
teacher gave the same number of lectures in 
classrooms A and B. The lectures were given on each 
weekday, except for Monday. After the lecture, the 
researcher asked the students present to participate in 
the study. The degree of participation was high, 
reaching approximately 90% of all students present. 
All participants answered a self-composed online 
questionnaire to obtain the variables perceived IAQ 
(PIAQ), perceived physical health complaints (PHC), 
and perceived cognitive performance (PCP). The 
protocol, from which this questionnaire is derived, is 
described in a manuscript entitled: “Towards a 
framework studying the influence of the indoor 
environment quality on academic performance in 
higher education; evidence-based on literature and 
field studies” (Brink, Loomans, Mobach & Kort, 
submitted 2021). To measure students’ academic 
performance (SAP), students made a test. After the 
lecture and a short break of approximately ten 
minutes, the students answered first the questions in 
the online questionnaire. Then, after approximately 15 
minutes, they made the academic performance test. 
This test covered topics that were discussed during the 
lecture and consisted of ten questions and it took the 
students approximately 5 minutes to complete this 
test. Figure 1 visualises the study design. 

x y Hypothesis Association 
CO2 PIAQ An increase in all KPI will lead 

to a deterioration in the 
perceived indoor air quality 

(PIAQ)  

- 
PM2.5 
TVOC 

PIAQ PCP An increase in PIAQ will lead to 
an increase of the perceived 
cognitive performance (PCP) 

+ 

PIAQ PHC An increase in PIAQ will lead to 
a decrease of the perceived 

health complaints (PHC) 

- 

PIAQ SAP An increase in PIAQ will lead to 
an increase of the students’ 

academic performance (SAP) 

+ 

PCP SAP An increase in PCP will lead to 
an increase of the SAP 

+ 

Performance 
indicator 

Symbol  Description  

Indoor air 
temperature at 
desktop height 

Ta Air temperature in degrees 
Celcius (°C), accuracy ±0.5 °C @ 

0 to +50 °C 
Indoor relative 

humidity 
RHi Indoor relative humidity in 

percentage (%), accuracy ±0.3 
% RHi @ 5 to 99 % RHi 

Carbon dioxide 
concentration  

CO2  Parts per million carbon 
dioxide concentration (ppm 

CO2) accuracy ±75 ppm + 10% 
of the actual reading 

Particulate 
matter 2.5 

PM2.5 Particulate matter, accuracy < 
±15% @ 0 to 1,000 μg/m3 

Total volatile 
organic 

compounds  

TVOC Total volatile organic 
compounds, accuracy ± 0.02 mg 

(or 10%) @ 0 to 3.5mg/m3 
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Figure 1. Visualisation of study design 

To assess the internal validity of the statements which 
addressed the PIAQ and the PCP, all negative 
formulated statements were recoded, a Cronbach’s 
alpha analyses of these composed perception scales 
was performed. Due to the application of a five-point 
Likert scale, the lowest perception score for the 
categories PIAQ and PCP is one, which can be 
interpreted as very poor, and the maximum score is 
five, which can be interpreted as very good.  
Linear regression analyses were performed to analyse 
all bivariate and multivariate associations between 
independent and dependent variables. The output of 
the regression analyses was only used when it met the 
following assumptions for all associations: First, the 
number of outliers in the data is limited. To determine 
if there were any outliers, standard residuals and 
Cook’s distance were computed. Standard residuals’ 
value must be between -3 and +3 and Cook’s distance 
should not be larger than 1 (Cohen, Jacob, Cohen, West, 
& Aiken, 2013, p. 404). Third, the assumption of 
normality is met. To determine normal distribution of 
the data, a normal P-P plot of the regression 
standardized residual was computed. When this 
normal probability plot of the residuals appeared to be 
approximately linear, the assumption of normal 
distribution was met. When the outcome appeared not 
to be linear, the distribution of the standardized 
residuals and unstandardized residuals was analysed 
with the Shapiro-Wilk test (Ghasemi & Zahediasl, 
2012). When the significance level of this test is >.05, 
the assumption for normality is met. For multivariate 
associations also the tolerance values should be .10 or 
higher to rule out multicollinearity (Cohen et al., 2013) 
p.424). The missing values in all linear regression
models were excluded pairwise. When the assumption 
for regression is not met, the Spearman’s rho was used 
to assess the association. For all tests, the confidence
interval (CI) was set at 95%. All statistical analyses
were performed with SPSS version 25.0 (SPSS Inc.
Chicago, IL,USA).

RESULTS 
In this study, 163 first-year students (19.3 years, SD 
1.6, 39% female) participated, The average number of 
students, who attended the lecture, was 14 (SD 3). In 
the study week, a total of 12 lectures were given by the 
four teachers. The Ta was regulated by the installed 
heating system and varied slightly at 23°C (SD 0.4). 

Table 3 presents all measurements of the IAQ and TE 
KPI, during the lectures.  

Table 3. Observations of the indoor air quality en thermal 
environment key performance indicators

(Table 3 is presented below the References section) 

Of the 163 students, 52 students reported one or more 
physical health complaints (PHC), which will disappear 
according to the students when they leave the 
classroom, as presented in Figure 2. Figure 3 presents 
the type of health complaints, which were reported by 
more than two students.  

Figure 2. Distribution of number of reported physical health 
complaints (PHC) 

Figure 3. Health complaints which were reported by more 
than two students  

To assess the internal validity of perception scales 
PIAQ and PCP the Cronbach’s Alpha for these scales 
were calculated. All items contribute to the internal 
validity of the scales. Figure 4 presents students’ scores 
on the individual statements.  
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Figure 4. Box-plots of students’ score on individual statements 
addressing the perceived indoor air quality (PIAQ) and 

perceived cognitive performance (PCP) 

The alpha value for the PIAQ and PCP was 0.82 and 
0.87, showing that these scales have considerable 
reliability; therefore, average perception scores were 
used for further analyses. Figure 5 presents the PIAQ, 
PCP and the SAP scores. 

Figure 5. Students’ mean perceived indoor air quality (PIAQ), 
perceived cognitive performance (PCP), and academic 

performance test (SAP) score in classroom A and B  

Direct associations were analysed between the PIAQ 
and dependent variables PCP and PHC. Although the 
dependent variables PCP and PHC did not pass the 
Shapiro-Wilk test, a Q-Q plot of the PCP did not reveal 
large deviation from normality. However, the 
histogram of the PHC revealed a skewed distribution of 
data, indicating that this variable is not normally 
distributed, as presented in Figure 2.  
To assess possible associations between the PIAQ, PCP, 
PHC, and SAP bivariate regression was conducted to 

examine how well the independent variable (x) could 
predict the level of the dependent variable (y). Table 4 
presents the outcome of all analyses.  

Table 4. Outcome of data analyses  
x y β R2adj F-value df1 df2 

CO2 PIAQ -.157* .019  4.060 1 160 
PM2.5 -.255** .059 11.170 1 160 
TVOC -.283** .074 13.903 1 160 
PIAQ PCP .163* .021 4.377 1 160 
PIAQ PHC -.366**1) 
PIAQ SAP .080 .006 .994 1 156 
PCP SAP .269** .067 12.185 1 156 

x=independent variable; y=dependent variable; β= standardized 
coefficient beta; R2adj=squared regression coefficient; df=degrees of 

freedom; *=correlation is significant at the 0.05 level (1-tailed); 
**=correlation is significant at the 0.01 level (1-tailed); 

1=Spearman's rho correlation coefficient 

The multiple regression model of the IAQ KPI CO2, 
PM2.5, and TVOC as independent factors and PIAQ as 
dependent variable was significant (F(3,158)=7.409, p 
< .000), with an R2 of .12. However, in this model only 
PM2.5 and TVOC were significant predictors (p < .05) 
of PIAQ. Inclusion of the RHi in this model contributed 
positively to the explained variance, with an R2 of .18. 
In addition, it was found that PIAQ significantly 
predicted the PCP (β = .16, p < .05). Although no 
significant association was found between the PIAQ 
and the SAP score, it was found that the PCP 
significantly predicted the SAP score (β = .27, p < .01). 
Figure 6 presents the significant (p < .05) linear 
regression bivariate standardized coefficients.  

Figure 6. Significant (p < .05) linear regression bivariate 
standardized coefficients 

DISCUSSION 
During this field study, the IAQ of two identical 
classrooms, in which this study was conducted, was 
not manipulated, resulting in similar conditions in the 
two classrooms and limited variations of the IAQ and 
TE KPI in these classrooms. These limited variations 
may explain why the observed bivariate and 
multivariate standardized coefficients are relatively 
small.  
GPOWER (Erdfelder, Faul, & Buchner, 1996) was used 
to determine the statistical power. The achieved power 
(1- β) for a bivariate normal model (one-tailed) is 
sufficient (> .80) to evaluate the assumed associations, 
given a relative small expected effect of 0.2, an α of .05, 
and a sample size of 163. 
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This study does reveal to a certain extend the 
associations between the actual indoor air conditions, 
students’ perceptions and responses to these 
conditions and their short-term academic 
performance. The recorded CO2 concentrations, even 
at the start of the lecture, were relatively high during 
all lectures and exceeded Dutch regulations for 
classrooms (RVO, 2015) and might explain the 
relatively small effect size of CO2 on PIAQ. However, 
despite these small variations, all IAQ KPI were 
significantly associated with the PIAQ. No associations 
between the IAQ KPI and other perception scales and 
SAP were examined. These relations were not assumed 
because humans may react differently to the same IAQ 
due to personal differences, as addressed in the 
introduction part.  
A significant association was observed between the 
PIAQ and the PHC, which addresses self-reported 
health issues that are related to the conditions in the 
classroom. Of these issues, the most reported issues 
were lethargy, dry eyes, and headaches. Research of 
Jaber Ahmed, Mumovic, & Ucci (2017) showed that 
reported symptoms of headache, dizziness, heaviness 
on head, confusion, difficulty thinking, difficulty 
concentrating and fatigue have a negative effect on the 
performance of students. This effect is also confirmed 
by Lee, Mui, Wong, Chan, Lee & Cheung (2012), thus 
emphasising the importance of ensuring a healthy IAQ 
to improve students actual and perceived short-term 
academic performance.  
The reported CO2 concentrations in this study should 
be considered as a proxy for air quality and ventilation 
adequacy. As mentioned before, high concentrations of 
CO2 were observed, even at the beginning of the 
lecture. This impaired IAQ can be related to human bio-
effluents, but also to material emissions, chemicals 
used indoors, as well as other indoor sources of 
pollutants. The elevated concentrations of bio-
effluents, but not pure CO2, and other constituents have 
a negative effect on students’ cognitive performance 
(Zhang, Wargocki, Lian, & Thyregod, 2017). High CO2 
concentrations of 1800 ppm might affect cognitive 
performance with 24% (Jaber Ahmed et al., 2017). The 
limited variation and the on average high CO2 
concentrations observed during the study can explain 
the absence of an association between the PIAQ and 
SAP.  
A significant association between the PCP and PIAQ 
was observed in this study. This association is also 
confirmed by previous studies (Mendell & Heath, 
2005). Furthermore, the assumed association between 
the PCP and SAP was confirmed, highlighting the 
indirect relation between classrooms IAQ conditions 
and students’ short-term academic performance. 

CONCLUSIONS 
This study confirmed associations between the IAQ 
and the PIAQ. Furthermore, this study revealed 

associations between the PIAQ and students’ PCP and 
their physical health. An association between students’ 
PCP and their short-term academic performance is 
confirmed. These associations emphasizes the 
importance of providing optimal IAQ conditions in 
classrooms for higher education. 
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ABSTRACT 

This work presents the lessons-learned from a 
Norwegian project called "Skoler på vent" – "Schools 
on hold" – which is aiming at finding simple and 
effective measures for improving the indoor climate in 
schools that have been put on hold. Schools on hold 
often suffer from dissatisfying indoor thermal comfort 
which also extents to affecting people`s health, well-
being and learning. Measurement data (temperature, 
CO2-level and relative humidity) have been collected 
from several rooms in three schools in the municipality 
of Trondheim, Norway, during two measurement 
campaigns. Furthermore, interviews with school 
employees as well as surveys among the students have 
been carried out during the same periods to gain 
insights in the perceived indoor environment. Results 
show that simple measures such as i) removing the 
lowering of heating set points during the night, ii) 
checking the radiator valve position at the end of a 
school day, iii) introducing routines for natural 
ventilation during breaks and iv) improving the room 
cleaning routines can improve the perceived indoor 
environment notably. Furthermore, the applied 
methodology is discussed and improvements 
suggested. 

INTRODUCTION 

Schools on hold 

Schools on hold are schools that are to be rehabilitated 
or demolished and replaced with new buildings, or 
where it is uncertain whether the business will be 
continued at all. These schools are still in ordinary use, 
but usually only very limited funds are set aside for 
upgrades. Only the most-needed maintenance is 
carried out, and these maintenance measures are first 
and foremost mitigation measures.  

Three schools (names are anonymized here) in the 
municipality of Trondheim, Norway, joined this 
project: 

i) School A, a secondary school that has been on the
verge of either being renovated or built new for
years. This school suffers from ventilation issues.

ii) School B, a primary school that has an insufficient
indoor environment, especially with regards to
acoustics in the newer parts of the school.

iii) School C, a combined primary and secondary
school that has reached its maximum number of
students and with maintenance for the heating
and ventilation system being on hold.

Indoor thermal environment vs. health issues 

An acceptable indoor environment is evident for good 
health, well-being and productivity of students and 
school employees. In Norwegian schools, teaching 
blocks have increased from 45 minutes to up to two 
hours. Unfortunately, schools on hold often suffer 
dissatisfying indoor thermal comfort (Arbeidstilsynet, 
2013; Becher, Bjerke, Martinsen, & Øvrevik, 2016). 
Poor indoor climate can lead to respiratory infections, 
worsening of asthma, headaches, abnormal fatigue, dry 
skin, eyes, noses or throats. 

Historically, building regulations have set more and 
more strict requirements for the technical system of 
the building, especially with regards to the ventilation 
system. However, natural ventilation and exhaust 
ventilation are still predominant solutions in 
Norwegian schools, often leading to a rather poor 
indoor climate. Studies in Norway (Gustavsen, 2013a, 
2013b), Denmark (Wargocki & Da Silva, 2015), Greece 
(Santamouris et al., 2008) and the Netherlands (Health 
Council of the Netherlands, 2010; Rosbach et al., 2013) 
show that schools often suffer from insufficient 
ventilation and thus have maximum CO2 concentration 
levels that exceed recommended levels. Gustavsen 
(Gustavsen, 2016) found that over 30 % of the 
students report health problems that can be related to 
insufficient indoor climate, such as headaches, fatigue 
and concentration problems. It is challenging to 
compare schools from different countries due to 
different climates and building regulations, but a 
common denominator is the fact that many buildings 
and their technical installations do not function in an 
optimal way due to a lack of maintenance or faulty 
operation.  

The Norwegian project "Skoler på vent" – "Schools on 
hold" aims at finding simple and effective measures for 
improving the indoor climate in schools that are put on 
hold and this work presents the lessons-learned from 
the project. 
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METHODS 

The project has two dedicated experimental 
campaigns at which both, qualitative and quantitative 
methods are employed to identify and measure indoor 
climate and health issues in all three schools. A flow 
chart of the conduction of the project and its associated 
simplified timeline are presented in Figure 1.  

Measurements 

Measurements are carried out in at least four rooms in 
each of the three schools. The rooms are chosen in 
dialogue with the school and Trondheim Municipality. 

Technical specifications of the sensors 

"Air climate sensors" ELMA DT and CA are used to 
measure the room air temperature [°C], CO2 level 
[ppm] and relative humidity (RH) [%]. ELMA sensors 
are used in School A and School B, whereas CA sensors 
are used in School C. Technical specifications of the 
used sensors are presented in Table 1. Measurements 
are registered with 2 min resolution. Sensors were 
validated against reference conditions in the climate 
chamber of the SINTEF laboratories before the first 
campaign. Most sensors were validated again before 
the second campaign. Since not all sensors were 
available for calibration then, less emphasis will be 
given to the absolute value of a measured parameter in 
the interpretation of the results. Sensors are placed at 
the same positions in the two campaigns to ensure a 
more meaningful comparability of the measurement 
data. The "air climate sensors" are placed rather 
central in each of the investigated rooms. 

Data preparation 

Regarding data analysis, the measurement data is 
divided into two periods for each school: working 
hours and non-working hours. Respective working 
hours in the three schools are presented in Table 2. For 
both periods, i) working hours and ii) non-working 
hours, two indicators are used to assess how/whether 
the proposed simple measures lead to improved 
indoor environment in the rooms/schools, based on 
the quantitative data: 

1. "Time-averaged values" for CO2, temperature and
RH,

2. "Percentage of time that a parameter (CO2,
Temperature, RH) is outside a pre-defined
boundary", with the following boundary values:

- CO2 > 1000 ppm (Folkehelseinstitutt, 2015),
- T < 19 °C (NorskStandard, 2019),
- T > 22 °C (DiBk, 2017),
- RH < 20 % (Sintef Byggforsk, 2016).

It is here pointed out, that CO2 values higher than 
2000 ppm are not considered in the calculation of the 
time-averaged value due to the strong probability that 
the registered measurement values come from persons 
blowing right into the sensors. 

Table 1. Technical specifications of the used indoor climate 
sensors. 

Parameter Measuring 
range 

Accuracy at 23 
°C ± 5 °C 

Resolution 

ELMA DT-802D (elma instruments, 2020b) 

Temperature -5 °C to 50 °C ± 1 °C 0.1 °C 

Carbon 
dioxide 

0 ppm to 
9999 ppm 

±100 ppm ±5 % 
of measured 
value  

0.1 % 

Relative 
humidity 

<90 % RH ± 5 % RH 0.1 % RH 

CA 1510 (elma instruments, 2020a) 

Temperature -10°C to 60°C ± 0.5 °C 0.1 °C 

Carbon 
dioxide 

0 ppm to 
5000 ppm 

±50 ppm  
±3 % of 
measured value  

1 ppm 

Relative 
humidity 

5 % to 95 % 
RH 

± 2 % RH 0.1 % RH 

Table 2. Overview over working hours of the investigated 
rooms in all three schools. 

School and room Working hours 

School A (all rooms) 08.15 – 14.35  

School B (all rooms) 08.15 – 13.15 

School C 

321A 08.00 – 13.45 

Blue room 08.00 – 13.45 

Care room 13.00 – 16.30 

Teachers room 08.00 – 16.00 

Figure 1. Conduction of the project. 
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It was found during the analysis of the measurement 
time series that these situations occur very rarely and 
if so, only for a very limited time (< 5min), thus 
suggesting that these peaks are not representative for 
the rooms CO2 level. 

Interviews 

Structured interviews are conducted with the 
principals, teachers, operating staff and the school 
nurses to investigate how the users perceive the indoor 
environment at their respective schools. Interviews 
are done in both campaigns, before and after the 
measures are implemented, and the interview 
questions are slightly adjusted from campaign 1 to 
campaign 2. The interviews contain text questions, 
multiple-choice, and number-rating questions. The 
majority of the interviews is carried out as telephone 
interviews, while a few informants are interviewed at 
the school. Each interview lasts for about 30 minutes.  

In campaign 1 school employees are asked how they 
perceive the indoor air quality, temperature, lighting 
and acoustics, and whether they have experienced 
discomfort or health problems that could be related to 
an unhealthy indoor environment. The teachers and 
the school nurses are also asked whether they 
experienced the indoor climate to affect the pupils` 
well-being and health, and their ability to concentrate. 
Furthermore, the interviews focus on indoor 
environment issues that can affect the psycho-social 
work environment.  

Regarding campaign 2, the same informants are asked 
to the extent possible. Additional to the questions 
asked in the first campaign, the informants are asked 
whether they know which measures the school has 
implemented after the first campaign and whether 
they have noticed any changes on the indoor 
environment, for better or worse.  

Figure 2 illustrates in a compact manner the specific 
characteristics which are of interest in the interviews 
with regards to perceived indoor environment and 
occurring health issues. It can be seen from Table 3 that 
fewer interviews are conducted during the second 
campaign, which is mainly due to the outbreak of 
Covid-19 and the understandably prioritized tasks that 
the close-down of schools implicated for school 
employees. Nevertheless, the feedback from the few 
informants can give an indication of the effect that the 
simple measures may have had on the perceived 
indoor environment.  

Surveys 

The questionnaire was sent out to all students in each 
case school. The questionnaire was answered more or 
less in the same period as the field measurements were 
conducted in both campaigns. The focus area for the 
questionnaire was health symptoms and experienced 
indoor environment problems. The number of 
respondents is presented in Table 4. 

Table 3. Number of interviews conducted at each school 
during both campaigns. 

School Number of interviews 

2019 2020 

School A 9 7 

School B 7 5 

School C 5 4 

Table 4. Survey response rate [%] for each school. 

School Respondence [% from absolute number] 

2019 2020 

School A 0 from 333 37 from 333 

School B 90 from 244 83 from 233 

School C 61 from 300 83 from 300 

In 2019, School A and School C experienced technical 
issues, which led to no answers at School A and 
reduced number of respondents at School C. 

Evaluation methods 

In this paper, main focus is given to the results from the 
qualitative data collection. Measurement results are 
used to investigate whether the change of the 
quantitative results from campaign 1 to campaign 2 
supports the qualitative results.  

Results from the conducted surveys are presented in 
the form of a radar chart for perceived indoor 
environment as well as reported health issues. For 
each school the charts contain the results for both 
campaigns in comparison to a reference school. The 
reference school is a Norwegian school which does not 
have any known issues regarding poor indoor 
environment or health. The same survey is conducted 
at the reference school to obtain reference values.   

RESULTS 

Proposed measures to improve indoor 
environment 

Several simple measures are proposed and 
implemented based on the findings from the 
qualitative and quantitative analysis of the first 
campaign in February and March 2019. These 
quantitative and qualitative results are summarized in 
Table 6 to Table 8 (quantitative) as well as Figure 2 to 
Figure 4 (qualitative) for each school respectively.    

Findings from the first campaign are summarized to be 
able to relate to the proposed measures for improving 
the indoor environment: 

1. It can be seen that especially School A and
School C suffer from too high temperature
variations throughout a day and poor air quality.
There are only few complaints about temperature
and quality at School B.

2. Students at School B and School C complain about
high noise-levels.
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Hence, most of the measures aim at improving 
temperature-related dissatisfaction and poor air 
quality. Other proposed measures focus on complaints 
related to noise. The implemented simple measures to 
improve the indoor environment and to enhance 
occupant well-being are summarized in Table 5. 

Evaluation of the implemented measures 

School A 

The results for perceived indoor environment and 
reported health issues are shown in Figure 2, whereas 
measurement data from both campaigns is provided in 
Table 6. Regarding the questionnaires among the 
students, it can be seen from Figure 2 that School A 
suffers especially from poor air quality, noise, too high 
temperature fluctuations as well as dust and dirt 
(Figure 2a). Health issues reported by the students 
exceed the results from a reference school by far 
(Figure 2b). Students especially report tiredness, 
concentration problems, headache and even dizziness. 
All these reported health issues can be related to poor 
air quality. 

Comparing the statements from the interviews for 
both campaigns, the following is reported:  

- the temperature level and air quality are more
satisfying in 2020,

- but some interviewees found it still too cold in
general,

- the temperature fluctuations throughout a day are
worse in 2020,

- More headaches and concentration problems in
2020,

- Rearranging student desks lead to student moving
the desks back to initial positions as space was too
limited.

In general, it can be seen from the measurement data 
that temperature levels are more satisfying. As 
mentioned previously, the absolute values of the 
measurements have to be read with caution, but it can 
be seen from Table 6 that the average temperature in 
the monitored rooms has increased from 2019 to 2020. 

Table 5. Proposed and implemented simple measures to 
improve the indoor environment. 

Suggested measures Implemented at 

Sc
h

o
o

l A
 

Sc
h

o
o

l B
 

Sc
h

o
o

l C
 

1. Remove night and weekend 
setback of the set-point 
temperature for ventilation and 
heating

x x 

2. Replace incandescent fixtures 
with LED

x 

3. Installation of additional 
ventilation aggregate in
classrooms

x 

4. Troubleshooting of the
ventilation system 

x 

5. Troubleshooting and application 
of the external shading system 
(if appropriate) 

x x x 

6. Student should leave rooms 
during breaks 

x x 

7. Establish natural ventilation 
routines for the breaks 

x x 

8. Teachers check radiator valves 
at the end of each school day

x x x 

9. Rearranging students desks to 
avoid local discomfort

x x 

10. Stronger focus on cleaning 
routines 

x x x 

11. Installation of noise absorption 
plates in inner walls.

x 

This can be a result of the removed night setback 
temperature. The "percentage of time outside the 
boundary value T < 19 °C" shows clearly that there are 
noticeable less low-temperature violations in 2020, yet 
school employees perceive the rooms as too cold. 
Nevertheless, the difference between the average 
temperatures in both campaigns is mostly within the 
measurement error of the sensors. 

Table 6. Measurement data from both campaigns for School A (WH – working hours, oWH – outside working hours; 
malfunctioning sensor in room 104 in 2020, hence no measurement data). 

Average values during working hours Percentage of time outside recommended boundary values 

CO2 [ppm] T [°C] RH [%] CO2>1000ppm T<19°C T>22°C RH<20% 

Room 2019 2020 2019 2020 2019 2020 2019 2020 2019 2020 2019 2020 2019 2020 

104 WH 601 - 21.3 - 27 - 0.1 - 0 - 13 - 12 - 

oWH 426 - 19.6 - 26 - - - - - - - - - 

108 WH 743 663 18.8 20 22 28 0.2 4 63 0.6 0 0 36 5 

oWH 438 540 18.1 19.3 22 28 - - - - - - - - 

203 WH 507 532 21.7 21.6 24 22 0 0 4 0 43 33 8 38 

oWH 418 420 19.8 20 26 23 - - - - - - - - 

207 WH 589 493 18.9 19.5 29 30 36 24 59 10 0 0 2 0 

oWH 436 773 17.8 18.3 30 31 - - - - - - - - 
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a) 

(b) 

Figure 2. Perceived indoor environment and health issues based on surveys among students during both campaigns for School A: 
(a) Indoor environment, (b) Health issues. 

School B 

Figure 3 shows the results for the perceived indoor 
environment (a) and reported health issues (b) for 
School B. It is evident that the biggest issues is noise 
and unease from fellow students. 
This parameter is not necessarily only related to a poor 
indoor environment, but an annoyance with other 
students can also have pedagogical and behavioural 
reasons. All other parameters are within responses 
from a reference school. Only 10 % of the students 
report poor air quality. Regarding health issues, 
students mainly report headaches (22 %), 
concentration problems (13 %) and irritation in the 
eyes (11 %). 

School employees mainly report too high 
temperatures, and irritation in the eyes in the 
interviews during the second campaign.  
Itching and irritation in the eyes can occur when air is 
too warm and too dry. It can be seen from Table 7 that 
the average temperatures in the rooms is higher in 
2020 compared to 2019. There is a notable increase in 
the percentage of time that the room air temperature 
is above 22 °C as well as a decrease in the percentage 
of time that the RH is below 20 % in the monitored 
rooms. This confirms the statements from the 
interviews. This trend can be a result of the removed 
night setback. CO2 levels are rather similar for both 
campaigns. 
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Table 7. Measurement data from both campaigns for School B (WH – working hours, oWH – outside working hours; 
malfunctioning sensor in room 273 in 2019, hence no measurement data). 

Average values during working hours Percentage of time outside recommended boundary values 

CO2 [ppm] T [°C] RH [%] CO2>1000ppm T<19°C T>22°C RH<20% 

Room 2019 2020 2019 2020 2019 2020 2019 2020 2019 2020 2019 2020 2019 2020 

217 WH 432 436 20.4 21.9 24 18 0 0 5 0 1 50 23 55 

oWH 443 459 20.5 22.0 24 19 - - - - - - - - 

222 WH 506 514 22.0 23.8 24 21 0 0 0 0 43 99 13 46 

oWH 418 419 21.6 23.4 24 21 - - - - - - - - 

273 WH - 493 - 22.1 - 20 - 0 - 0 - 47 - 45 

oWH - 460 - 22.6 - 20 - - - - - - - - 

Music WH 516 480 21.6 22.4 22 22 2 0 0 0 8 75.1 23 37 

oWH 556 436 21.1 22.1 25 22 - - - - - - - - 

(a) 

(b) 

Figure 3. Perceived indoor environment and health issues based on surveys among students during both campaigns for School B: 
(a) Indoor environment, (b) Health issues. 
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School C 

The results for perceived indoor environment and 
reported health issues are shown in Figure 4, whereas 
measurement data from both campaigns is provided in 
Table 8.  
Regarding the indoor environment, students report a 
poor air quality (35 %), too much noise from fellow 
students (40 %) and too high temperature fluctuations. 
This specific school has an open plan with few partition 
walls and no doors between the corridor and the class 
rooms. This challenge is difficult to cope with simple 
measures. All in all, it can be seen from Figure 4(a) that 
the perceived indoor environment has improved 
slightly after simple measures have been implemented 
A lot less "dust and dirt" is reported in 2020, pointing 
towards improved clearing routines.  Furthermore, the 
students are asked to tidy up their desks so that the 
cleaning staff gets better access (Ulsund, 2020).  

Figure 4(b) shows that similar health issues have been 
reported in both campaigns, but that especially 
tiredness and concentration problems have been 
reduced towards the second campaign. It can be seen 
that an irritated nose is reported slightly more often in 
2020.  

School employees report a poorer air quality in 2020 
compared to 2019. In general, temperatures seem to be 
more comfortable in the mornings. Furthermore, they 
point out that the most important measure was the 
upgrade of the lighting system to LED lighting. They 
report fewer headaches, also confirming the 
impression of the students. 

There is positive and negative feedback regarding the 
additional ventilation unit in the Blue room. On the one 
hand, the overall air quality seems to be improved. On 
the other hand, the interviewees report that students 
try to avoid sitting next to the unit due to local draught 
in combination with too low temperatures. 
Measurement results agree with the findings from the 
interviews. The average CO2 levels seems to be a bit 
higher in 2020, hence a poorer air quality may be 
reported. Furthermore, the average temperature is 
slightly higher in 2020, whereas the RH is lower during 

the second campaign. It can be seen from Table 8 that 
the percentage of time  

- above CO2 = 1000 ppm is increased in all
rooms in 2020,

- below T = 19 °C is decreased,
- above T = 22 °C is increased,
- below RH = 20% is increased.

The higher temperatures in combination with a lower 
relative humidity may lead to irritation in the eyes, 
thus agreeing with the reported answers from the 
survey. 

DISCUSSION 

The systematic method presented in Figure 1 including 
interviews, questionnaires and measurements of the 
perceived indoor environment can be used to improve 
the indoor environment, not only in "Schools on hold", 
but also in general in schools that suffer from a poor 
indoor environment.  

A possible improvement of the indoor environment 
measurement campaigns is the use of sensors that 
register the total number of persons (here teachers 
and pupils) in the room. This is important information 
when evaluating the high-resolution measurement 
data, such as CO2-levels and air temperatures. 

It is found that it is of outmost importance to involve 
the school employees, such as the principals, teachers, 
operating staff and the school nurses from the very 
beginning of the work, as these are the persons that 
implement the measures to improve the indoor 
environment. 

The uncertainties and shortcomings of the two 
conducted campaigns are discussed in the following.  

Regarding the measurements, there are two major 
issues: i) procedure of the sensor validation before the 
second campaign and ii) uncertainty about the 
occupancy rate of the rooms during campaign 2.  

The air quality sensors used at School C have not been 
validated before the second campaign as they were not 
available at that point.  

Table 8. Measurement data from both campaigns for School C (WH – working hours, oWH – outside working hours; 
malfunctioning sensor in the care room in 2020, hence no measurement data). 

Average values during working hours Percentage of time outside recommended boundary values 

CO2 [ppm] T [°C] RH [%] CO2>1000ppm T<19°C T>22°C RH<20% 

Room 2019 2020 2019 2020 2019 2020 2019 2020 2019 2020 2019 2020 2019 2020 

321A WH 637 868 20.1 20.8 28 22 9 39 17 10 8 17 8 11 

oWH 441 442 18.6 18.4 29 20 - - - - - - - - 

Blue 
room 

WH 641 740 18.6 19.5 28 20 18 19 53 32 0 0 2 53 

oWH 430 455 18.3 18.9 28 18 - - - - - - - - 

Care 
room 

WH 561 - 20.3 - 26 - 9 - 0 - 0 - 9 - 

oWH 431 - 20.2 - 26 - - - - - - - - - 

Teachers 
room 

WH 558 712 20.9 22.0 25 20 4 11 21 0 34 54 17 47 

oWH 478 574 19.4 20.8 28 21 - - - - - - - - 
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(a) 

(b) 

Figure 4. Perceived indoor environment and health issues based on surveys among students during both campaigns for School C: 
(a) Indoor environment, (b) Health issues. 

Hence, the absolute values for the second campaign 
should be treated with caution, even though the 
reports from interviews and students about perceived 
indoor environment with regards to temperature and 
relative humidity support the change in the 
measurement results from 2019 to 2020. 
Furthermore, there were two malfunctioning air 
quality sensors during the second campaign and one 
malfunctioning sensor during the first campaign, thus 
a comparison of the indoor environment is not possible 
in the respective rooms. 

Besides the technical issues related to the use of the air 
quality sensors, a second obstacle is the uncertainty of 
the occupancy rate of the rooms during the second 

campaign. During the first campaign, the teachers were 
asked to register the number of persons in a room 
throughout the school days. This kind of data is missing 
for the second campaign, thus making it difficult to 
interpret the absolute values of the CO2-levels in the 
rooms. Furthermore, a higher number of persons per 
room may also lead to increased temperatures as there 
are higher internal heat gains from occupants. 

Additional issues regarding the interpretability of the 
measurement data are i) the placement of the sensors 
in the room, ii) interference of students with the sensor 
setup and iii) the ambient weather conditions. The 
sensor in room 222 at School B was exposed to direct 
solar radiation during the afternoon (big windows 
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towards the west), thus leading to higher measured 
temperatures. Nevertheless, this also sheds lights on 
the issues of high internal heat gains from solar 
radiation for rooms without solar shading. In general, 
the ambient temperature during campaign 1 was 
considerably lower than during campaign 2. Hence, 
heat losses through the building envelope are lower 
during the second campaign, being another 
characteristic that may lead to higher average room 
temperatures during the second campaign. 

Furthermore, both measurement campaigns are held 
during wintertime. Measurements during other 
seasons would complete the results from the 
interviews and surveys as teachers and students are 
reporting on the perceived indoor environment based 
on their experience throughout a whole school year.   

Regarding the interviews, the biggest shortcoming is 
the rather low number of interviewees. A 
generalization of the statements from the interviewees 
should therefore be treated with caution. However, a 
combination of all qualitative and quantitative results 
can be used to analyse the school`s situations 
regarding perceived indoor environment. To the 
extent possible, the same persons were interviewed in 
both campaigns, implying the risk that not all teachers 
work in one of the monitored rooms on a daily basis. 
Therefore, the results from the interviews may differ 
from the quantitative results. Nevertheless, the 
statements from the school employees can give a good 
indication of the overall indoor environment of the 
respective school. 

Regarding the surveys, the most obvious drawback is 
the lack of data for School A for the first campaign. 
Among the three schools, this school has the lowest-
rated perceived indoor environment and the most 
reported health issues. 

CONCLUSIONS 

This work presents the results of a project called 
"School on hold" aiming at implementing simple 
measures to improve the perceived indoor thermal 
environment and reduce reported health issues in 
schools.  Through measurements in monitored rooms, 
interviews with school employees and surveys among 
students, it can be verified that simple measures can 
help to improve the perceived indoor environment 
notably. Such simple measures can be i) removing the 
lowering of heating set points during the night, ii) 
checking the radiator valve position at the end of a 
school day, iii) introducing routines for natural 
ventilation during breaks and iv) improving the room 
cleaning routines. The measures proposed in this 
project (see Table 5) are not school-specific, but can be 
implemented in other schools as well. The simplicity of 
the proposed measures was one of the ideas and pre-
requirements of the project. 

Regarding School A, the quantitative measurement 
results indicate that the measures helped to improve 

the indoor environment marginally. However, the 
interviewees may not notice an improvement since the 
indoor air quality is still unsatisfactory. This is also 
confirmed by the results from the surveys which show 
that the indoor environment is insufficient even with 
the implemented measures. 

Regarding School B: among the three schools, this 
school was in the best condition and suffered least 
from a poor indoor environment. Nevertheless, the 
school implemented a few of the proposed measures, 
especially daily routines, and disseminated 
information towards employees and students. 

Regarding School C: it was the school that has 
implemented the most measures, with special focus on 
the implementation of daily routines and 
dissemination among the school employees and 
students. The actual implementation of the measures, 
the involvement of and dissemination towards 
teachers and students may have impacted the 
perceived indoor environment positively.  

This project has shown that simple measures can help 
improving the perceived indoor environment in 
schools, and that especially the school principles can 
make a differences when it comes to establishing daily 
routines and knowledge transfer towards school 
employees and students.   
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NOMENCLATURE 

CO2 Carbon dioxide 

LED Light emitting diode 

oWH Outside working hours 

ppm Parts per million 

RH Relative humidity 

T Temperature 

WH Working hours 
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ABSTRACT 

The aim of this project is to investigate and predict the 
quantified effect of indoor environment on pupils’ 
health in schools in Norway during the COVID-19 
pandemic.  

The results are based on field measurements of the 
indoor environment in a Norwegian school. In 
addition, a survey (Mitt Inneklima) from NAAF was 
given to the pupils, and the result was investigated by 
using a machine learning model.  

From the field measurements it was found that the 
indoor temperature was generally too high, the 
relative humidity was too low, and the CO2-
concentration was typically below 1000 ppm.  

The survey shows that more pupils are experiencing 
various indoor climate problems every week 
compared to the reference school for almost all of the 
parameters. By using machine learning, it is found that 
Too hot is an important feature for 11 of the 12 health 
problems, while Dry air is an important feature for nine 
of them.  

INTRODUCTION 

§9 A-2 in the Norwegian Education Act states that “All 
pupils are entitled to a good physical and psychosocial
environment conducive to health, well-being and
learning.” Ministry of Education and Research (1998).
Therefore, the schools are obligated to ensure an
indoor environment that does nothing to compromise
their pupils’ health.

The children at primary and lower secondary schools 
are particularly sensitive to poor indoor climate, since 
their young, undeveloped bodies have more trouble 
dealing with the pollutants than an adult body. 
Folkehelseinsituttet (2015a). 

The year 2020 has been different from other years, due 
to the outbreak of the corona virus, SARS-CoV-2. The 
schools in Norway were closed for a long period last 
spring, but most of them have been open during the 
autumn. There have been shorter periods with 
quarantined pupils and teachers, as well as different 
and stricter infection control rules than normal.  

The school investigated in this study operated at half 
capacity the last months before Christmas due to 
COVID-19. Therefore, the amount of pupils in the 
classrooms were halved during the measuring period. 
This may change several indoor environment 
parameters.  

Too high air temperature may result in fatigue, dry skin 
and a lower tolerance for pollutants in the air. If the 
temperature is too low, the heat loss from the body 
increases, and the body can be more receptive for 
infectious diseases. Utdanningsdirektoratet (2018).  

TEK17 recommend an operative temperature between 
19℃ and 26℃ in the classroom when doing easy work. 
Another recommendation is that the air temperature 
should be below 22℃ during the heating season. DIBK 
(2017).  

Humidity is the amount of water vapor in the air. High 
humidity can lead to problems with condensation, 
mould growth, unpleasant odours, mucosal irritation, 
and a general experience of poor air quality. If the 
humidity is too low, there can be problems with static 
electricity, mucosal and eye irritation, dehydration of 
the skin, and it may increase the risk for respiratory 
infections. Becher, Bjerke, Martinsen, & Øvrevik (2016)  

Humans can tolerate some variation in humidity, and a 
relative humidity (RH) from 20% - 60% will in normal 
conditions have little influence on the experienced 
indoor climate. The recommended relative humidity 
changes with the outdoor temperature. When the 
outdoor temperature is low, an acceptable indoor RH 
could be 20% - 40%, since the low air humidity reduces 
the risk of condensation. Becher, Bjerke, Martinsen, & 
Øvrevik (2016), Helsedirektoratet (2016).   

The concentration of CO2 has been used as an indicator 
for bad indoor air quality for more than a century. A 
high concentration of CO2 indicates a too low air 
change in the room, and there may be other pollutions 
in the air. European Concerted Action (1992). The 
Norwegian institute of public health therefore 
recommends that the CO2-concentration should be 
below 1000 ppm to maintain good indoor air quality 
Folkehelseinsituttet (2015b). 
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Volatile organic compounds (VOCs) are a combination 
of different odours and gases that are emitted from 
toxins and chemicals in everyday products, for 
example from building materials, maintenance 
equipment, consumer products, or human breath. Even 
though only a small amount is emitted from each 
source, these emitted gases can accumulate over time, 
and VOCs may cause serious health problems both in 
the short and long term. Airthings (n.d.b). Researchers 
and indoor environment rating schemes recommend 
that the amount of VOCs in the indoor air should be 
below 500 ppb. WorldGBC (n.d).  

There are many guidelines and recommendations for 
the different indoor environment parameters, some of 
them are summed up in Table 1 below. 

Table 1:Summary of the recommended values for the indoor 
environment parameters in Norwegian schools DIBK (2017), 

Becher, Bjerke, Martinsen, & Øvrevik (2016) 
Folkehelseinstituttet (2015b), WorldGBC (n.d). 

PARAMETER RECOMMENDED 
VALUE 

TEMPERATURE Above 19℃ 

Below 22℃ 

RH Above 20% 

CO2 Below 1000 ppm 

VOC Below 500 ppb 

MACHINE LEARNING 

Machine learning (ML) is a subset of Artificial 
intelligence (AI). The models used in ML are capable of 
learning from themself. Every time the model runs, it 
gets a little bit smarter, learning and improving from 
experience. ML is able to analyse large quantities of 
data and may deliver more accurate results than other 
branches within computer science. However, to train 
the model adequately, more resources and time may be 
needed. Expert System Team (2020). 

Building a machine learning model 

There are four steps to build a machine learning model. 
The first one is to select and prepare the training data 
set. The training data set is data that is representative 
of the data the model will use to solve its designated 
problem. The data should be divided into two parts, 
training and testing. The training part will train the 
model, while the testing part is used to test and refine 
the model. The next step is to choose the algorithm that 
will be used on the training data set. IBM Cloud 
Education (2020). 

The third step when building a ML model is to train the 
algorithm. This is an iterative process; variables are 
sent through the algorithm, the output is compared 
with the expected results, and weights and biases in 
the algorithm can be adjusted based on the accuracy of 
the output. This trained, accurate algorithm is now the 

machine learning model. In the last step, the model is 
used and improved. IBM Cloud Education (2020). 

Evaluation parameters 

While building a machine learning model, it is 
important to evaluate the model. In a classification 
problem, there are generally four different outcomes: 
True positives, true negatives, false positives or false 
negatives. It is possible to use these four outcomes to 
evaluate the model. The true values are the values 
where the model have predicted correctly, while the 
false values are where the model have predicted 
incorrectly. Jordan (2017).  

The accuracy of the model is the percentage of correct 
predictions for the test data and can be calculated with 
equation (1). Jordan (2017). 

𝑎𝑐𝑐𝑢𝑟𝑎𝑐𝑦 =
𝑡𝑟𝑢𝑒 𝑝𝑜𝑠𝑖𝑡𝑖𝑣𝑒𝑠 + 𝑡𝑟𝑢𝑒 𝑛𝑒𝑔𝑎𝑡𝑖𝑣𝑒𝑠

𝑎𝑙𝑙 𝑝𝑟𝑒𝑑𝑖𝑐𝑡𝑖𝑜𝑛𝑠
   (1) 

Precision is the fraction of the correct predictions 
among the examples that were predicted to belong in 
the class, as shown in equation (2). On the other hand, 
the recall is the fraction of relevant examples that 
were predicted to be in a class with respect to the 
examples that actually belong in the class. This is 
shown in equation (3). Another name for recall is the 
true positive rate. Jordan (2017). 

𝑝𝑟𝑒𝑐𝑖𝑠𝑖𝑜𝑛 =  
𝑡𝑟𝑢𝑒 𝑝𝑜𝑠𝑖𝑡𝑖𝑣𝑒𝑠

𝑡𝑟𝑢𝑒 𝑝𝑜𝑠𝑖𝑡𝑖𝑣𝑒𝑠 + 𝑓𝑎𝑙𝑠𝑒 𝑝𝑜𝑠𝑖𝑡𝑖𝑣𝑒𝑠
   (2) 

𝑟𝑒𝑐𝑎𝑙𝑙 =  
𝑡𝑟𝑢𝑒 𝑝𝑜𝑠𝑖𝑡𝑖𝑣𝑒𝑠

𝑡𝑟𝑢𝑒 𝑝𝑜𝑠𝑖𝑡𝑖𝑣𝑒𝑠 + 𝑓𝑎𝑙𝑠𝑒 𝑛𝑒𝑔𝑎𝑡𝑖𝑣𝑒𝑠
(3) 

It is also possible to look at the false positive rate, 
shown in equation (4), which is the proportion of 
negative data that is mistakenly considered positive. 
Mishra (2018).  

𝑓𝑎𝑙𝑠𝑒 𝑝𝑜𝑠𝑖𝑡𝑖𝑣𝑒 𝑟𝑎𝑡𝑒 =  
𝑓𝑎𝑙𝑠𝑒 𝑝𝑜𝑠𝑖𝑡𝑖𝑣𝑒𝑠

𝑡𝑟𝑢𝑒 𝑛𝑒𝑔𝑎𝑡𝑖𝑣𝑒𝑠 + 𝑓𝑎𝑙𝑠𝑒 𝑝𝑜𝑠𝑖𝑡𝑖𝑣𝑒𝑠 
 (4) 

When the classes are unevenly distributed, these 
evaluation methods may not be very useful. If only 1% 
are in one of the classes, and 99% in the other, it would 
be easy to just build a classifier that always predicts the 
second class. Jordan (2017). 

A way to inspect the model when the classes are 
uneven is by using the F-measure. The F-measure 
combines the precision and the recall, as shown in 
equation (5). The higher F-measure, the better the 
performance of the model. Jordan (2017). 

F-𝑚𝑒𝑎𝑠𝑢𝑟𝑒 =
2 ∙ 𝑝𝑟𝑒𝑐𝑖𝑠𝑖𝑜𝑛 ∙ 𝑟𝑒𝑐𝑎𝑙𝑙

𝑝𝑟𝑒𝑐𝑖𝑠𝑖𝑜𝑛 + 𝑟𝑒𝑐𝑎𝑙𝑙
(5) 

When dealing with a binary classification problem, the 
true positive rate and the false positive rate is often 
plotted in a graph, in order to evaluate the area under 
the curve (AUC). This is called the receiver operating 
characteristic (ROC) curve. A model with high AUC is 
better for predicting true positives and true negatives 
than a model with low AUC. Manna (2020). 
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Library 

In this project two different algorithms are used. The 
first one is XGBoost, which stands for eXtreme Gradient 
Boosting. This algorithm is often used within 
supervised learning. It is based on decision threes and 
uses a gradient boosting framework. It is possible to 
use the in-built XGBClassifier on classification 
problems such as the one that appears in this project. 
Brownlee (2016). 

The second algorithm used, also used for gradient 
boosting on decision trees, is CatBoost. It is a 
readymade classifier that works well with different 
types of data and provides state of the art results. The 
name is a combination of the words “Category” and 
“Boosting”. It is possible to use the CatBoostClassifier 
that trains and applies models with a classification 
problem. Banerjee (2020). 

METHODOLOGY 

Three different methods were used to investigate the 
indoor environment and pupils’ health in different 
schools. In this article, the results from one of the 
schools is presented. The chosen school is a lower 
secondary school in Oslo, built in 1972.  

The ventilation and heating system was upgraded in 
2005, and there are approximately 600 pupils. The 
heating system is controlled by the outside 
temperature, and thus it will vary with the outdoor 
temperature due to a pre-set form which is the basis 
for how much heat should be delivered to the rooms. 
The ventilation air flow is managed by 
Undervisningsbygg Oslo and is set with a temperature 
of 19°C for the classrooms.  

Field measurements were carried out in ten 
classrooms.  The pupils in the school were given a 
survey from NAAF called “Mitt Inneklima”, and these 
results were implemented in a ML model. The goal was 
to find connections between different health problems 
and the experienced indoor environment.  

Field measurements 

For field measurements, the equipment used was 
Airhtings Wave Plus sensors and Airthings Hub as 
shown in Figure 1. Airthings Wave Plus is a wireless 
Radon and Indoor Air Quality Monitor. A local hub 
collects the signals from the instruments in the 
different rooms, allowing remote access to all the 
results from their website. 

The parameters measured by Airthings Wave Plus are 
radon, airborne chemicals (VOCs), CO2, relative 
humidity, temperature, and air pressure. The sampling 
interval is five minutes. The sensor specifications are 
shown in Table 2. The accuracy for CO2 is the highest 
value between 30 ppm and 3%. This means that the 
accuracy is ± 30 ppm with a CO2-concentration below 
1000 ppm, while it is ± 3% of the value when the 
concentration is higher than 1000 ppm. Airthings 
(n.d.a), Airthings (n.d.d).  

Figure 1: Airthings Wave Plus (left) and Hub (Right). 
Airthings (n.d.c), Airthings(n.d.a). 

Table 2: Sensor specifications for Airthings Wave Plus. 
Airthings (n.d.d). 

SENSOR SPECIFICATIONS 

TEMPERATURE Range 4℃ – 40℃ 

Accuracy ± 0.1℃ 

Resolution 0.01℃ 

RH Range 0% – 85% 

Accuracy ± 1% 

Resolution 0.5% 

CO2 Range 400 – 5000 ppm 

Accuracy ± 30 ppm or  
± 3% 

Resolution 1 ppm 

VOC Range 0 – 10 000 ppb 

Accuracy - 

Resolution 1 ppb 

The parameters that were investigated was 
temperature, relative humidity, CO2-concentration, 
and VOCs. The results used in this article was 
measured in the period between 16.11.20 – 27.11.20. 

Questionnaire design 

“Mitt Inneklima” (My Indoor Climate) is a web-based 
tool from NAAF, which can be used to map how the 
pupils experience the indoor climate in a school, and 
whether they have any health problems that may be 
related to poor indoor climate. The survey is 
anonymous, and there is no name or other personal 
characteristics on the questionnaire. This means that 
no personal data is processed in the survey. NAAF 
(2016). 
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The results from the survey are given as a percent of 
how many of the pupils’ experience health problems or 
poor indoor climate every week for the last three 
months. These results were compared to some 
reference material. This reference material is based on 
results from earlier surveys in schools without any 
known indoor climate problems. The results are shown 
in two tables, one for the experienced indoor climate, 
and one for the reported health problems. The result 
from this survey gives the principal and the school 
important information in the work with environmental 
health. NAAF (2020). 

Machine learning models 

By using machine learning, it may be possible to 
predict whether the pupils will experience health 
problems when using the known information about the 
experienced indoor environment. Four machine 
learning models was developed by a student, Maren 
Pedersen Feness last spring, and they were made 
available for use in this project. She also forwarded raw 
data from earlier surveys on “Mitt Inneklima” in order 
to train the model to recognize patterns and contexts 
between experienced indoor environment and 
different health problems. Results from surveys at the 
school, as well as the data from Maren, was then 
processed to make it compliable for use with the 
machine learning models. Two of the models uses 
XGBoost and the last two uses CatBoost.  

The raw data from the questionnaire needs to be 
processed because there are several answer choices 
available. The problem investigated is a classification 
problem, and thus, the data was reformulated to 0, 1, 
or “missing” for the answer “I don’t know”.  

In machine learning it is useful to try different methods 
for solving a problem, and then choose the method that 
gives the best results. Thus, it is necessary to examine 
the four different machine learning models after the 
data is processed, and then decide which of them have 
the best accuracy. In order to decide which model 
works the best, it was focused on the values of F-
measure and ROC AUC. The F-measure and ROC AUC 
are combinations of different accuracy-values that are 
important for finding a good model.   

By using the models, the most important features for 
the different health problems may be found. This is the 
indoor environment parameters that contributes the 
most to the different health problems.  

RESULTS AND DISCUSSION 

Field measurements 

The results from the field measurements in two of the 
classrooms at the school is shown in figure 2 - 5. These 
graphs show that the temperature is a bit high, the RH 
is sometimes a bit low, the CO2-concentration is below 
the recommended maximum value, while the VOCs 
have some high peaks. Everyone gets a spray of anti-
bac when entering the classroom, which may have 
influenced the high peaks of VOCs. 

During the time when the measurements was taken, 
the outdoor air was dry and quite cold. In the period 
with RH below 20% the outdoor temperature was 0℃-
5℃ and there was no precipitation. The lowest RH for 
all the classrooms were between 15% and 16% during 
the measuring period, which is below the 
recommended values. As a consequence, the pupils 
may have a feeling of dry skin and mucous membrane.  

Generally, these results were representative for all the 
investigated rooms. Some of the rooms has small 
periods with slightly too high CO2-concentration. 
During the measuring period, the school operated at 
half capacity due to COVID-19, and the amount of 
people in the classrooms were halved. This may affect 
the results, indicating that the results present a much 
better indoor climate than the normal situation.  

It should be noted that the temperature often is higher 
during the night than during the day. This is because 
the heating is on around the clock, including during the 
night and weekends, while the ventilation is only on 
during the school days. 

Figure 2: Measured temperature and RH in classroom 11 

Figure 3: Measured CO2- and VOC-concentration in classroom 
11 
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Figure 4: Measured temperature and RH in classroom 23 

Figure 5: Measured CO2- and VOC-concentration in classroom 
23 

Questionnaire 

Due to the situation with COVID-19, and other 
postponements, only 233 pupils at the school had 
completed the survey when the data was forwarded. 
This is a relatively small part of the pupils (38.6%), so 
the result might not be representative for the whole 
school. The next two tables were compiled with the 
results from the survey. As shown in Table 3, more of 
the pupils are experiencing different indoor climate 
problems every week compared to the reference 
school for almost all the parameters. The last three 
parameters do not have reference values yet and are 
thus not compared.  

Four of the parameters are within or below the 
uncertainty of the reference school. Those are the 
parameters shown in green in Table 3. The only 
parameter that is below the uncertainty of the 
reference school is that it is difficult to hear when other 
people talk in the classroom. This means that the pupils 
at this school do not have problems with hearing their 
teacher.  

From this, it is possible to conclude that generally, the 
pupils experience a worse indoor climate than the 
reference school. 52% of the pupils’ experience that it 
is too hot every week, while 71% thinks there is poor 
indoor air, indicating a suboptimal learning 
environment. 

Table 3: Reported indoor climate problems every week, 
compared to the reference values with the given uncertainties 

EXPERIENCED  
INDOOR CLIMATE 

RESULT REFERENCE 

DRAUGHT 12% 10% ± 6% 
TOO HOT 52% 3% ± 4% 
TOO COLD 16% 21% ± 8% 
FLUCTUATIONS IN 
TEMPERATURE 

25% 15% ± 6% 

POOR IAQ 71% 21% ± 8% 
DRY AIR 29% 15% ± 6% 
UNPLEASANT SMELL 18% 8% ± 5% 
STATIC ELECTRICITY 3% 6% ± 5% 
DIFFICULT TO HEAR 
OTHER PEOPLE 
TALKING 

5% 17% ± 8% 

NOISE FROM OTHER 
PUPILS 

23% 10% ± 6% 

NOISE FROM OUTSIDE 18% 8% ± 6% 
NOISE FROM 
ELECTRICAL OR OTHER 
EQUIPMENT 

23% 8% ± 6% 

DUST AND DIRT 23% 8% ± 6% 
POOR LIGHT 7% - 
UNPLEASANT LIGHT 14% - 
UNPLEASANT 
SUNLIGHT 

6% - 

From Table 4, it is found that every health problem is 
experienced by more pupils more often than in the 
reference school. 58% of the pupils’ experience fatigue 
every week, which is over half of them. 34% of the 
pupils at the school experience concentration 
problems while 33% of the pupils are feeling heavy-
headed every week. These results show that the pupils 
are affected by the indoor environment. A high 
temperature may contribute to the feeling of fatigue 
and concentration problems, while poor IAQ may 
contribute to the concentration problems as well as the 
feeling of being heavy headed.  

Table 4: Reported health problems every week, compared to 
the reference values with the given uncertainties. 

HEALTH PROBLEMS RESULT REFERENCE 
FATIGUE 58% 28% ± 8% 
HEADACHE 22% 14% ± 6% 
FEELING HEAVY-
HEADED 

34% 9% ± 6% 

DIZZINESS 18% 3% ± 4% 
CONCENTRATION 
PROBLEM 

33% 13% ± 6% 

EYE IRRITATION 17% 5% ± 5% 
IRRITATED NOSE 13% 7% ± 5% 
HOARSENESS 11% 5% ± 5% 
COUGHING 9% 3% ± 4% 
IRRITATED FACIAL 
SKIN 

13% 5% ± 5% 

FLAKY/ITCHY SCALP 18% 1% ± 4% 
DRY, ITCHY HANDS 15% 2% ± 4% 
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Machine learning 

After the obtained data was processed, the different 
models were tested. When checking the accuracy for 
the different models, the main focus was on the F-
measure and the ROC AUC. Most of the models had 
similar values for the accuracy, F-measure and ROC 
AUC, but the first CatBoost model turned out to be the 
best model for seven of the twelve health problems. 
Therefore, it was decided to use this model for all of the 
health problems.  

The features investigated are the different parameters 
on the experienced indoor climate shown in Table 3, as 
well as the results from some other questions 
answered in the survey.  

Figure 6 and Figure 7 shows the most important 
features for the different health problems when using 
the data from this school. There were only 233 answers 
from the questionnaire, therefore it might be difficult 
for the model to find connections between different 
features and the health problems. For Eye irritation 
and Coughing, it was found that only three and four 
features contributed to the problem, respectively.  

An important feature for 11 of the 12 health problems 
is Too hot, the exception being Irritated nose. Dry air is 
an important feature for nine of the 12 health 
problems, which is also a large share. The exceptions 
here are fatigue, dizziness and concentration 
problems. It is clear that Too hot and Dry air have a 
negative impact on human health, with one or the other 
being the most important feature for eight of the 12 
health problems.  

The five most important features for fatigue are Dust 
and dirt, Heat from the ovens, Unpleasant light, Noise 
and Too hot. Heat from the ovens and Too hot may be 
connected, and it is usual to feel tired if the 
temperature is high. The fact that unpleasant light and 
Noise is one of the most important features is also 
expected, but that Dust and dirt was the most 
important was unexpected. However, dust and dirt 
may contribute to poor indoor air quality, which may 
contribute to fatigue.  

An important part of Machine learning is the models’ 
ability to find connections that humans would miss. 
The results from the ML model shows that there are 
many connections that makes a lot of sense. However, 
some of them are not quite as expected. One of them 
being that Eczema is the most important feature for 
concentration problems. This may be due to a small 
data base for the model to use. 

Figure 6: The five most important features for the first six 
health problems at the school 

Figure 7: The five most important features for the last six 
health problems at the school 

When using the data from the training set, it was found 
that Poor IAQ was the most important feature for seven 
of the 12 health problems, and in top five for two 
additional ones. This shows that different data gives 
different results. With data from the school, Poor IAQ 
was only present as one of the five most important 
features for three of the health problems.  

Dry air, however, was one of the five most important 
features for seven of the health problems with the data 
from the training set. This shows that even if there are 
differences, there are also similarities. The machine 
learning results from the training set are shown in 
Figure 8 and Figure 9.  

Figure 8: The five most important features for the first six 
health problems with data from the training set 

Healthy Buildings 2021 – Europe

- 128 -



Figure 9: The five most important features for the last six 
health problems with data from the training set 

DISCUSSION 

Is there a correlation between the survey, the 
measurements and the results from the machine 
learning model? Results from the field measurements 
shows that the temperature in the classrooms is too 
high, while the relative humidity sometimes is too low. 
This agrees with both the results from the 
questionnaire and the results from the machine 
learning. According to the questionnaire, 52% of the 
pupils’ experience that the indoor environment is too 
hot every week. From the machine learning it was 
found that Too hot is an important feature for 11 of the 
12 health problems, while Dry air is an important 
feature for nine of them.  

From this it could be concluded that there should be 
done some changes to the temperature, and maybe 
about the humidity in the classrooms. However, it is 
difficult to make changes to the temperature, since the 
heating system is controlled by the outdoor 
temperature. Nevertheless, it might be possible to 
make some changes and make small adjustments to the 
set point for the heating. In addition, the heating could 
be turned down or maybe completely off during the 
night. It is not necessary to heat the school to above 
23℃ during the night.  

It is difficult to make immediate changes that can affect 
the low humidity when the outdoor air is dry and cold, 
but one thing that might work is to change the 
ventilation system and include a humidifier to increase 
the humidity in the fresh air. This may be a costly affair, 
and in addition it might be difficult to control the 
humidity in the whole building. It is important that the 
humidity does not increase too much, since it may 
increase the danger of mould and other micro bacterial 
growth, as well as moisture damage. Decreasing the 
temperature and ensuring that the rooms are cleaned 
thoroughly may lessen the feeling of dry air and might 
be a better solution than installing a humidifier.   

CONCLUSIONS 

In this article, the results from investigations at one 
school in Oslo were presented. The field measurements 
revealed that the temperature was generally too high, 
while the humidity was low, and there were some high 
spikes with VOCs. The CO2-concentration was typically 
below 1000 ppm, but due to Corona restrictions the 
number of pupils in the classrooms were halved during 
the measuring period. Therefore, the results might 
indicate a better indoor climate regarding CO2-
concentration than there would be in a normal 
situation.  

The results from the questionnaire shows that more of 
the investigated pupils have been experiencing 
different indoor climate problems every week than the 
reference school. 52% of the pupils’ experience that it 
is too hot every week, while 71% thinks there is a poor 
IAQ, indicating a suboptimal learning environment. It 
is also found that every health problem the 
questionnaire asked about is experienced more often 
than in the reference school. 58% of the pupils’ 
experience fatigue every week, which is over half of the 
pupils, while 34% experience concentration problems 
and 33% are feeling heavy-headed every week. 

By using machine learning it is found that Too hot is an 
important feature for 11 of the 12 health problems, 
while Dry air is an important feature for nine of the 12 
health problems. It is clear that these features have a 
negative impact on human health, with Too hot or Dry 
air being the most important feature for eight of the 12 
health problems. When looking at the results from the 
training data set, it was found that Poor IAQ was one of 
the five most important features for nine of the 12 
health problems, while Dry air was one of the most 
important features for seven of them.  
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ABSTRACT 

The objective of this work is to investigate the indoor 
environment in bedrooms ventilated by window 
opening during night-time. How window opening 
behaviour affects indoor air quality (IAQ), and how 
window opening behaviour and IAQ is influenced by 
external factors, are central questions. The context is 
renovation of detached wooden houses in Norway. To 
motivate building owners to renovate their ventilation 
system, it is important to know the typical indoor 
environment in bedrooms of existing buildings with 
natural ventilation. 37 bedrooms in 17 case houses 
were investigated by measuring temperature, relative 
humidity, CO2 and TVOC. The window opening and 
door opening was also logged. Each house was 
measured for a two-week period, during the winter of 
2021. The dwellings were renovated single-family 
houses, situated in an area with unpolluted air and 
little outside noise, outside Trondheim. The bedrooms 
had natural ventilation, and the occupants stated they 
used to open bedroom windows at night. Participants 
answered a questionnaire about motivations and 
habits regarding window opening.  

The most common motivation given for opening 
windows was to supply fresh air. The window opening 
behaviour was both predictable and persistent. 
Windows were open every night in most of the 
bedrooms, and most of the windows were opened to 
the same position every night. High CO2 levels during 
night were found in some bedrooms. In most of the 
bedrooms, the CO2 concentration was satisfying 
during night-time, although high concentrations were 
found in several bedrooms when occupied during 
daytime. Finally, indoor temperature measurements 
confirmed that many occupants prefer a low bedroom 
temperature. 

INTRODUCTION 

The scope of this research is renovation of detached 
wooden houses with a strong focus on user behaviour 
in Norway. Small wooden dwellings are responsible for 
more than half of the total energy use in the Norwegian 
building stock. A recent study found that 60% of the 
Norwegian detached households made no changes to 
the ventilation system when performing an energy 
renovation, while only 9% installed balanced 
mechanical ventilation. However, renovation usually 
includes a substantial improvement in airtightness of 

the building envelope. This reduces the air change due 
to infiltration, demanding specific ventilation 
measures to provide sufficient indoor air quality (IAQ). 
Opening bedroom windows at night is a common 
method to perform natural ventilation. Many people 
accept and prefer lower temperatures in bedrooms 
than in other parts of the home, see e.g. (Berge & 
Mathisen, 2016; Bjorvatn et al., 2017; Thomsen et al., 
2016).  

The objective of this study was to investigate IAQ in 
window-ventilated bedrooms in renovated houses. 
Important questions were whether a satisfying indoor 
environment can be achieved in bedrooms by opening 
the window during night-time, and whether people 
actually make the window opening area large enough 
for sufficient air change.  

Bedroom are often small rooms where occupants 
spend many hours, often with the door closed. 
Although almost one third of people`s life is spent in 
bedrooms, there are not many field studies monitoring 
IAQ in bedrooms. Very few studies have measured 
diurnal and weekly fluctuations, and investigated the 
relationship between IAQ and window opening 
behaviour over these time scales (Andersen et al., 
2013; Fernández-Agüera et al., 2019).  

Installing balanced mechanical ventilation in an 
existing building may be challenging or expensive. 
Therefore, it is important to better understand the 
performance and limitations of natural ventilation in 
bedrooms. With good IAQ, these bedrooms could be 
left out of the balanced mechanical ventilation system 
and lead to simpler installations. With poor IAQ, the 
study may increase the motivation in investing in a 
(more expensive) balanced mechanical ventilation 

Indoor air quality (IAQ) 

Measured CO2 concentration is a common indicator of 
the air quality, but is not itself regarded as a hazardous 
component. In general, CO2 concentrations of 1000 
ppm is used as a threshold value (Arbeidstilsynet, 
2016). The standard NS-EN16798 operates with four 
different categories for IEQ, corresponding to different 
CO2 concentrations ("NS-EN 16798-1 Energy 
performance of buildings - Ventilation for buildings," 
2019). 

Several studies report low air change rates (ACH) and 
high levels of IAQ parameters. 344 residences in Oslo 
were investigated in fourteen-day periods (Øie et al., 
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1998). The total air change rate was measured with a 
passive tracer gas method, and showed that 36% of the 
residences had a lower air change rate than the 
national requirement (0.5/h). The studied dwellings 
included apartments and single-family houses with 
both mechanical exhaust and natural ventilation. 

A similar investigation was done in 157 single-family 
houses and 148 apartments in Sweden during the 
heating season (Langer & Bekö, 2013). The mean air 
change rate was shown to be 0.37/h in the single-
family houses, and 0.5/h in the apartments. This 
resulted in 85% of the single-family houses having an 
air change rate below 0.5/h, and 74% for the 
apartments. The results indicated that the buildings 
with natural ventilation had lower air change rates 
than those with mechanical ventilation.  

The concentration of TVOC and formaldehyde was also 
investigated in the same study. The median 
concentrations found in this study were lower than the 
guideline values for formaldehyde suggested by WHO 
(WHO, 2010). Langer also found a negative correlation 
between the air change rate and the two pollutants. 

Bedrooms, ACH and IAQ 

Similar ACH were found investigating children’s 
bedroom of 390 Swedish homes (Bornehag et al., 
2005). The bedrooms in the single-family houses had a 
mean ventilation rate of 0.36/h, while the mean rate 
was measured to be 0.48/h in the apartments. Like Øie, 
Bornehag also found higher ventilation rates in the 
single-family houses with mechanical exhaust and 
supply ventilation, compared to those with natural 
ventilation. A passive tracer gas method was used, with 
a duration of one week. 

The bedrooms of 500 Danish children were 
investigated in for periods of 2 days and 2 nights 
between March and May 2008 (Bekö et al., 2010). The 
CO2 concentration was measured during night-time 
and the ACH estimated by a single-zone mass balance 
model. The opening of windows and doors was logged 
by the parents. The results showed that 57% of the 
bedrooms had air change rates of less than 0.5/h. The 
study also indicated that the air change rate increased 
together with the occupant number, assuming more 
frequent window opening at higher occupancy. The 
windows were, however, closed both nights in 80% of 
the rooms. 33% of the bedrooms experienced a 20-
minute period where the average CO2 level was above 
2000 ppm and 6% where the concentration was above 
3000 ppm. 

Other studies have also found high CO2 levels in 
bedrooms during night-time. The indoor environment 
in 79 residences with natural ventilation in Greenland, 
was investigated for a period of seven days (Kotol et al., 
2014) In 66% of the bedrooms the average night 
concentration exceeded 1000 ppm in winter. 46% of 
the bedrooms experienced 20-minute periods with 
CO2 concentration exceeding 2000 ppm. 

Aubin et al. investigated 115 Canadian homes, using 
the Perfluorocarbon Tracer (PFT) technique (Aubin et 
al., 2012). In winter and fall, 85% of the homes did not 
achieve the nominal air change rate of 0.30/h. The 24-
hour averaged CO2 concentrations in bedrooms were 
1024 ppm. Formaldehyde and VOC was also measured 
using passive sampling, and showed more pollution 
when lower ACR.  

Bedroom conditions were measured in 26 low-energy 
houses in Scotland, with both balanced and natural 
ventilation (Sharpe et al., 2014). CO2 levels in February 
were consistently above 1000 ppm in 62% of the 
bedrooms with natural ventilation. All but three of the 
bedrooms have some periods above 1000 ppm. CO2-
levels were generally lower during summer.  

A study across the whole season, of 26 Japanese 
bedrooms with natural or mechanical ventilation, used 
the PFT technique. (Shinohara et al., 2011). The mean 
ACH in the bedrooms was 1.3 in summer, 0.49 in 
autumn, 0.38 in winter, 0.84 in spring and 1.4 the 
following summer. 

A Spanish study (Fernández-Agüera et al., 2019) 
measured indoor air quality in 3 case houses with 
natural ventilation. The typical median levels of CO2 in 
bedrooms ranged between 1199 and 2385 ppm. [5]. 

A study in Estonia involving 88 bedrooms with 
different ventilation strategies, used the night-time 
occupant generated CO2 to calculate ACH. Results 
showed a mean bedroom air change rate of 0.6/h, and 
mean air change rate of 0.32/h for the whole building, 
during winter (Ilomets et al., 2018). 

Several studies on bedrooms have found seasonal 
variations of ACHs and some of the IAQ parameters, 
with higher concentrations in winter or fall (Aubin et 
al., 2012; Du et al., 2012; Fernández-Agüera et al., 
2019; Hou et al., 2017; Sharpe et al., 2014; Shinohara 
et al., 2011). However, Bekø (Bekö et al., 2010) did not 
find any correlation between outdoor temperature and 
ventilation rate in Danish bedrooms. One study 
reported a correlation between low infiltration and 
high CO2 level (Fernández-Agüera et al., 2019). Some 
studies also reported higher ACH or lower CO2 
concentrations in bedrooms than the living rooms or 
the rest of the apartment (Du et al., 2012; Fernández-
Agüera et al., 2019; Hou et al., 2017; Ilomets et al., 
2018), but others the opposite (Park et al., 2014). 

Some studies show rather high CO2 levels also in 
bedrooms using balanced ventilation. One study found 
that 2 out of 7 measured bedrooms exceeded 1200 
ppm, 5 and 6% of the night-time (Berge & Mathisen, 
2016). Corresponding levels were reported in a 
Swedish study, where air quality was investigated in 
20 new passive houses and 21 conventional new 
houses. The average CO2 level in the bedrooms 
exceeded 1000 ppm 6% of the time in the passive 
houses and 10% of the time in the conventional houses 
during the two-week measuring period (Langer et al., 
2015). 
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In conclusion, although the number of studies is 
limited, they suggest that the IAQ is not sufficient in a 
large fraction of the bedrooms with natural ventilation. 

Window opening behaviour 

A Norwegian survey (Bjorvatn et al., 2017) reported 
that about 30% of the 1001 respondents always sleep 
with the bedroom window open. The percentage 
increases with increasing age. An investigation of the 
window opening behaviour in Danish dwellings 
(Andersen et al., 2013), found window openings most 
common in bedrooms, particularly the main bedroom. 
He also found that CO2 concentration and outdoor 
temperature correlates with the opening of windows. 
Closing behaviour relates to low indoor and outdoor 
temperature. RH seemed to correlate to both opening 
and closing. A study monitoring 10 dwellings in UK 
(Jones et al., 2017), found a correlation between 
window closing and both windspeed and rainfall. Bekø 
(Bekö et al., 2010) found that, for bedrooms, the driver 
to open windows, is to obtain fresh air and not to 
control the indoor temperature. However, a survey in 
highly-insulated buildings with balanced ventilation 
(Berge et al., 2016), showed that the main motivation 
to open windows was temperature regulation. 

An investigation of window opening in Belgium 
(Verbruggen et al., 2020), found that many occupants 
follow habits regarding window openings, indicating 
that the window use is less related to the 
environmental variables. Most occupants have specific 
behaviours in the different rooms, especially in the 
bedroom (97%). Many open or close windows when 
going to bed, and getting up, while more than 10% 
leaves the bedroom windows always open in 
wintertime (also in houses with balanced ventilation). 
This increases to 37% in summer. Also a study in the 
UK (Sharpe et al., 2014) observed window opening 
being more prevalent in the summer. 

A survey on ventilation behaviour during heating 
season was done (with 4534 responses) in 
Netherlands (Levie et al., 2014). They found clear 
differences in window opening behaviour in different 
rooms. For bedrooms, 90% of the respondents report 
to ventilate at least 1 h per week, 60% more than 7 h, 
50% more than 14h and 30% more than 56 h per week. 
In general, bedrooms were ventilated considerably 
more than the living room during the heating season. 
Occupants of houses with better insulation, seemed to 
have windows or doors opened for a longer period. 

In conclusion, the literature shows large differences of 
user behaviour regarding window openings. In many 
studies, the window openings appear to be more 
frequent in bedrooms than the other rooms. Window 
openings also seem to follow the culture and habits. In 
that respect, Norwegians use window openings 
extensively in bedrooms. 

Bedroom temperature 

Several studies have shown that many occupants 
accept or prefer low bedroom temperatures. A 
Norwegian survey  (Bjorvatn et al., 2017) reported that 
about 32% of the 1001 respondents prefer a bedroom 
temperature below 12°C, and approximately 38% 
prefer a temperature between 13-17°C during the 
heating season. The desire for cool bedrooms is also 
shown in Denmark by measurements in bedrooms 
after renovation (Bjørneboe et al., 2017; Thomsen et 
al., 2016). 

A study in China’s hot summer and cold winter region 
(Liu et al., 2019) found that that occupants in have a 
very strong tolerance to low temperatures in 
bedrooms: 80% of occupants regarded the acceptable 
lower temperature to be as low as 4.7°C and the neutral 
temperature was found to be 10.7°C. However, one 
study (Sharpe et al., 2014) observed high temperature 
in UK bedrooms and concluded that “it would seem 
that the notion of a bedroom as a cooler space, used 
infrequently, is outdated”. These studies show that 
preferences vary between countries, due to differences 
in culture, buildings and heating systems. Bedrooms 
used only for sleeping, equipped with highly insulating 
duvets may induce tolerance for lower temperatures 
and for draught from open windows. 

Research questions 

The literature review showed that the IAQ in naturally 
ventilated bedrooms was lower than the standard 
requirements in a significant fraction of the buildings. 
However, the literature showed variations in habits 
and culture regarding indoor environment and 
window openings in bedrooms. In particular, the use of 
window openings and preference for low bedroom 
temperatures are more pronounced in Norway. 
Consequently, it is important to investigate the IAQ of 
natural-ventilated bedrooms in the specific case of 
Norway.  
The main research questions are to: 

• Evaluate the indoor environmental quality in
bedrooms with natural ventilation in renovated
detached houses.

• Determine whether a satisfying IAQ can be
ensured in bedrooms by window opening during
night-time.

Complementary questions are: 

• How does the window opening behaviour affect
IAQ?

• How the window opening behaviour is influenced
by external factors?

• Do people open the windows enough to achieve
good IAQ? Including during the coldest part of
winter?
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METHOD 

37 bedrooms in 17 different case houses were 
investigated by measuring temperature, RH, CO2, and 
total volatile organic compounds (TVOC). Outdoor 
temperature, occupant presence, bedroom door 
opening, and bedroom window opening was also 
logged. The window opening angle was also logged 
with an accelerometer on top-hinged and bottom-
hinged windows. Each house was measured for a 2-
week period, and the measurements logged every 5 
minutes. Measurements were also done in the adjacent 
room (typically a corridor), in order to compare 
concentrations and diurnal cycles. The intention is to 
account for the airflow between bedroom and corridor, 
as well as outdoor infiltration. The measurements 
were conducted during the winter of 2021. Long-term 
measurements (from 2 to 6 months) are also being 
done in some houses, to investigate seasonal variation 
in window opening behaviour and IAQ.  

In addition, participants answered a questionnaire 
about their motivation and habits regarding window 
opening. Most of the occupants stated that they used to 
open bedroom windows during night-time. Weather 
data is collected from a weather station located 1 to 5 
kilometres away, using the Norwegian Metrological 
Institute database. This will be used for further 
analysis (Meteologogisk Institutt, 2021). 

Description of the case houses 

All the houses are detached, have 2 floors, and are 
constructed in wood. The houses are without 
mechanical ventilation, apart from extract fans in many 
bathrooms, mostly moisture-controlled, or controlled 
with the light-switch. Most of the houses also had 
kitchen hood fans. Two houses with balanced 
ventilation was also measured, as a reference. Most of 
the bedrooms had natural ventilation (house 5 and 15). 
The houses have been retrofitted with additional 
thermal insulation and improved air-tightening, 
leading to a lower infiltration rate. However, also a few 
non-renovated buildings were included as a reference 
(house 11). All buildings are located in Rissa, close to 
Trondheim. This is a small town and rural area, with a 
semi-coastal, cold climate. So, this is not an urban 
environment, the air is unpolluted, and outside noise is 
low. All but two of the houses are owned by the 
occupants. 

Selection of buildings and occupants 

To identify suitable renovated houses, building 
companies have been contacted, as well as the personal 
network of the authors. This study targets inhabitants 
using window ventilation in bedrooms. Consequently, 
occupants stating they often open the bedroom 
window when sleeping have been asked to participate. 
(However, this behaviour varies between different 
members of the households). Therefore, the case 
buildings may not be representative for Norwegian 
dwellings in general. 

Logging instruments 

For the measurements, the Wisensys Wireless Sensing 
System was used. This consists of a base station in each 
house, receiving data wireless from sensors 
distributed in different rooms. The sensors used were: 
WS-DLC (CO2, temp, RH), WSE-DLTa-p100 (outdoor 
temp), WSE-DLXcc-PIR (presence (infrared)), WSE-
DLXct with magnet contact SensTech-Det-02 
(window/door opening). These have the following 
accuracy: 
• CO2: ±40 ppm + 3% of reading @ 22°C
• Humidity: ±1.8%RH from 10% to 90%RH
• Temperature: ±0.3°C @ 25°C; ±0.5°C from 0-25°C
In addition, Airthings Wave Plus sensors were used.
These sensors measure temperature, RH, CO2 and
TVOC every 5 minutes (as well as radon and
atmospheric pressure). The motivation to install
Airthings was mainly to measure TVOC. They are also
a simple and robust possibility for non-invasive long-
term measurements. This also secured back-up
measurements of CO2, humidity and temperature. The
accuracy for CO2 is ±30ppm ±3% within 15-35°C.

The Airthings Wave Plus uses the Sunrise CO2-sensor 
from Senseair, which is a Non-Dispersive Infra-Red 
Sensor (NDIR). The sensor self-calibrates versus 
outdoor air concentration, so called local background 
calibration. This is based on the assumption that the 
concentration is close to the outdoor concentration, at 
some time during a period of several days. In an 
environment with continuous high CO2 
concentrations, the calibration will be inaccurate. 
There was good correlation between the Wisensys and 
Airthings measurements.  

TVOC sensor 

The Airthings Wave Plus is equipped with the Bosch 
BME680 sensor for the TVOC measurements. This is a 
tiny metal oxide (MOX) sensor based on the principle 
that the heated metal oxide changes resistance based 
on the VOCs in the air (Sensortec, 2021). 

The sensor gives one resistance value with related to 
the total VOC content, but it cannot differentiate gases 
or alcohols. It is sensitive for almost all VOC 
components. Hence, it measures TVOC as a batch but 
does not specify which VOCs. 

Like other sensors working on a similar MOX sensing 
technology, such devices cannot output an absolute 
TVOC level. These measurements are not reliable for 
comparing TVOC levels between different rooms and 
houses, but are useful for qualitative evaluation of the 
diurnal variations. The BME680 has local background 
calibration, relating to the local maximum and 
minimum values gradually over some days.  

Window opening sensors 

Previous studies on window opening behaviour have 
mostly recorded open or closed states, while the area 
of the opening has hardly been monitored. To be able 
to investigate the relation between the degree of 
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window opening and IAQ, a sensor measuring the 
window opening angle was developed in the project. 
This is based on a BBC micro:bit, which is a small, 
lightweight codable computer that is used for 
educational purposes in schools (BBC micro:bit, 2021). 
Due to its small size and light weight, it can easily be 
mounted on the window frame with double-sided tape. 
It has a built-in accelerometer as well as a flash 
memory and can be programmed in Arduino. The 
micro:bit can also communicate with other devices via 
Bluetooth. In our case, the data was stored on a 
Raspberry Pi located in the same room. Hence, a code 
for the logging and data transfer was developed. 
Accuracy was tested to be 2 degrees. More details 
regarding the window angle sensor is described by 
Skyttern (Skyttern, 2020). 

Figure 1. Sensor logging the window opening angle. 

As the method is based on measuring the vertical angle, 
this unfortunately does not work on side-hinged 
windows. Magnetic contact sensors were used for the 
side-hinged windows, recording only open and closed 
states. 

During the installation of the equipment, the size and 
shape of the windows as well as the thickness and 
extension of curtains were registered. Information 
about the curtain position and habits was also a part of 
the questionnaire 

RESULTS 

The measurements are still in process, and data is only 
partly analysed. Therefore, only preliminary results 
are presented, and some tendencies observed are 
illustrated. Five houses, with 13 bedrooms, are partly 
analysed so far. These have indications like H3B2; 
meaning house3, bedroom1. The master bedroom is 
generally given the number 1. 

Questionnaire 

So far, 40 questionnaires are analysed. All but 8 of the 
participants responded that they open the bedroom 
window at night. Fresh air was reported as the main 
motivation for opening. 16 respondents answered that 
lowering the bedroom temperature was also part of 
the motivations. However, low temperature was also 
the most common reason given for not opening 
windows, along with wind. People were in general 

satisfied with the IAQ and the bedroom temperature, 
although low temperatures were measured. Only 4 
occupants answered they used a local heat source in 
the bedroom. 

Table 1. Results of the questionnaire 

Window opening behaviour 

Results show that windows usually were open during 
the night, in the majority of the bedrooms. Most of the 
windows were opened to the same position each night. 
The window in H4B1 was open to the same position 
both day and night for the whole measuring period. 

Bedroom temperatures 

Table 2. Time-averaged bedroom temperatures 

Figure 2. Temperature in bedrooms in houses 2, 3, 4, 6, 12 
with and without occupancy. Win=open window. 

NoWin=closed window 

Only the measurements when the rooms are occupied 
between 23:00 and 07:00, have been included in the 
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nightly-averaged calculations. In addition, the nights 
with the lowest and highest average are reported, 
referred to as minimum and maximum averages.  

In almost all the analysed houses the master bedroom 
has the lowest temperature. The temperatures are 
generally low. Large variations in the bedroom 
temperature is observed in almost all the rooms. This 
is not surprising, as very few rooms had a local heating 
source, thus relying on heat flow from other rooms. 
Temperatures related to occupancy and window 
opening is show in Figure 2. The lowest temperatures 
are actually found when the window is open, and the 
rooms are occupied. 

CO2 levels

Table 3. Time-averaged night-time CO2 concentration. 

Like indoor temperature, only the measurements 
when the rooms are occupied between 23:00 and 
07:00, have been included in the nightly averaged 
calculations. The time-averaged CO2 concentration 
during night-time exceeded 1000 ppm in 5 out of the 
13 analysed rooms. The occupants in three of these 5 
rooms (H4B2, H6B2, H12B3) informed that they 
usually did not keep the windows open during the 
night in wintertime, but usually aired out before going 
to bed.  

The measurements did so far not show any clear 
tendency towards high concentrations when outdoor 
temperatures were low. This is illustrated in Fig. 3, 
during a very cold period.  

Figure 3. CO2 concentration versus outdoor temperature in 3 
bedrooms in house 12. 

Figure 4. CO2 concentration in bedrooms in houses 2, 3, 4, 6, 
12, with and without occupancy. Win=open window. 

NoWin=closed window 

Figure 5. Variation in concentration of CO2, temperature and window opening of bedroom H12B1. 
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CO2 related to occupancy and window opening is show 
in Figure 4. The lowest concentrations are found when 
the window is open, and the rooms are not occupied. 
Occupied rooms with open window also have low CO2 
levels, always lower than 1000 ppm. Occupied rooms 
with windows closed clearly show the highest levels, 
often exceeding 1000ppm. 

In most of the bedrooms, a clear daily pattern in the 
CO2 levels could be seen. Examples are illustrated in 
Figures 5 and 6. The bedroom windows are opened 
when the occupants go to bed, leading to a low CO2 
concentration during the night. The presence detector 
shows that these rooms hardly are occupied during 
daytime 

Figure 6. Variation in concentration of CO2 and TVOC, and 
window opening of bedroom H2B1. 

Figure 7. Variation in concentration of CO2 and TVOC, and 
window opening of bedroom H2B2. 

Higher daytime CO2 concentrations 

For some bedrooms, the highest levels were observed 
during the day (i.e., the afternoon or evening), with the 
windows closed during occupation. Several of these 
rooms were occupied by children or teenagers. Figure 
7 illustrates how the concentration decreases rapidly 
when the window is opened at night. The occupants in 
these rooms seem to follow the regular habit of 
opening window when going to bed, and it seems like 
this opening is sufficient for good IAQ at night.  

Total Volatile Organic Compounds 

The highest values of TVOC were seen when rooms 
were occupied with the window closed. Some high 
values were found for short durations of time (Figures 
6 and 7). Many of the peaks occur before window 
opening, and are most likely related to occupant 
behaviour. The tendency is that TVOC and CO2 has 
some correlation, but also varies separately.  

Figure 8. TVOC concentration in bedrooms in houses 2, 3, 4, 6, 
12, with and without occupancy. Win=open window. 

NoWin=closed window 

DISCUSSION 

Selections of houses and occupants 

This study targets inhabitants who state they usually 
open the bedroom window during night-time. In 
addition, the study considers building with a tight 
envelope. However, the real behaviour can differ from 
what people claim. Also, this behaviour varies between 
different members of the households. The houses are 
in a rural area, with a semi-coastal, cold climate. So, the 
air is unpolluted, and outside noise is low, not 
discouraging natural ventilation.  

In sum, a selection bias may be present in the chosen 
buildings and inhabitants. The results may therefore 
not be transferable to dwellings or inhabitants, in 
general. Finally, the number of bedrooms analysed in 
this paper is too limited to generalize the conclusions. 

Window opening area 

During the tests and the field investigations, the 
accelerometer was found to be a good solution for 
measuring the opening angle of bottom- and top-
hinged windows. Accuracy was estimated to be 2 
degrees, clearly sufficient for a qualitative assessment 
of the window ventilation. Unfortunately, the method 
does not work on side-hinged windows.  

Airflow through window openings are not only 
affected by the area, but also details of shape and 
construction. Other factors like wind speed and 
direction, temperature difference between indoor and 
outdoor, opening height and curtain configuration also 
determines the airflow through the window. 
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IAQ measurements 

During the set-up of the equipment, it was not always 
possible to place sensors optimally in the bedroom.  
Some measurements may show local values close to 
the sensor and may not be representative for the IAQ 
in the entire room. The average IAQ during the night is 
calculated for the measurement between 23:00 and 
06:00, when occupants are present. If peoples sleeping 
period deviates from this, inaccuracies may occur. 

Five of the thirteen bedrooms analysed were found to 
have high CO2 concentrations during night-time. Three 
of these rooms (H4B2, H6B2, H12B3) did generally not 
have the window open during night-time, and reported 
they usually aired out before sleeping. In room H3B1 
and H4B1, heavy curtains seemed to reduce the 
airflow. The latter rooms are also quite small, with 2 
occupants. 

In general, a quite large variation in the CO2 
concentration from day to day, or night to night, is 
observed (see Table 3).  Further analysis will seek to 
investigate reasons for this. Both occupant behaviour 
and weather variations may contribute to this 
variation. 

Window opening behaviour 

The window opening behaviour was shown to be both 
predictable and persistent. The bedroom windows 
were opened every night in most of the bedrooms. It 
seemed like many occupants had a habit of opening the 
window when going to bed.  

The measurements in house 4, 6 and 12 were done in 
the coldest periods of the winter, with average period 
temperatures of -6°C and -7.1°C. Many occupants still 
opened the window every night (Figure 5). This 
behaviour may however differ strongly between the 
individuals. 

Less extensive window opening during the coldest 
months may lead to more nights of lower IAQ. 
However, if the window is still opened during the 
colder months but with a smaller opening, the IAQ in 
the bedroom may not be lower (due to stronger driving 
forces caused by higher temperature difference 
between indoor and outdoor). 

Bedroom door positions 

Preliminary assessment of door opening data, indicate 
that bedroom doors are usually not open when the 
bedroom window is open. Thus, little cross ventilation 
is induced. We should keep in mind this is during 
winter, other seasons may be different. In the further 
work, door opening will be analysed together with IAQ 
measurements in the corridor outside the bedrooms. 

IAQ values during daytime occupation 

Some of the highest concentrations were found in the 
afternoon and evening, linked to occupancy with the 
window (and door) closed (Figure 7). This often 
seemed to be the case in bedrooms of children and 
teenagers. In most cases, the concentration decreases 

as the window is opened when going to sleep. This 
indicates how the use of the room during the day 
should be taken into consideration when natural 
ventilation is used in a bedroom.  

Also some rooms without daytime occupation, showed 
the highest CO2 concentration during the day. An 
example is illustrated in Figure 5. Airflow from other 
rooms is assumed to cause the rise during the day.  

The monitored rooms can be divided into two main 
groups: the “pure” bedrooms, and the multi-activity 
rooms (sleeping, homework, play, gaming etc.). The 
“pure” bedrooms often have the highest CO2 
concentrations at night, simply because they are 
occupied only during the night. The multi-activity 
rooms often have the highest CO2 concentrations 
during daytime. These rooms are typically used by 
children or teenagers. 

Temperature and RH 

In 10 out of 13 analysed bedrooms, the nightly-
averaged temperature was below 18°C, while only two 
had above 20°C. Seven rooms had averages below 
15°C, and the lowest minimum nightly-average was 
below zero.  These measurements confirmed that 
many occupants prefer a lower bedroom temperature. 
It indicates the importance of considering individual 
preferences when the indoor environment in 
bedrooms are evaluated. 

Temperatures related to occupancy and window 
opening is show in Figure 2. The lowest temperatures 
were actually found when the window was open, and 
the rooms occupied. With open window and no 
occupancy, the temperatures were a bit higher. The 
explanation for this may be that people tend to have a 
larger opening size when they are present (sleeping), 
than if they leave the room with the window open. 

 The RH levels in the bedrooms were relatively high, 
mainly 30-55%. If such a high RH is combined with cold 
thermal bridges and interior surfaces (with low ability 
to transport moisture), this could cause mould 
problems. Our case houses are however renovated and 
well insulated. 

CONCLUSIONS 

The indoor temperature and IAQ was measured in 37 
bedrooms with natural ventilation, mainly using 
window opening, in renovated houses. The window 
opening behaviour was shown to be both predictable 
and persistent. The bedroom windows were found to 
be open most nights, in the majority of the 13 
bedrooms analysed. Occupied rooms with open 
window showed low CO2 levels, always lower than 
1000 ppm. High CO2 levels at night were however 
found in five bedrooms, mainly due to inconsistent 
window opening. In the other bedrooms, CO2 
concentration was at a satisfying level during the night-
time. This suggests that it is possible to achieve a high 
IAQ with manual window ventilation when this is a 
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deliberate strategy, also in energy-renovated houses. 
In some rooms used for activities during daytime (like 
for children and teenagers), the most unfavourable 
conditions were found during occupancy in daytime 
with the window closed.  

The temperature measurements confirmed that many 
occupants may prefer a lower bedroom temperature 
and indicated the importance of considering individual 
preferences when the indoor environment in 
bedrooms are evaluated. 
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ABSTRACT 

This study has compared the risk of overheating of a new 
and old apartment building in Finland and aimed to 
improve the indoor temperature conditions of the new 
apartment building using the passive strategies (sun 
shading, window opening, and window properties) and an 
active cooling system. So that seven different cases were 
defined and simulated. Regarding the results, the risk of 
overheating in the old building is significantly less than in 
the new building, and using new well-insulated windows 
with the same old wall construction in the old building, 
decreases the heating demand but has no significant effect 
on indoor air temperature. So that the windows are more 
important for energy usage but not for the indoor air 
temperature in the old Finnish apartment building during 
the summer period. Using openable windows would be the 
best passive solution for keeping the indoor air 
temperature of the spaces of the new building within the 
comfort limits with less than 10% of the time above the 
recommended temperature limits based on EN 16789-1 
standard without any significant increase in heating 
demand. While Using an active cooling system in the living 
room of each apartment is the only solution that can 
provide thermal comfort for 100% of the cooling season in 
all the spaces including bedrooms. 

INTRODUCTION 
In Nordic countries overheating problems have not been an 
issue to date. However, new apartment buildings, with large 
windows and well-insulated construction have changed the 
situation “Maivel et al. (2015)” . On the other hand, studies 
showed that renovations on existing buildings may increase 
the risk of overheating in cold climate. A study by Zukowska 
et al. indicated a high risk of overheating in Danish 
renovated apartment buildings “Zukowska et al. (2019)”. 
Another study by Psomas et al. investigated the effects of 
window control systems on overheating risk in Danish 
renovated houses “ Psomas et al. (2017)”. Thus, there is a 
need for some solutions to cope with this issue and reduce 
its effects. On the other hand, overheating mitigation would 
cause an increase in energy consumption. It seems to be 
necessary to see the effects of strategies on both 
overheating and energy demand of residential buildings. 

This study has investigated the risk of overheating of a new 
and old apartment building in Finland and examined the 
passive strategies including sun shading, window opening, 
and window properties to improve the indoor temperature 
conditions of the new apartment as well as the effects of an 
active cooling system. 

MATERIAL AND METHODS 

Description of the building 

The example buildings of this study are two similar 5-story 
apartment buildings which locate in Helsinki. The geometry 
and orientation of the example buildings are the same and 
described in Fig. 1. The buildings have four living floors and 
a basement floor which is located underground containing 
storage and technical spaces. The heated net floor area of 
the buildings is 1943.5 m2. It is assumed that the example 
buildings are located in a neighborhood where they are 
surrounded by similar buildings. This is shown in Fig. 2.  

The new building is assumed to be built after 2012 while 
the old building belongs to the 1960s. Thus, ventilation 
systems, envelop properties, window to wall ratio, and 
window properties are different according to their 
construction year. The new and old buildings envelop 
properties including the U values and window properties 
are reported in Table 1 and 2. 

The ventilation system in the old apartment building is a 
mechanical exhaust CAV ventilation system. The specific fan 
power (SFP) of the ventilation system is 0.7 kW/m³/s. The 
floor plan, room types, and exhaust airflow rates (negative 
values) in different rooms of the old apartment building are 
shown in Fig. 3. The air leakage rate of building envelope q50 

Figure 1. The geometry of the building. 
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at 50 Pa pressure difference is 4 m3/hm2. The total air 
exchange rate of the building is 0.52 ACH in both old and 
new buildings.  

The ventilation system of the new apartment building is a 
constant air volume (CAV) mechanical supply and exhaust 
ventilation system. The setpoint temperature of supply air 
heating is 17 °C and it is assumed that supply and exhaust 
air temperature increase by 1 °C due to fans and ducting. 
The air handling unit (AHU) doesn’t have mechanical 
cooling. The AHU is equipped with a district heated reheat 
coil which is used for heating supply air. The specific fan 
power (SFP) of the ventilation system is 1.8 kW/m³/s. The 
room types and the airflow rates in different rooms are 
shown in Fig. 3 in which positive values are the supply 
airflow rates and the negative ones the exhaust airflow 
rates. The air leakage rate of building envelope q50 at 50 Pa 
pressure difference is 2 m3/hm2. 

Table 3 shows the number of occupants in each apartment 
type in both buildings. The occupancy density is 1 occupant 
per 28 m2. The activity level of 1.2 MET and adjustable 
clothing level (0.85 ± 0.25 CLO) are used. It is assumed that 
there are no heat gains from occupants in the staircase and 
base floor. The presence of the occupants corresponds with 
the lifestyle of working townspeople. 

In both buildings, all the windows of the apartments are 
equipped with blinds between the outer windowpanes. The 
blinds between panes are used when There are no blinds in 
the windows of the staircase. 

 The heating system of both old and new buildings is district 
heating (DH) and the efficiency of the heat exchanger in the 
DH substation in the building is 97%. Space heating is 
carried out by 70/40°C water radiators and the heat 
distribution efficiency is 80%. The temperature setpoint of 
space heating is 21 °C in the apartments, except 22 °C in the 
bathrooms. The setpoint of space heating is 17 °C on the 
staircase and basement floor. There is no mechanical 
cooling in the base case.  

The annual net heating demand of domestic hot water 
(DHW) in both old and new buildings is 35 kWh/m2, per 
total heated net floor area of the building. It is that DHW 
consumption is constant with time. Heat losses of the DHW 
circuit are 0.56 W/m² and 50% of the heat losses can be 
assumed to end up with internal heat gains in the zones. The 
total annual electricity consumption of household 
equipment is 21.0 kWh/m2, per heated net floor area. The 
electric power of the appliances (W/m2) is assumed to be 
evenly distributed by the floor area of all the simulated  

Table 1. The envelope properties of the new building. 

zones in the apartments and the appliances are used every 
day between 7:00-23:00. There are no appliances on the 
staircase or base floor. 

The total annual electricity consumption of indoor lighting 
is 7.9 kWh/m2, per total heated net floor area of the 
building. The electric lighting power (W/m2) is assumed to 
be evenly distributed by the floor area of all the simulated 
zones in the apartments and by the floor area of the 
staircase. There are no heat gains from lighting on the base 
floor. The usage time of the lights are: 

May to August: between 21:00-23:00 

Sep to Apr: between 6:30 - 9:00 and 15:00 – 23:00 

The internal door of the bathrooms or WCs is always closed 
but the other internal doors inside the apartments are 
always open. The air airtightness of the closed doors is 
considered in the simulation and the equivalent leakage 
areas at 4 pa pressure difference are 0.02, 0.1, and 0.08 m2 
for the bathroom door, doors between the apartments, the 
outdoor of the staircase, and the staircase, respectively. 

Climatic data and simulation tool 

The simulation period of the cases is one year, and the 
weather data of the study are TRY (2012) of Helsinki-
Vantaa, which describes the current average climatic 
conditions of southern Finland “Kalamees et al. (2012)”. 
The average outdoor temperature of three summer months 
(June, July, and August) is 15.9 °C and the annual average 
outdoor temperature is 5.6 °C. 

The time resolution of the simulation results is 1 hour. The 
simulation is done using the validated dynamic building 
simulation tool IDA ICE 4.8. 

Table 2. The envelope properties of the old building. 

Elements of 
construction 

U value 
(W/m2K) 

g-value q50 (m3/h,m2) 

External wall 0.17 _ _ 

Roof 0.09 _ _ 

Base floor 0.17 _ _ 

Air leakage _ _ 2 

window 1.0 0.35 _ 

Elements of 
construction 

U value 
(W/m2K) 

g-value q50 (m3/h,m2) 

External wall 0.6 _ _ 

Roof 0.34 _ _ 

Base floor 0.6 _ _ 

Air leakage _ _ 4 

window 2.5 0.76 _ 

Figure 2. The location of the simulated example building (black 
box) and the surrounding buildings (grey boxes). 
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Table 3. The total number of occupants in each apartment type. 

Apartment No of rooms No of occupants 

A 3 3 

B 1 1 

C 2 2 

D 3 3 

E 4 4 

Simulation Cases 

There are 5 different cases defined to investigate the effects 
of sun shading, building age, window opening, and window 
properties, and an active cooling system on energy demand 
and indoor air temperature conditions of the new building 
which is the main focus of this study. Furthermore, the 
indoor conditions of the existing old building, as well as the 
effects of replacing its windows with the new well-insulated 
windows, are investigated in two cases. 

Case 1 is a reference case without mechanical cooling and 
openable windows. Properties of the building and HVAC 
system are as described previously. It simulates the new 
building. 

Case 2 is similar to Case 1, but there are no blinds in the 
windows. 

Case 3 is the old building with the properties that are 
described previously. 

Case 4 is similar to Case 3, but the old windows have been 
replaced by new windows similar to the new building as in 
table 1. 

Case 5 is similar to Case 1, but the building is equipped with 
solar protection windows whose U-value is 1 W/m2K, but 
the total solar heat transmittance (g-value) of the windows 
is 0.19 and the direct solar transmittance (ST-value) is 0.16. 

Case 6 is similar to Case 1, but 10% of the area the largest 
windows of each room is open during the occupied hours 
when the indoor temperature of a room exceeds 25 °C 
which is the target value of the maximum indoor air 
temperature in Finnish classification of indoor climate 
“Ahola et al. (2019)”.  

Case 7 is similar to Case 1, but the living room of each 
apartment is equipped with a split cooling unit. 
Dimensioning cooling capacity of the units is 45 W/m² and 
the area used in the dimensioning is the total floor area of 
the apartment. SCOP of the cooling unit is 3. The 
temperature setpoint of space cooling is 23°C.  

These cases are briefly described in Table 4.

Table 4. Brief description of the simulation cases. 

Cases Description 

Case 1 New building, Ref Case Base Case which is the reference case. 

Case 2 New building with no blinds There are no blinds in the windows 

Case 3 Old building The building properties correspond to old apartment buildings built in the 1950s 
and 1960s.  

Case 4 Old building with new windows The building properties correspond to old apartment buildings built in the 1950s 
and 1960s, but the old windows have been replaced by new windows similar to 

Case 1. 
Case 5 New building with solar 

protection windows 
The building is equipped with solar protection windows whose U-value is like 
Case 1, but the total solar heat transmittance (g-value) of the windows is 0.19 

and the direct solar transmittance (ST-value) is 0.16.  
Case 6 New building with openable 

windows 
10 % of the area of the largest window of each room is opened during the 

occupied hours when the indoor temperature of a room exceeds 25 °C.  
Case 7 New building with an active 

cooling system 
The living room of each apartment is equipped with a split cooling unit. The 
cooling capacity of the units is 45 W/m². SCOP of the cooling unit is 3. The 

temperature setpoint of space cooling is 23°C. 

Figure 3. Floor plan and room types in the studied building. 
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Target values of indoor air temperature 

Different categories of thermal environments, which are 
used for analyzing the indoor air temperature, are based on 
EN 16798-1; the European standard specifies the indoor 
environmental parameters, which have an impact on the 
energy performance of the buildings. Table 5 shows the 
recommended range of indoor temperatures for the cooling 
season for the categories “Finnish Standards Association 
SFS.(2019)”. For comparing the cases’ results, the hourly 
indoor temperature of the warmest room of the building is 
reported and compared to Case 1 as the reference case. The 
indoor temperature in the warmest bedroom of each case is 
compared to the maximum acceptable indoor temperature 
of each category shown in Table 5. Moreover, the degree 
hours above 25 ℃ are calculated in the warmest bedroom 
of each case. 25 ℃ is the target value of maximum air 
temperature in Finnish classification of indoor climate 
“Ahola et al. (2019)”.  

RESULTS 

The results are presented in two different parts, in the first 
one, the annual district heating and space cooling electricity 
consumption of each case are compared. The second one is 
an assessment of the indoor air temperature in the warmest 
bedroom of the building to find out the effects of each 
strategy on indoor conditions.  

Energy consumption 

Table 6 is a summary of the breakdown of district heating 
and space cooling electricity consumption in all 7 cases. The 
effects of each strategy on district heating demand for space 
heating and the reheat coil of ventilation and cooling 
electricity will be discussed. 

Omitting the blinds in Case 2 decreases the district heating 
demand by 1.6% due to the increase of solar heat gain in the 
heating season. 

Table 5. Different categories of thermal environments based on EN 16798-1. 

Type of building or space Categories Explanation 
Temperature 

range for 
cooling ℃ 

Residential buildings, living spaces 
(bedrooms and living rooms, etc.) 

Activity 1.2 MET 

Ⅰ High level of expectation only used for spaces 
occupied by very sensitive and fragile persons 

23.5-25.5 

Ⅱ Normal expectation for new buildings and 
renovations 

23-26

Ⅲ A moderate expectation (used for existing 
buildings) 22-27

Table 6. Breakdown of annual energy consumption (kWh/m2)

1 2 3 4 5 6 7 

Ref 
case 

No 
blinds 

Old 
construction 

Old construction 
and new 
windows 

Solar 
protection 
windows 

Openable 
windows 

Active 
cooling 
system 

district heating (spaces + AHU) 36.7 36.1 145.5 127.4 37.3 36.8 37.2 

Electric space cooling  0.0 0.0 0.0 0.0 0.0 0.0 2.5 

Difference (%) of District heating in 
comparison to Ref case -1.6 % 296.5 % 247.1 % 1.6 % 0.3 % 1.4 % 

Old construction and old windows with Poor thermal insulation 
level and ventilation without heat recovery in Case 4, caused a 
significant increase with 296.5% in the district heating demand. 
While using the new windows with a higher U value with the 
old construction increases the district heating demand by 247% 
which is about 50% less (Case 4).  As can be predicted, solar 
protection windows in Case 5 cause a slight increase in the 
district heat demand because of the lower solar heat gain in the 
heating season, and the openable windows don’t have a 
significant effect on district heating consumption.  

In Case 7, an active cooling system is used in the living room 
of each apartment. The space cooling electricity consumption is 

2.5 kWh/m2 which is significantly lower than the energy 
consumption for space heating.  

The assessment of the indoor air temperature 

Some of the changes in different cases do not affect heating 
demand but can change the indoor temperature in the 
cooling season. Therefore, analyzing the hourly indoor 
temperature seems to be necessary. 

The annual hourly indoor air temperature and the 
overheating risk are investigated in the warmest bedroom 
of both building types which is shown in Fig. 4 with a red 
star. It is located in Apartment D and faces to the south. 
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The duration curves of the indoor air temperature of each 
case in the warmest bedroom of the building are shown in 
Fig.5. The degree hours above 25 ℃ in the warmest 
bedroom of the building in each case are calculated and 
reported in Table 7. 

As can be seen in Fig.5 omitting the blinds causes a slight 
increase in indoor air temperature with less than 1 ℃. Old 
construction in cases 3 and 4, decreases the temperature 
significantly in both the cooling and heating season. The 
solar protection window in Case 5, has a small effect on 
indoor air temperature, while the openable window 
decreases the indoor air temperature in a way that the 
maximum temperature goes down to around 27℃. The 
active cooling system in the living room decreases the 
indoor air temperature of the warmest bedroom to below 
25 ℃. 

The degree hours above 25 ℃ in the warmest bedroom in 
the case with no blinds increase by 32 % in comparison to 

the base case. Old construction reduces the degree hours 
above 25 ℃. However, the combination of old construction 
and new windows reduces it more. 

The least effective passive solution on degree hours above 
25 ℃ is the solar protection windows by a decrease of 22%. 
The most effective one is the openable window by a 95% 
decrease. 

The active cooling system in the living room is the only 
studied solution that can reduce the degree hours above 25 
℃ in the bedroom by 100%. 

On the other hand, it is necessary to compare the results to 
the standards. The percentage of time in which the indoor 
air temperature of the warmest bedroom is higher than the 
maximum recommended temperature in each thermal 
environment category is calculated based on EN 16798-1 
standard in each case. It is shown in Fig.6. 

The case with the active cooling system is the only studied 
solution in which the indoor air temperature of the 
warmest bedroom is below the recommended temperature 
in all three categories.  

Table 7. The degree hours above 25 ℃ in the warmest bedroom of each case. 

1 2 3 4 5 6 7 

New 
building, 
Ref case 

New 
building 
with no 
blinds 

Old building 
Old building 

with new 
windows 

New building 
with solar 
protection 
windows 

New building 
with 

openable 
windows 

New building 
with active 

cooling 
system 

Degree hours 
above 25℃ 

7291 9604 2244 1848 5694 389 0 

Difference (%) in comparison 
to Ref case 32 % -69 % -75 % -22 % -95 % -100 % 

Figure 4. The location of the warmest bedroom in the 
buildings 

Figure 5. The duration curves of indoor air temperature of the 
warmest bedroom in the buildings. 

Figure 6. The percentage of hours above the thermal comfort 
cooling temperature range in the warmest bedroom of each case 

(EN 16798-1). 
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The next effective solution is the openable window that can 
keep the indoor air temperature below the recommended 
value in more than 92%, 95%, and 98% in categories Ⅰ, Ⅱ, 
and Ⅲ, respectively. 

In the case with old construction, the indoor air 
temperature is above the recommended temperature range 
in category Ⅰ about 10% of the time and about 5% of the 
time in categories Ⅱ and Ⅲ. The new window combined 
with the old construction is not that effective on indoor air 
temperature. The solar protection window reduces the 
percentage of time above the recommended temperature 
range by 5 % in comparison to the Ref case. Omitting the 
blinds can increase the percentage of the time above the 
recommended temperature range around 10 % in 
comparison to the Ref case. 

CONCLUSIONS 

This study has investigated the effect of passive strategies 
(orientation, building age, window opening, and glazing 
properties), and active cooling on indoor temperature 
conditions and the energy demand of a Finnish apartment 
building. 7 different cases were simulated in the cold 
climate of Finland. The goal was to improve the indoor 
temperature conditions in cooling months and see the effect 
of global warming on energy demand. 

Regarding the results of passive strategies, using openable 
windows would be the best solution for keeping the indoor 
air temperature of the spaces within the comfort limits with 
less than 10% of the time above the recommended 
temperature range without any significant increase in 
heating demand. Using solar protection windows can 
decrease the degree hours above 25 °C by 20-30% but 
increases the heating demand by just 1.6%. The usage of 
poor thermal insulation level and mechanical exhaust 
ventilation without heat recovery with old windows can 
decrease the overheating in cooling months but increases 
the heating demand by more than 290%. While using new 
well-insulated windows in the same old building increases 
the heating demand by about 247% but has no significant 
effect on indoor air temperature. So that the windows are 
more important for energy usage but not for the indoor air 
temperature in the old Finnish apartment building during 
the summer period. Omitting the blinds can decrease the 
heating demand by 1.6% but increases the discomfort 
hours.   

Using an active cooling system in the living room of each 
apartment is the only solution that can provide thermal 
comfort in the bedrooms. The space cooling electricity is not 
significant in comparison to the energy consumption for 
heating and utilizing the active cooling system for providing 

better indoor temperature conditions seems reasonable. 
However, considering passive strategies such as openable 
windows would be helpful. 
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ABSTRACT 

A satisfied bedroom environment is vital for the sleep 
quality of human beings.  Thermal comfort, air quality, 
acoustic comfort, and visual comfort are all verified to 
be indispensable for the overall bedroom comfort. 
However, few studies reported how occupants rate 
those environmental aspects in their bedrooms. The 
present study figured out this question by online 
morning and evening sleep diaries conducted in the 
capital region of Denmark in the heating season. A total 
of 169 sets of responses to the sleep diaries from 82 
subjects were received. Compared to those who 
accepted the bedroom environment, the subjects had 
the highest levels of the unacceptability of noise, 
following by stuffy air and a hot bedroom. Acoustic and 
thermal comfort and air quality can be improved for 
occupants to have a more satisfactory bedroom 
environment. The present study gives a sight of which 
aspects should be improved for people to have a better 
bedroom environment.  

INTRODUCTION 

A comfortable bedroom environment is important for 
occupants to achieve superior sleep quality. Caddick et 
al. (2018) reviewed the necessary parameters for an 
optimal sleep environment including ambient 
temperature, humidity, sound levels, light, and air 
quality. Temperatures influence skin temperature, 
which in turn varies sleep quality, exposure to light 
disrupts sleep since light resets the circadian 
pacemaker and it causes night waking; higher levels 
than 40 dBA leads to changes of sleep stages and an 
increase in sleep fragmentation; and poor air quality 
was also reported to be disruptive to sleep quality 
(Caddick et al. (2018)). Nevertheless, those studies 
they reviewed were almost lab or intervention studies. 
Not too many studies have examined how occupants 
rated the bedroom environment in the real world. 

A recent field study in China conducted how occupants 
rated thermal/humid sensation and air quality in their 
bedrooms before and during sleep in transition 

seasons among 104 subjects. Odor intensity perception 
and air quality acceptability were rated not only for 
“before and after sleep”, but also when the occupants 
returned to the bedrooms after left the bedroom for a 
few minutes in the morning. It was reported that 3.8% 
and 12.5% of occupants rated that thermal perception 
was unacceptable before and during sleep, 
respectively. 1%, 11%, and 21% of occupants 
unaccepted bedroom air quality before sleep, during 
sleep, and returning to the bedrooms, respectively 
(Zhang et al. (2021)).  

Another study in China conducted thermal perception 
across various climates using a 7-point scale (cold,  
cool, slightly cool, neutral, slightly warm, warm, and 
hot) and reported that 18% of occupants living in the 
region of hot summer and cold winter voted “cold” in 
winter; the percentage was the highest among five 
climates they studied (Lai et al. (2021)).  

Meng et al. (2020) examined the sound environment of 
college students in the dorm in China using an 11-point 
scale for sound perception before sleep, during sleep, 
and after waking up. They indicated that noise 
perception before sleep was the most significant, 
followed by “after waking up”, and the sound 
perception was slightly lower during sleep (Meng et al. 
(2020)).  

Molina & Yaguana (2018) investigated how occupants 
rated temperature, air quality, and illumination in their 
homes or bedrooms, either in the morning, afternoon, 
or night, using a 7-level satisfaction scale and mixed 
other methods. They reported a positive perception of 
air quality and thermal comfort in the bedrooms. Air 
quality and illuminance rated by occupants differed 
from the local and international regulations. More 
similar studies are needed for different types of 
buildings or construction systems, and climates 
(Molina & Yaguana (2018)).  

Another field study from Kallawicha et al. (2020) 
included perceived bedroom temperature and air 
quality for people during sleep in real situations to 
analyze the association between bedroom 
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environment and sleep quality. The three-point (hot, 
moderate, and cold) and four-point scales (bad, 
moderate, good, and very good) were used for rating 
bedroom temperature and air quality, respectively. 
while the results of them were not reported.  

Strøm-Tejsen et al. (2016) conducted an intervention 
study and the subjects perceived air quality during 
sleep. It was reported that the average perception of air 
quality either with the fan on or off was close to the 
middle point of the continuous scale, which referred to 
as neither fresh nor stuffy. No significant difference of 
perceived air quality was found between the fan on and 
off, although CO2 levels, the marker of air quality, with 
the fan off were more than twice with them with it on 
(Strom-Tejsen et al. (2016)). This indicated that it may 
not be easy for occupants to perceive air quality after 
staying a long time in a room.  

The studies above performed how occupants rated the 
environment either in their bedrooms or for 
intervention conditions. However, not all bedroom 
environmental aspects related to sleep were 
considered, or the time of rating was only indicated as 
“during sleep” in some studies. More comprehensive 
sleep-related time stages for rating the bedroom 
environment are needed.  

The present study aimed to investigate how occupants 
rated the environment in their bedrooms before, 
during, and after sleep in the heating season in a 
temperate climate region. Perception of thermal, 
humidity, light, sound, air quality, and odor were all 
included as parts of the bedroom environment.   

METHODS 

The present study was launched from September to 
December 2020 in the capital region of Denmark, 
where belongs to a temperate climate zone. Online 
sleep diaries were used for the participants to rate the 
bedroom environment before, during, and after sleep.  

Participants 

The participants were recruited by sending an 
invitation e-mail to all the respondents from our 
previous online survey study or by posting a poster on 
social media. Those interested in the present study 
replied to the invitation e-mail, or filled out their 
contact information by scanning the QR code on the 
poster. The present study applies to the General Data 
Protection Regulation in the European Union.  

The participants were asked to keep their regular sleep 
patterns during the period for replying to the sleep 
diaries.  

Online sleep diary 

Sleep diaries were in two versions for filling in 
evenings and mornings. The participants were asked to 
reply to the online sleep diaries for at least two 
continuous nights of sleep within ten minutes before 
and after sleep from Monday evening to Friday 
morning. Bedroom environment was rated for three 

time stages ‒ “before sleep” in the evening sleep diary, 
and “during sleep” and “after sleep” in the morning 
sleep diary.  

Perception and acceptability of the bedroom 
environment were rated by the continuous visual 
analogue scales ranged from 0 to 100. The example of 
the format is shown in Figure 1. The scales of the 
perception of thermal, humidity, and light were equally 
divided into seven parts, and the corresponding labels 
were marked on them. The labels are located at the 
scales of 0, 14.3, 28.6, 42.9, 57.2, 71.5, 85.7, and 100. 
Regarding the scales of acceptability, 0 – 49.9 and 50.1 
– 100 refer to “acceptable” and “unacceptable”,
respectively. The participants were forced to rate to be
acceptable or unacceptable to the bedroom
environment since the point of 50 was not available.
“clearly acceptable”, “just acceptable”, “just
unacceptable”, and “clearly unacceptable” were
labeled on those scales.

The terms “NOW” and “DURING LAST NIGHT” were 
used for “before or after sleep” and “during sleep”, 
respectively. "Cold/hot" was indicated the perception 
to the bed when using for rating thermal perception 
“during sleep”. 

The information of sex, age, height, and weight were 
also collected.  

Figure 1.  An example format to rate the perception and 
acceptability of the bedroom environment. 

Statistical analyses 

Statistical analyses were performed using R Studio 
(version 1.3.1093, Boston, MA, USA). All analyses were 
considered statistically significant when the p-value 
was less than 0.05 (2-tailed). 

Whether there was a difference in the perception of 
bedroom environment between “during sleep” and 
“before or after sleep” was analyzed by the Wilcoxon 
matched-pair signed-ranks test. Linear regression 
models were used to analyze the quantity of the change 
in perception from acceptability to unacceptability for 
the bedroom environment.  
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RESULTS 

A total of 169 sets of evening and morning sleep diaries 
were received from 82 bedroom occupants. 54.9% of 
them were males and the overall median (interquartile 
range, IQR) of age was 27.0 (24.3 ‒ 32.0) years. The 
median (IQR) of body mass index (BMI) was 22.4 (20.8 
‒ 24.2).  

Table 1.  Statistical data of the perception of the bedroom 
environment. 

Item Min. 1st Q. Median  Mean 3rd Q. Max. p-value

1. Thermal perception (0, Cold; 100, Hot)

Before sleep 5 34 43 45.0 56 84 0.005 

During sleep 5 36 50 48.4 59 83 Ref. 

After sleep 11 34 47 46.7 58 83 0.173 

2. Humidity perception (0, Too dry; 100, Too humid)

Before sleep 16 44 49 47.7 52 81 0.603 

During sleep 2 39 49 47.2 53 92 Ref. 

After sleep 15 37 49 47.3 54 90 0.764 

3. Light perception (0, Too dark; 100, Too bright)

Before sleep 5 18 31 34.1 49 94 <0.001 

During sleep 2 17 20 26.7 35 69 Ref. 

After sleep 2 20 33 39.0 52 86 <0.001 

4. Air freshness/stuffiness (0, Air fresh; 100, Air stuffy)

Before sleep 1 17 33 34.6 51 83 0.399 

During sleep 1 19 35 36.2 52 88 Ref. 

After sleep 0 26 50 45.2 66 89 <0.001 

5. Sound perception (0, Quiet; 100, Noisy)

Before sleep 1 8 17 22.5 33 78 0.013 

During sleep 0 7 15 19.5 26 81 Ref. 

After sleep 0 9 21 25.4 36 98 <0.001 

6. Odor perception (0, No odor; 100, Strong odor)

Before sleep 1 7 16 20.6 27 99 0.571 

During sleep 0 7 16 18.9 26 98 Ref. 

After sleep 0 10 20 24.5 35 99 <0.001 

Min., minimum; Q., quartile; max., maximum; Ref, reference. P-values 
were calculated from the Wilcoxon matched-pair signed-ranks test. 
Bold indicates significant results.  

Table 1 shows the statistical data of the perception of 
the bedroom environment. According to medians, the 
participants rated thermal perception as to be neutral 
during or after sleep, but slightly cool before sleep. 
Also, the humidity was generally neutral rated for the 
three time stages. The light was rated as to be dark 
during sleep and slightly dark before or after sleep. The 
air was rated as to be fresh before and during sleep, 
while it was rated as to be neither fresh nor stuffy after 
sleep. The sound was rated to be quieter during sleep 
compared to it before or after sleep. The odor during 
or before sleep was rated to be not as strong as it after 
sleep. Overall, air stuffiness increased on the largest 
rating difference of 17 from before to after sleep. As for 
the other bedroom environmental perception, the 
differences in ratings of the three stages were not 
considerable.  

Table 2 shows the number and percentage of the 
observations for the perception of the bedroom 
environment. A higher number of observations 
showed the perception of “cool or cold” before sleep, 

compared to the ratings for “during or after sleep”. It is 
worth noting that almost twice the number of 
observations had ratings of the air to be stuffy after 
sleep compared to the number before bed. This was 
also the most changeable bedroom environmental 
aspect between before and after sleep.   

Table 2.  The number and percentage of the observations for 
the perception of the bedroom environment. 

Item Category, n (%) 

1. Thermal perception Cool/cold Neutral Warm/hot 

Before sleep 109 (64.5) 3 (1.8) 57 (33.7) 

During sleep 83 (49.1) 10 (5.9) 76 (45.0) 

After sleep 92 (54.4) 8 (4.7) 69 (40.8) 

2. Humidity perception Dry Neutral Humid 

Before sleep 96 (56.8) 12 (7.1) 61 (36.1) 

During sleep 96 (56.8) 13 (7.7) 60 (35.5) 

After sleep 98 (58.0) 8 (4.7) 63 (37.3) 

3. Light perception Dark Neutral Bright 

Before sleep 129 (76.3) 6 (3.6) 34 (20.1) 

During sleep 147 (87.0) 5 (3.0) 17 (10.1) 

After sleep 114 (67.5) 8 (4.7) 47 (27.8) 

4. Air quality perception Fresh Neutral Stuffy 

Before sleep 123 (72.8) 3 (1.8) 43 (25.4) 

During sleep 120 (71.0) 3 (1.8) 46 (27.2) 

After sleep 84 (49.7) 1 (0.6) 84 (49.7) 

5. Sound perception Quiet Neutral Noisy 

Before sleep 147 (87.0) 1 (0.6) 21 (12.4) 

During sleep 156 (92.3) 1 (0.6) 12 (7.1) 

After sleep 149 (88.2) 0 (0) 20 (11.8) 

6. Odor perception No odor Neutral Strong odor 

Before sleep 152 (89.9) 1 (0.6) 16 (9.5) 

During sleep 158 (93.5) 1 (0.6) 10 (5.9) 

After sleep 150 (88.8) 1 (0.6) 18 (10.7) 

Table 3 shows the statistical data of the acceptability of 
the bedroom environment. Generally, the occupants 
accepted thermal comfort, air quality, acoustic 
comfort, and visual comfort before, during, and after 
sleep. According to medians, the occupants accepted 
thermal comfort more before and during sleep 
compared to them after sleep. The level of acceptability 
decreased from before to after sleep. The acceptability 
of acoustic comfort, as well as visual comfort, was the 
highest during sleep among the three time stages. The 
levels of acceptability of thermal comfort and air 
quality was the lowest “before sleep” and “during and 
after sleep”, respectively, showing by the highest scale. 

Table 4 shows the number and percentage of the 
observations for the acceptability of the bedroom 
environment. Before sleep, the number of 
observations, which showed unacceptability to 
acoustic comfort, was the highest; during sleep, the 
number of unacceptability to the thermal comfort was 
the highest; after sleep, the number of observations, 
which showed unacceptability to air quality was the 
highest.  For those who did not accept the thermal 
comfort, six and two observations had the perception 
of hot and cold, respectively, before bed; nine and four 
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observations during sleep; and five and five 
observations after sleep.  

The thermal perception was divided into two 
subgroups – “cool/cold” and “warm/hot” and the two 
subgroups were converted to 0 – 100 scales for 
building the following linear regression models. The 
higher the scale, the colder/hotter the occupants 
perceived. 

Table 3.  Statistical data of the acceptability of bedroom 
environment. 

Item Min. 1st Q. Median  Mean 3rd Q. Max. p-value

1. Thermal comfort a

Before sleep 1.0 9.9 19.9 22.7 35.4 63.4 0.903 

During sleep 0.0 9.9 22.1 24.3 36.6 63.4 Ref. 

After sleep 0.0 13.2 26.6 27.3 42.1 76.8 0.002 

2. Air quality a

Before sleep 0.0 9.9 18.8 22.2 33.2 60.1 0.034 

During sleep 1.0 12.1 23.2 24.3 36.6 73.4 Ref. 

After sleep 1.0 14.3 31.0 30.4 44.3 75.7 <0.001 

3. Acoustic comfort a

Before sleep 1.0 7.7 16.6 21.6 32.1 91.2 0.007 

During sleep 0.0 6.6 13.2 17.6 24.3 65.7 Ref. 

After sleep 0.0 6.6 15.4 20.8 31.0 95.7 0.004 

4. Visual comfort a

Before sleep 1.0 6.6 13.2 17.5 22.1 92.3 <0.001 

During sleep 0.0 6.6 9.9 13.9 18.8 47.7 Ref. 

After sleep 0.0 6.6 15.4 19.4 28.8 65.7 <0.001 

a 0, clear acceptable; 49.9, just acceptable; 50.1, just unacceptable; 
100, clear unacceptable. Ref., reference. P-values were calculated 
from the Wilcoxon matched-pair signed-ranks test. Bold indicates 
significant results.   

Table 4.  The number and percentage of the observations for 
the acceptability of bedroom environment. 

Item Acceptable, n(%) Unacceptable, n(%) 

1. Thermal comfort

Before sleep 161 (95.3) 8 (4.7) 

During sleep 156 (92.3) 13 (7.7) 

After sleep 159 (94.1) 10 (5.9) 

2. Air quality

Before sleep 163 (96.4) 6 (3.6) 

During sleep 163 (96.4) 6 (3.6) 

After sleep 147 (87.0) 22 (13.0) 

3. Acoustic comfort

Before sleep 158 (93.5) 11 (6.5) 

During sleep 162 (95.9) 7 (4.1) 

After sleep 159 (94.1) 10 (5.9) 

4. Visual comfort

Before sleep 166 (98.2) 3 (1.8) 

During sleep 169 (100) 0 (0) 

After sleep 163 (96.4) 6 (3.6) 

Linear regression models were built to predict 
bedroom environmental perceptions based on 
whether or not accepted the bedroom environment. 
The results are shown in Table 5. Humidity perception 
was not included since no direct ratings regarding the 
corresponding comfort. The level that occupants 
perceived hot during sleep increased 22.96 in the 
condition of unacceptability to thermal comfort 

compared to acceptability. Air stuffiness rated for the 
three time stages increased 26.91 – 27.46 in the 
condition of unacceptability to air quality compared to 
acceptability. The level that occupants perceived 
strong odor increased 13.07 in the condition of 
unacceptability to air quality compared to 
acceptability. Noisy levels rated increased 38.97 – 
41.44 in the condition of unacceptability to acoustic 
comfort compared to acceptability. As for thermal 
comfort (cold) and visual comfort (bright), there were 
no significant differences in ratings between 
acceptable and unacceptable assessments.   

DISCUSSION 

Subjective perception of bedroom environment in the 
heating season in Denmark was carried out in the 
present study. Perception and acceptability of the 
bedroom environment were rated for three sleep-
related time stages – before, during, and after sleep by 
the online evening and morning sleep diaries.  

The results indicate that acoustic comfort and air 
quality can be improved for occupants to have a more 
satisfactory bedroom environment.  

25.4%, 27.2%, and 49.7% of observations showed 
unacceptability to bedroom air quality before, during, 
and after sleep. The percentages were higher than 
another study conducted in China, where 1%, 11%, and 
21% of occupants unaccepted bedroom air quality. 
This indicates that more occupants unaccepted 
bedroom air quality in the heating season than 
transition seasons. Also, different situations of 
buildings, such as ventilation systems, and the number 
of occupants in the bedrooms would be reasons for the 
differences as well (Zhang et al. (2021)). Moreover, the 
observations in the study of Zhang et al. were all from 
individual occupants, while there were at least two 
observations from the same occupant in the present 
study. This also induced some bias for direct 
comparison. The odor was also related to bedroom air 
quality, especially after sleep (Table 5).  

The sound perception was rated as to be the noisiest 
before sleep, followed by “after sleep”, while the 
quietest during sleep. Also, a fewer number of 
observations showed the perception of noisy or 
unaccepted acoustic comfort during sleep than before 
or after sleep. This result was similar to the study of 
Meng et al. (2020), whose results were mentioned in 
the introduction.  

4.7%, 7.7%, and 5.9% of observations showed 
unacceptability to thermal perception before, during, 
and after sleep, respectively.  Zhang et al. (2021) 
reported a higher percentage of 12.5% of occupants 
who unaccepted bedroom thermal perception during 
sleep, while only 3.8% of occupants unaccepted it 
before sleep. Lai et al. (2021) reported a higher 
percentage of 18% of occupants voted “cold” during 
the region of hot summer and cold winter (HSCW) in 
winter, compared to the present study and the study of 

Healthy Buildings 2021 – Europe

- 149 -



Zhang et al. (2021). The outdoor temperature range 
was from 6°C to 21°C during the transition seasons in 
Beijing, China, where the study of Zhang et al. (2021) 
performed. The average outside temperature ranges 
from 0 to 10 °C during the coldest month in the region 
of HSCW, and the lowest temperature can reach below 
0°C (Wikipedia (2020)). In China, no central heating 
systems were in the region of HSCW, and also the 
heating systems were not running during transition 
seasons in Beijing, while heating systems could be 
chosen to operate as long as the occupants wanted in 
Denmark. Therefore, a higher percentage of 
observations showed unacceptability to bedroom 
thermal perception in cool/cold seasons in the studies 
in China compared to Denmark.  

Table 5.  Linear regression analyses of the perception of 
bedroom environment. 

Item Beta (95% CI) p-value a

1. Thermal comfort (hot)

Acceptable Reference - 

Unacceptable before sleep 13.57 (-6.2 ‒ 33.34) 0.522 

Unacceptable during sleep 22.96 (6.98 ‒ 38.94) 0.030 

Unacceptable after sleep 13.32 (-3.22 ‒ 29.87) 0.339 

2. Thermal comfort (cold)

Acceptable Reference - 

Unacceptable before sleep 3.88 (-22.76 ‒ 30.52) 0.999 

Unacceptable during sleep 13.66 (-7.61 ‒ 34.94) 0.410 

Unacceptable after sleep 11.79 (-6.17 ‒ 29.76) 0.392 

3. Air quality (air stuffy)

Acceptable Reference - 

Unacceptable before sleep 26.91 (10.99 ‒ 42.83) 0.007 

Unacceptable during sleep 26.97 (10.37 ‒ 43.56) 0.010 

Unacceptable after sleep 27.46 (17.3 ‒ 37.62) < 0.001 

4. Air quality (Strong odor)

Acceptable Reference - 

Unacceptable before sleep 11.53 (-3.29 ‒ 26.34) 0.126 

Unacceptable during sleep 4.04 (-9.34 ‒ 17.42) 0.252 

Unacceptable after sleep 13.07 (4.56 ‒ 21.59) 0.018 

5. Acoustic comfort (noisy)

Acceptable Reference - 

Unacceptable before sleep 41.44 (31.45 ‒ 51.43) < 0.001 

Unacceptable during sleep 38.97 (27.49 ‒ 50.46) < 0.001 

Unacceptable after sleep 40.46 (28.84 ‒ 52.08) < 0.001 

6. Visual comfort (Bright)

Acceptable Reference - 

Unacceptable before sleep 18.16 (-2.78 ‒ 39.09) 0.533 

Unacceptable during sleep - b - 

Unacceptable after sleep -2.68 (-20.19 ‒ 14.84) 0.762 

a p-values were adjusted by the false discovery rate method. b All the 
observations showed acceptability to visual comfort during sleep. All 
models were adjusted by sex, age (interquartile range), and BMI 
(below 25.0, and 25.0 or above). CI, confidential interval. Bold 
indicates significant results.  

All the occupants accepted visual comfort during sleep 
in the present study, although some occupants rated it 
a little bit bright. Exposure to light before and after 
sleep also affects sleep quality and architecture 
(Caddick et al. (2018)). Future studies will be 
conducted for this analysis.  

There are strengths and limitations in the present 
study. Almost all the environmental aspects related to 
sleep were considered. The bedroom environment was 
rated not only “during sleep”, but also “before and after 
sleep”. The samples were mainly limited to young 
adults, while a more general population and a larger 
sample size are required for generalizing the results.  

For our future plans, subjective and objective 
measured sleep quality and monitored bedroom 
environmental parameters will be reported and the 
associations of them and bedroom environmental 
perception will be analyzed to have a more 
comprehensive conclusion for the field measurement 
study.  

CONCLUSIONS 

Subjective assessments of bedroom environment were 
rated by occupants in the present study. Compared to 
those who accepted the bedroom environment, the 
subjects had the highest levels of the unacceptability of 
noise, following by stuffy air and a hot bedroom. 
Overall, occupants accepted the bedroom 
environment, but still, acoustic and thermal comfort 
and air quality can be improved for achieving a better 
bedroom environment, although the results might not 
be representative of the population because of the 
limited sample size. Enough ventilation in winter is 
necessary for bedrooms to reduce the perception of the 
stuffy air of occupants. 
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ABSTRACT 
Research on the effect of indoor air quality (IAQ) on 
sleep quality is limited. Furthermore, most research 
has been conducted with students. Therefore, the 
effect of IAQ (CO2 concentration as proxy) on the sleep 
quality of ageing adults was investigated. 
Twenty-two volunteers were studied during two 
periods of four consecutive nights. Each period at a 
different setting of a mechanical ventilation system 
(Low/High). IAQ was measured continuously. Indices 
of sleep quality were analyzed via actigraphy and 
questionnaires. Perceived IAQ was investigated as 
well. 
A significant difference in CO2 concentration was 
obtained for the two ventilation settings investigated. 
Objectively measured sleep quality, as well as 
subjective outcomes, did not differ when comparing 
both settings. At high setting, the perceived IAQ was 
improved. From the data gathered, it could be 
concluded that older people (>55 year) experienced 
more nightly awakenings, and a significantly better 
depth of sleep. Women judged the air quality 
significantly lower when compared to men. 

INTRODUCTION 
The European Energy Performance of Buildings 
Directive has given the impetus for the regulations to 
reduce the energy consumption in buildings (RVO, 
2019), presently known as the NZEB (nearly Zero 
Energy Building) regulations. They will be introduced 
in The Netherlands in 2021 (RVO, 2020). To meet the 
newly defined requirements, insulation and 
airtightness will be important design requirements. 
With better airtightness, reliable and sufficient 
ventilation becomes more important. Poor ventilation 
can lead to high indoor carbon dioxide (CO2) 
concentrations, which generally is used as a proxy for 
assessing the Indoor Air Quality (IAQ). The ASHRAE 
standard recommends a maximum CO2 concentration 
level at 700 parts per million [ppm] above outdoor 
level. With an outdoor level of 400 ppm, 1100 ppm is 
regarded acceptable for indoors. This mainly refers to 
the perceived acceptability of the air quality due to bio-
effluents (ANSI/ASHRAE, 2019). Regarding the Dutch 
Building Decree, the regulations require a minimum of 

25 m3/h per person, which assumes an acceptable CO2 
concentration near 1200 ppm (NEN, 2001). The 
European standard EN 15152 recommends for newly 
built and renovated homes (category II) a maximum 
CO2 concentration of 500 ppm above outdoors. For 
existing buildings (category III) a CO2 concentration of 
800 ppm above outdoors is recommended (NEN, 
2007). 
Insufficient ventilation, and therefore a high CO2 
concentration, can have a negative effect on health 
(Sundell, 2011) (Roelofsen, 2012). Investigations in 
homes with mechanical ventilation systems with heat 
recovery showed that higher ventilation rates were 
associated with fewer health problems (Jongeneel, 
Bogers, & van Kamp, 2011). 
The effect of ventilation on the IAQ in a bedroom and 
on the sleep quality of a person is not broadly 
investigated, e.g. (Strøm-Tejsen, Zukowska, Wargocki, 
& Wyon, 2016). Mishra et al. concluded that lower CO2-
levels (717 ppm compared to 1150 ppm) implied 
better sleep depth, sleep efficiency and lesser number 
of awakenings (Mishra, van Ruitenbeek, Loomans, & 
Kort, 2018). A more recent study, where the IAQ was 
changed by opening/closing a window (CO2 
concentration of 1656 ppm with the window closed 
compared to 637 ppm with an open window), 
concluded that the participants reported better sleep 
quality when sleeping with quieter surroundings 
(windows closed) (Liao & Laverge, 2019). The results 
from the window open situation (lower CO2 
concentration), however, did not show an 
improvement in sleep quality. More data is needed to 
better identify the potential of IAQ on sleep quality. 
The identified studies on sleep quality and IAQ 
(Mishra, van Ruitenbeek, Loomans, & Kort, 2018) (Liao 
& Laverge, 2019) (Strøm-Tejsen, Zukowska, Wargocki, 
& Wyon, 2016) influenced the IAQ through natural air 
supply. Therefore, it was not possible to control the air 
intake. The natural air supply also influenced the 
temperature and noise level. To arrive at a controlled 
ventilation rate and limit the influence of outdoor 
temperature and noise levels, in this study a 
mechanical ventilation system with heat recovery 
(MVHR) was used to influence the CO2 level. 
In addition, the studies from Mishra et.al., Liao et. al. 
and Strøm-Tejsen et.al. were conducted with students. 
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However, the majority of our population are middle-
aged men and women, leading an orderly life. 
The objective of the present study therefore was to 
examine the relation between indoor air quality and 
the sleep quality of ageing adults. Similar to the other 
studies, CO2 is set as proxy for the IAQ. The change in 
CO2-concentration has been realized with a MVHR 
system, to create as constant conditions as possible. 

METHOD 

Multiple case-controlled study 
Sleep quality and IAQ were studied for two different 
bedroom indoor environment conditions. These 
conditions were realized by two different settings of 
the MVHR-system (Figure 1). The first condition was 
with the MVHR system set at a low ventilation rate 
(LVR), level 1, and the second condition was with the 
system set at a high ventilation rate (HVR), level 3.  

The indoor air quality was assessed objectively via 
measurement of the CO2 level, temperature, relative 
humidity and noise. The sleep quality was monitored 
by measuring: sleep efficiency, sleep latency, length of 
sleep, awakenings and depth of sleep with the use of an 
actigraph armband (Sensewear). Actigraphy is a well-
validated method for field studies of sleep (Kushida, et 
al., 2001). In addition, the perceived indoor air quality 
and the sleep quality were measured subjectively with 
the use of questionnaires. For each setting (LVR/HVR), 
measurements were conducted during a period of four 
consecutive nights (each Monday until Friday; so two 
weeks in total). The bedroom door and windows were 
closed during the night. 

Table 1: Ventilation rate [m3/h] and Air Change per Hour 
(ACH [h-1]) for low and high ventilation rate at Location A 

and Location B. 

Location 
Subjects who volunteered for this study all lived in an 
apartment, and all apartments were equipped with a 
similar MVHR system. The measurements were 
performed in their normal bedroom environment. 
Participants from apartment buildings at two different 
locations, though both situated in the central part of 
The Netherlands, were selected. The locations are 
further indicated as Location A and Location B. The 
ventilation rate and the air change per hour (ACH) for 
the two ventilation settings at the locations A and B, are 
shown in Table 1.  

Table 2: Demographics and the bedroom volume. 

Location A Location B 

LVR HVR LVR HVR 

Ventilationrate 
[m3/h] 

41.6 ±14.1 91.5 ±25.1 15.2 ±11.5 30.8 ±22.8 

ACH [h-1] 1.5 ±0.5 3.3 ±0.8 0.5 ±0.3 1.0 ±0.6 

Figure 1: Study design for the two bedroom conditions: 1. Low ventilation rate 2. High ventilation rate. 
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Subjects 
In total 275 people (ageing adults) were approached at 
the two different locations. As the research was 
intensive, interest for participation was less high than 
hoped for, hence the need for two distinct locations A 
and B. The intention was to include at least 30 
participants. This was not realized. See Table 2 for the 
details of the characteristics of the participating 
subjects per location and in total. 
The subjects who participated did not use sleep 
medication or have sleep related health issues. During 
the measurements, the subjects were asked not to 
consume alcoholic beverages, because this can 
influence the sleep (Singleton & Wolfson, 2009). All 
participants gave their written consent with the study 
and were free to withdraw from the research at any 
time without providing a reason. 

Measurements 
Both the indoor air quality and the sleep quality were 
objectively assessed through measurements in the 
bedroom of the participants. The CO2-concentration 
(0-5000 ppm; ±50 ppm), temperature (5-45°C; ±0.4°C) 
and relative humidity (0-100%; ±2%) were measured 
during the nights with a sensor (Eltek transmitter) at a 
five-minute interval. Background noise from the 
ventilation system was measured over a 10 sec 
interval, near the inlet and at the sleeping position (0-
100 dB; ±1 dB). A set of instruments was applied in 
order to be able to perform measurements in parallel 
in different apartements. Before the execution of the 
measurements all equipment was compared to each 
other. The sensors were placed about 1.5 meters from 
the subject’s pillow to avoid participants breathing 
directly upon the sensors 
During the night, the participants wore a Sensewear 
armband, which calculates, at one-minute interval, 
activity level and the metabolism, from which the sleep 
latency, length of sleep, number of awakenings and the 
sleep efficiency can be derived. 

Questionnaires 
Questionnaires were applied to measure the sleep 
quality and the perceived indoor air quality 
subjectively. The questionnaire to measure the IAQ is 
based on the validated list that was developed in the 
Health Optimization Protocol for Energy-Efficient 
Buildings (HOPE) project (Hope, 2001). The questions 
were filled in daily, in the morning. 
The Pittsburgh Sleep Quality Index (PSQI) (Buysse, 
Reynolds, Monk, Berman, & Kupfer, 1988) rates sleep 
over longer periods of time. The ten questions of the 
PSQI were filled in before the experiment, after the first 
week of measuring in the first setting (High/Low 
ventilation rate), and after the second week of 
measuring, with the second setting. The Groningen 
Sleep Quality Scale (GSQS) is a daily questionnaire with 
15 true or false questions (Mulder, et al., 1980). This 
questionnaire was filled in every morning. Finally, a 
sleep diary was used to indicate when participants 
went to sleep and when they woke up. The sleep 
latency, length of sleep, number of awakenings and 
sleep efficiency have been derived from the sleep diary. 
The sleep diary was filled in every morning. 
The measurement protocol and application of the 
questionnaires is in line with (Mishra, van Ruitenbeek, 
Loomans, & Kort, 2018). 

Measurement period 
The measurements were conducted in the heating 
season, because use of windows in the apartment will 
be minimal. The measurements at Location A were 
conducted in March and April 2019, at Location B in 
October and November 2019. 

Data analysis 
Both Excel and Python were used for descriptive 
analyses and creating graphs. The collected data was 
analyzed statistically with help of IBM SPSS statistics 
26. In the statistical analysis, normality was tested with 
the Shapiro-Wilk’s test. Next, it was determined if the
outcomes for the two ventilation settings were
significantly different from each other. The Paired

Location A Location B 
Difference  

Location A – Location B 

LVR HVR 
Difference 

p-value 
LVR HVR 

Difference 
p-value 

LVR 
p-value 

HVR 
p-value 

Bedroom 

Temperature [°C] 19.2 ±0.9 19.4 ±0.8 .348 19.1 ±0.8 18.9 ±0.7 .986 .331 .689 

RH [%] 49.2 ±3.9 46.7 ±2.5 .016 59.4 ±10.0 52.8 ±5.4 .148 .032 .023 

CO2 [ppm] 
862 

±162 
680 ±106 < .001     1409 ±412 1007 ±245 < .001     .005 .010 

Noise [dB] 34.6 ±1.8 39.0 ±3.7 .003 36.7 ±1.1 38.9 ±1.5 < .001     .027 .936 

Table 3: Average (and SD) temperature [°C], relative humidity [%], CO2-concentration [ppm] and noise [dB] for each location and 
ventilation condition, and the difference between the two locations. 
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Sample T-test was used for normally distributed 
parameters, while Wilcoxon Signed-rank test was used 
for non-normal distributed data. All comparisons 
reported in the results are two-tailed with a significant 
p-value of .05. Data are presented as mean values
±standard deviation. Correlations were assessed
through the Pearson correlation coefficient. At
minimum moderate correlations were strived for,
represented by values>0.4 for objective data and >0.3
for subjective data at p-values <.05. Knowledge from
earlier research (Mishra, van Ruitenbeek, Loomans, &
Kort, 2018) was used to guide the analysis.
Because a significant difference was observed for the 
low and high ventilation rate (both p < .001) between 
Location A and Location B (see also Table 1), the two 
samples could not be regarded as one group. 
Therefore, Location A and Location B have been 
analyzed and described separately. 

RESULTS 
In total 25 people participated in the research. 
However, in the analysis, data were included from 22 
subjects. Two subjects decided to resign during the 
measurement period, and one person was excluded 
because of a power outlet of the measurement 
equipment. 

Measurements 
Table 3 presents the measured conditions 
(temperature, relative humidity [RH], CO2-
concentration and sound pressure level) for locations 
A and B at high (HVR) and low ventilation rate (LVR). 
There were no significant differences in bedroom 
temperature between the two ventilation settings for 
either location. Between the locations there was also 
no significant difference in temperature measured. For 

the relative humidity, a significant difference was 
found for Location A when comparing the two settings. 
The average CO2-concentration at Location A was 
significantly lower at a high ventilation rate as 
compared to the low ventilation rate. However, a large 
individual variation at low ventilation rate (486 to 
1044 ppm) as well as at high ventilation rate (429 to 
825 ppm) was found. This large individual variation is 
presented in Figure 2 for all 11 subjects of Location A. 
Also for Location B, the average CO2-concentration was 
significantly lower at a high ventilation rate. Again, 
large individual variations were recorded (625 to 2018 
ppm at a low ventilation rate; 505 to 1342 ppm at a 
high ventilation rate). This large individual variation is 
presented in Figure 3 for the 11 subjects of Location B. 
While subjects were in bed, the CO2-concentration 
remained rather constant, although a gradual increase 
during the first two hours was observed in the 
bedrooms at a low ventilation rate (Figure 4).  

Figure 2: Average CO2-concentration [ppm] and ACH [h-1] in 
the bedroom of each subject of Location A. 

Location A Location B 
Difference  

Location A - 
Location B 

LVR HVR 
Difference 

p-value 
LVR HVR 

Difference 
p-value 

LVR 
p-value 

HVR 
p-value 

Sensewear 

Lying down [hr] 6.8 ±0.7 6.8 ±1.3 .872 8.1 ±0.9 8.3 ±1.0 .500 .093 .479 

Length of sleep [hr] 5.7 ±0.6 5.8 ±1.1 .709 6.9 ±0.8 6.7 ±1.0 .450 .045 .409 

Latency [mn] 72 ±44 62 ±44 .206 14 ±6.8 22 ±27.2 .278 .033 .035 

Awakenings [n] 5.3 ±3 5.0 ±3.2 .778 7.1 ±2.3 6.9 ±3.1 .773 .414 .690 

Efficiency [%] 83 ±9.5 85 ±9.2 .115 85 ±5.9 81 ±9.4 .027 .286 .980 

Table 4: Average (and SD) of sleep quality for each location and condition, measured by the Sensewear, and the difference 
between the two locations. 
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Figure 3: Average CO2-concentration [ppm] and ACH [h-1] in 
the bedroom of each subject of Location B. 

Figure 4: Average CO2-concentration [ppm] measured during 
the second night for all bedrooms. 

Concerning noise levels, Location A had an average 
sound pressure level of 35 dB when ventilation was at 
its low setting (range 31 dB to 37 dB). At a high 
ventilation rate, the average was 39 dB, ranging from 
34 dB to 48 dB. This difference was significant. For 
Location B similar significant differences in noise 
levels were measured (Table 3).  
The actigraph data of the Sensewear armband was 
analyzed in terms of lying down, length of sleep, 
latency, awakenings, efficiency and the depth of the 
sleep (Table 4). Time spent sleeping (assessed from the 
Sensewear data) were not significantly different for 
both ventilation settings. This applies to both locations. 
The sleep efficiency was significantly different for 
Location B only, with a lower efficiency at a high 
ventilation rate. The length of sleep and the latency 
show a significant difference between Location A and 
Location B. 

Questionnaires 
Table 5 shows the results that are obtained from the 
questionnaires for assessing the perceived IAQ (HOPE) 
and the sleep quality (PSQI, GSQS and sleep diary). The 
perceived IAQ indicates a significant difference for 
Location B. Subjects considered a better indoor air 
quality with the high ventilation rate. The subjects of 
Location A considered the air fresher with a high 
ventilation rate (HVR) but experienced more draught 
in the bedroom. 

Table 5: The Hope, PSQI, GSQS and sleep diary outcomes for both ventilation conditions for the two locations (average, SD), and 
the difference between the two locations. 
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Correlations 

Indoor environment parameters and building 
characteristics 
Figure 5 shows that noise levels are in the same order 
of magnitude for both locations, while the realized ACH 
by the ventilation system differs (40 dB refers to the 
maximum value according to the Dutch building 
decree). Table 6 and 7 show the correlation coefficients 
(r) and the p-values of the measured indoor
environment parameters (temperature, RH, CO2 and 
noise) and the building characteristics for Location A 
and Location B respectively. 

Figure 5: Relation sound pressure level (Noise) and Air 
Change per Hour (ACH) for Location A and Location B. 

Table 6: Correlations between measured indoor environment 
parameters, building types, and subject characteristics for 

Location A. 

Table 7: Correlations between measured indoor environment 
parameters, building types, and subject characteristics for 

Location B. 

Table 8: Correlations [r (p-value)] between the indoor 
environment parameters (noise, temperature, RH, CO2) and 

the subjective sleep quality results for Location A. 

Indoor environment parameters and subjective sleep 
quality results 
The correlation between the indoor environment 
parameters and the subjective sleep quality results are 
shown in Table 8 for Location A and in Table 9 for 
Location B. For Location A, a correlation was observed 
between the temperature and sleep latency, and 
between the temperature and the number of 
awakenings and with the efficiency. The CO2 
concentration correlates with the length of sleep for 
Location B. 

Table 9: Correlations [r (p-value)] between the indoor 
environment parameters (noise, temperature, RH, CO2) and 

the subjective sleep quality results for Location B. 

Volume bedroom 
r (p-value) 

ACH 
r (p-value) 

Persons in bedroom 
r (p-value) 

Temp -.24 (.312) -.09 (.723) -.16 (.506) 

RH -.04 (.850) -.20 (.382) .60 (.003) 

CO2 .38 (.084) -.49 (.022) .55 (.009) 

Noise .18 (.412) .46 (.031) -.05 (.813) 

Volume bedroom 
r (p-value) 

ACH 
r (p-value) 

Persons in bedroom 
r (p-value) 

Temp -.33 (.160) -.24 (.311) .10 (.689) 

RH -.21 (.385) -.74 (.001) .20 (.407) 

CO2 -.42 (.067) -.81 (.001) .65 (.002) 

Noise -.32 (.141) .32 (.151) -.17 (.439) 

Noise Temp RH CO2 

Depth of sleep .24 (.304) .08 (.757) .11 (.637) .05 (.838) 

Sleep quality .25 (.257) .11 (.659) .17 (.446) .02 (.923) 

Length of sleep -.23 (.326) -.30 (.214) .20 (.379) .31 (.179) 

Latency -.33 (.141) .62 (.004) -.15 (.515) -.26 (.247) 

Awakenings -.23 (.335) .64 (.004) -.18 (.456) -.42 (.068) 

Efficiency .19 (.414) -.69 (.001) .24 (.293) .36 (.106) 

PSQI .10 (.666) .28 (.252) .12 (.612) -.29 (.199) 

GSQS .05 (.826) .42 (.067) -.03 (.891) .01 (.990) 

Noise Temp RH CO2 

Depth of sleep -.02 (.931) .18 (.453) .26 (.275) -.25 (.285) 

Sleep quality .14 (.545) .13 (.585) .27 (.256) .15 (.520) 

Length of sleep -.19 (.393) -.03 (.910) .19 (.425) .57 (.009) 

Latency .15 (.503) -.40 (.078) -.09 (.710) -.35 (.131) 

Awakenings -.27 (.218) .28 (.237) .21 (.371) .32 (.175) 

Efficiency -.13 (.552) .38 (.099) .09 (.722) .36 (.117) 

PSQI .05 (.821) -.14 (.566) -.22 (.343) .10 (.676) 

GSQS -.14 (.539) .02 (.924) -.20 (.402) .10 (.666) 
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Table 10: Correlations [r [p-value]) between the objective and 
subjective measured indoor environment parameters. 

Correlation between objective and subjective results 
The sleep quality was measured both objectively 
(derived from data by Sensewear) and subjectively (by 
questionnaires). The results of both input only showed 
a correlation for the length of sleep (r > .3, p < .05). This 
was for both locations. Table 10 presents the 
correlation outcomes for the measured indoor 
environment parameters and the subjective 
information from the HOPE questionnaire (complete 
and only questions specifically related to temperature 
and IAQ). No significant correlations were observed. 

Table 11: Differences in rating between men and women 
describing indoor environmental quality and sleep quality. 

Table 12: Differences between older (55 years and older) and 
younger (under 55 years) subjects 

Gender 
The results of both the objective and subjective 
measured indoor air quality and sleep quality have 
been analyzed further for differences between men 
and women. That comparison is shown in Table 11. 
The length of sleep and awakenings did not show a 
difference between men and women. However, the 
HOPE questionnaire showed that temperature 
perception (men 9.7 vs women 13.5) and perception of 
the indoor air quality in the bedroom (men 11.1 vs 
women 16.1) were rated significantly more negative 
by women. Meanwhile, the objective bedroom 
temperature was not significantly different. 

Age 
Next, the participants have been divided into age 
groups of over 55 years and younger than 55 years 
(Table 12). The results of the sleep diary (subjective) 
show a significant difference between the groups. The 
number of awakenings is significantly higher in the 
group of older subjects (p = .003). Also, the depth of 
sleep is significantly lower in the age group of >55 
years (p = .019). 

DISCUSSION 
This intervention study aimed to examine the relation 
between the indoor air quality and the sleep quality of 
ageing adults. It did so by creating two IAQ-conditions 
with a high and low CO2 concentration. These 
conditions were obtained via a MVHR system set at a 
low or high ventilation rate. The subjects were 
investigated in their normal bedroom environment. 
The effect of a high ventilation rate (low CO2 
concentration), as compared to a low ventilation rate 
(high CO2 concentration), was shown to be significant 
at both location A and B. However, CO2 concentrations 
were higher in general at Location B. This was due to 
the overall lower ventilation rate provided by the 
systems at that location. 
Only when the MVHR system was run at the low 
ventilation rate at Location B the CO2 concentration 
was higher than aimed for in the Dutch building decree 
(around 1200 ppm). The temperature and RH 
conditions were within the range for comfortable and 
healthy dwellings from NEN 15251 (NEN, 2007). 
The measured bedroom noise level was significantly 
higher (3 dB on average; p = .003) at the high 
ventilation rate at both locations. This higher sound 

Location A Noise Temp RH CO2 

HOPE .31 (.180) .46 (.057) -.33 (.151) -.38 (.096) 

Temp .36 (.121) .44 (.065) -.40 (.078) -.43 (.060) 

IAQ .07 (.760) .44 (.070) -.26 (.260) -.33 (.154) 

Location B Noise Temp RH CO2 

HOPE -.25 (.264) .24 (.308) .22 (.358) .08 (.725) 

Temp -.01 (.970) .20 (.390) .11 (.649) -.21 (.367) 

IAQ -.39 (.077) .23 (.331) .34 (.145) .36 (.122) 

Men 
n = 10 

Women 
 n = 12 

Difference 
p-value 

Bedroom measurement 

Temperature [°C] 19.4 ±0.8 18.9 ±0.8 .092 

Questionnaires 

Hope (total) (10-66) 22.65 ±7.7 32.2 ±5.6 .003 

Temperature (1-28) 9.7 ±4.1 13.5 ±3.1 .032 

IAQ (1-28) 11.1 ±3.01 16.1 ±3.6 < .001 

Sleep diary 

Length of sleep [hr] 6.9 ±1.3 7.7 ±1.1 .057 

Awakenings [n] 0.3 ±0.5 0.6 ±0.8 .054 

< 55 year 
n = 10 

> 55 year 
n = 12 

Difference 
p-value 

Sleep diary 

Depth of sleep (5-35) 20.0 ±2.9 15.6 ±5.6 .019 

Awakenings [n] 0.3 ±0.5 0.6 ±0.8 .003 
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pressure level, however, did not result in significant 
correlations with sleep quality indicators as measured. 
Notably, the measured sound pressure level was not 
different between the two locations at the high 
ventilation rate (both 39 dB), despite the fact that the 
ventilation rate for Location A was nearly three times 
higher (see Table 1 and Figure 5). This finding 
highlights the effect of design characteristics of MVHR 
systems. 

Subjects 
The study was able to include middle aged subjects, 
though the number of participants originally aimed for 
was higher. Less than 10% of the persons invited 
decided to participate in the study. It is unclear what 
the cause for this low response rate is. Maybe people 
are hesitant to allow measurements in their bedroom, 
but this has to be confirmed in a future study. 
Both women and men participated in the present 
study. The results show that they judged differently 
about the indoor environment. Women expressed 
more dissatisfaction. They rated the indoor 
environmental quality (HOPE questionnaire, range 10-
66) at 32 points, versus 23 points by men, a significant
difference. More dissatisfaction by women was also
reported in the study of Hwang et al. (Hwang, Lin, &
Kuo, 2006).
When studying the sleep quality, the age of the subjects 
should be considered. While adults sleep 7 to 8 hours, 
people above 60 years of age tend to sleep only 6.5 
hours per night (Eekhof & Scherptong-Engbers, 2016). 
Also sleep characteristics appear to change at higher 
age; the depth of sleep fluctuates faster, the duration of 
the REM-sleep reduces, and the frequency of nightly 
awakenings increases (Carskadon, Van den Hoed, & 
Dement, 1980). The results of this study confirm these 
findings. A significant difference in the subjectively 
measured depth of sleep (reduced) and number of 
awakenings (increase) was observed for the 
participants older than 55 years. 

On-body measurements 
The on-body measurements, as obtained with the use 
of actigraphy (Sensewear armband), did not reveal 
significant differences in sleep quality for the two 
ventilation settings at both locations. 
However, sleep quality appeared to be different 
between the two locations. The length of sleep was 
longer at Location B (6.8 hrs) when compared to 
Location A (5.8 hrs) (p = .045), while latency was 
shorter, The number of awakenings was also higher, 
though not significant, at Location B (7.0) versus 
Location A (5.1). These outcomes may be related to the 
higher average age (55 year vs 45 year) of participants 
at Location B. This aligns with the outcome of Eekhof & 
Scherptong-Engbers, 2016. 

Questionnaires 
The outcomes from the applied questionnaires did not 
reveal significant differences between a situation at 
low versus high CO2 concentration level at either 
location. This was also observed in the studies of 
Chenxi, Strøm-Tejsen and Mishra. The only difference 
was observed in the perception of the indoor air 
quality. The higher ventilation rate (lower CO2 level) 
was judged better overall. The subjects perceived, 
more fresh air. 
There were no significant correlations found between 
the perceived sleep quality and the CO2 concentration. 
Only for Location B a significant correlation was 
identified with the length of sleep. It increases when 
the CO2 level increases. Although there is a correlation 
noted, causality may be disputed as length of sleep is 
also dependent on the lifestyle of the subject. 
When comparing the on-body measurement and the 
questionnaires, the length of sleep and the latency to 
sleep were showing the same tendency (moderate 
correlation). In contrast, the number of awakenings 
was very different. The Sensewear appeared to detect 
about 10 times more awakenings than were noted by 
the subjects in their sleep diary. These results point at 
the direction that it should be possible to use only one 
questionnaire to measure the sleep quality, in addition 
to the Sensewear. This is in line with the suggestion of 
(Mishra, van Ruitenbeek, Loomans, & Kort, 2018). 

Limitations 
The inclusion of less than 10% from a total of 275 
households may result in a group of subjects not 
representative for the overall population. It might be 
useful in a future study to ask those people who 
decided not to participate for their reasons not to do 
so. Also, the reduction of the study load by limiting the 
number of measurement days may be helpful to 
increase the participation rate. The current outcomes 
suggest that more participants are required to confirm 
the current results and potentially find other 
significant results. 
The fact that the difference in CO2 concentration 
obtained for the two settings of the ventilation system 
may be regarded limited, will have affected the 
outcomes. This is amongst others reflected in the 
limited number of significant outcomes, apart from the 
fact that the number of participants is limited. 
However, the apartments that were part of the 
research presented a realistic situation and therefore 
may be regarded representative for the case 
investigated, i.e. with the use of MVHR systems. 
Questionnaires appeared to be difficult to handle for 
some of the participants and in a few cases, several 
days might have been filled in at one day. Reducing the 
number of questionnaires and relying on data as 
provided by actigraphy may be helpful to reduce this 
problem. (Carskadon, Van den Hoed, & Dement, 1980) 

Healthy Buildings 2021 – Europe

- 159 -



(Craskadon & Dement, 2011). The results from this 
research indicate that options for that appear valid. 

Recommendations 
Sleep quality is not only important for well-being but 
can also influence the next-day performance. A study 
of Strøm-Tejsen shows that when air quality was 
improved the subjects felt better the next day, they 
were less sleepy and more able to concentrate. Also, 
the performance of a test of logical thinking improved 
(Strøm-Tejsen, Zukowska, Wargocki, & Wyon, 2016). It 
would be interesting to add the next day performance 
analysis in future research. 
Apart from the bedroom environment, sleep quality 
can be affected by other factors, like work stress, 
psychological factors, financial worries, and anxiety 
(Grandner & Pigeon, 2013). These factors were not 
evaluated in the present study, but it may be 
worthwhile to include them in future investigations. 
Sound pressure level was measured in the bedrooms 
and was shown to increase at a high ventilation rate by 
ca. 3 dB. Certainly when using mechanical ventilation 
systems, the questionnaire should include an explicit 
question that judges noise, for comparison. 

Practical implementation 
The use of a mechanical ventilation system with heat 
recovery (MVHR) was essential in the present study 
because it allows controlling the bedroom 
environment. However, the MVHR systems appeared 
to perform differently at the investigated locations. 
The ventilation rate was significantly higher at 
Location A (low 42 m3/h; high 91 m3/h) when 
compared to Location B (low 15 m3/h; high 31 m3/h). 
This of course affected the IAQ-metrics. The measured 
sound pressure level at a high ventilation rate (39 dB 
±3.7) was similar at both locations. Performance 
characteristics therefore should not be limited to the 
flow rate when selecting a MVHR system. It may affect 
sleep quality, and may incite people to lower the 
ventilation rate. 
During the intake, it was observed that several filters 
of MVHR systems were not replaced on time. Also, 
most of the subjects normally were only using the 
lowest ventilation rate level of the system and four of 
the subjects at Location B had turned off the air supply 
permanently, because of draught and noise. 
Apparently, there is a lack of knowledge with regards 
to the ventilation system among the participants. To 
assure a properly working system, occupants must be 
informed better about the ventilation system 
(functioning, use, maintenance). The COVID-19 
experience provides a further incentive for that. 

CONCLUSION 
The present study aimed to examine if there is a 
relation between the indoor air quality, indicated by 
CO2 concentration, and the sleep quality of ageing 
adults. The change in CO2 concentration has been 

realized by changing the ventilation rate with a MVHR 
system. No significant effects were identified between 
the CO2 concentration and the objectively measured 
sleep quality via actigraphy, as well as the information 
from the questionnaires. The subjects did report the 
bedroom air to be significantly fresher with a lower 
CO2 concentration (high ventilation rate). 
Characteristics of the subjects appeared to have a 
significant effect on sleep conditions (age) and on 
indoor air quality perception (gender). As the group of 
participants in this study was limited it is advised to 
repeat the study to enlarge the body of data to arrive at 
more statistically significant outcomes. The study, 
furthermore, identifies options to reduce the load on 
the participants in the data gathering of the sleep 
quality.  
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ABSTRACT 

Four apartments have been monitored for an entire 
year. Two apartments were ventilated with a balanced 
ventilation system, and two apartments were 
ventilated by manual opening of windows. CO2 values 
have been registered as indication of indoor air quality 
in each living room and the available bedrooms. The 
opening of windows and doors was registered, from 
which an airing factor was calculated. The heating and 
cooling consumptions was also registered for each 
apartment. 

The CO2 levels in all rooms of the apartments with 
balanced ventilation was lower than the manually 
ventilated apartments, with less variation between 
hours and seasons. The percentage of hours exceeding 
1000 ppm is below 1% of the year for the apartments 
with balanced ventilation and 30-60% of the year for 
window ventilated apartments. 

Space heating and cooling use are investigated by 
energy signatures of the four apartments. The balanced 
ventilation - including recovery - not only brings a 
higher indoor air quality, but also a lower heating 
(-24%) and cooling use (-50%) as follows from the 
specific heating slope and specific cooling slope in the 
energy signatures. 

INTRODUCTION 

Renovation of houses always incorporates measures 
for improved insulation and improved air tightness. In 
order to keep the indoor air quality at a healthy level, 
the indoor air needs to be refreshed in a sufficient way. 
The refreshment is usually done by introducing a 
mechanical ventilation system. In Switzerland, 
however, it is also allowed to refresh the indoor air 
only by opening windows and doors regularly, 
hereafter called window ventilation. 

Monitoring of the situations before and after 
renovation is difficult due to many factors changing 
during the renovation. Therefore, the comparison 
between window ventilation and mechanical 
ventilation is done in this project in a newly built multi-
family house in Switzerland. Two apartments have 
balanced ventilation, and two other apartments have 
window ventilation. Because the whole building is 
insulated and airtight, the comparison entirely focuses 
on the type of ventilation, the resulting indoor air 

quality and the necessary energy consumption to heat 
and cool the apartments in the building. 

Examples of comparison of window ventilation with 
balanced ventilation are given in the studies “Holsteijn 
& Li (2014)” and “Burgholz & Müller (2021)”.  

PROJECT DESCRIPTION 

The building 

A multi-family apartment is built in 2017 in the village 
Büren in Switzerland. The building has a wooden 
construction with up-to-date insulation and 
airtightness measures.  

The building consists of four layers: two floors, an attic 
and a basement (Figure 1). The first and second floor 
each have two apartments, of which the left 
apartments have 80 m2 surface area and the right 
apartments have 113 m2 surface area. On the attic 
there is a penthouse. In the underground basement on 
the left there is a nursery school and, on the right, there 
are cellars for the technical installations and for 
storage rooms. 

Figure 1.  The building with the conditioned areas that can be 
heated and cooled (green) and unconditioned areas (grey). 

Figure 1 also indicates which rooms are conditioned 
(heated and cooled). The apartments themselves and 
the nursery school are conditioned spaces, whilst the 
staircase and the cellar are unconditioned spaces. The 
apartments of interest in this study are only four 
apartments, which are the apartments on the first floor 
and the second floor. The penthouse and the nursery 
space are not analysed. For easy reference, the first-
floor apartments will therefore be named bottom 
apartments and the second-floor apartments will be 
named top apartments. 
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Figure 2 shows that the four monitored apartments are 
occupied by different family sizes. Only the top left 
apartment is occupied by a single person, the rest is 
occupied by two persons. Moreover, there is one dog 
living in the bottom right apartment and two cats in the 
top right apartment. 

Figure 2.  Plan view of the four monitored apartments, with 
indicated family size, ventilation type and airing possibilities. 

The two bottom apartments are mechanically 
ventilated with a balanced ventilation system. The two 
top apartments have no mechanical ventilation system, 
apart from a small toilet fan in the top right apartment. 
All four apartments have the possibility to open doors 
and windows leading to the outdoor environment, 
indicated in Figure 2 by blue circles. These openings 
are used for airing (natural ventilation). The different 
types of airing openings are sliding doors, kitchen 
doors, and windows that can be opened either by 
turning and some of them also by tilting. 

The installations 

The four apartments are conditioned by one Zehnder 
heat pump with a capacity of 25 kW. The heat pump 
has a free-cooling possibility as the heat pump is 
ground-sourced. The heat and cold are transported 
and released via a floor distribution system. 
Controlling of the indoor temperature can be done via 
separate thermostats in each room of the apartment. 

The bottom apartments are constantly ventilated, each 
with a Zehnder balanced ventilation unit, type 
ComfoAir Q350 ERV. Outdoor air is transported to and 
supplied in each of the living rooms and bedrooms by 
individual round (supply) air ducts (type ComfoFresh). 
Indoor air is extracted from the kitchen and bathroom 
and via individual round (extract) ducts (type 
ComfoFresh) is led to the ComfoAir Q unit.  

The ComfoAir Q units are each equipped with an 
enthalpy exchanger, meaning that not only heat, but 
also moisture is transferred between the incoming and 
the outgoing air stream. The air flow rate in this project 
is set to a constant value: 110 m3/h for the bottom left 
apartment and 140 m3/h for the bottom right 
apartment.  

The top apartments are ventilated only when a door or 
window to the outdoor environment is opened.  

The monitoring system 

The mechanical ventilation data is monitored via a KNX 
system connected to the ComfoAir Q units. This makes 
it possible to analyse air flow rates, temperatures and 
humidities of all four air streams (outdoor ODA, supply 
SUP, extract ETA and exhaust EHA) and electricity 
consumption, for each ComfoAir Q unit dedicated for 
the bottom apartments. 

The indoor air quality is indicated by air quality 
sensors for analysing CO2 values and VOC values per 
sensor (AVELON Wisely CarbonSense). Sensors are 
positioned in each apartment in the living and the 
master bedroom and for the larger apartments 
(bottom right and top right) in a second bedroom. 
Moreover, the natural ventilation by airing is 
monitored with the position of the windows and doors 
at the envelope of the building. Every window and door 
is equipped with contact sensors that can discriminate 
between a tilted window (top part open) and a turned 
window (sideways open). These sensors cannot detect 
how far the window is opened.  

The sliding door in each apartment is monitored in a 
special way, with a distance sensor. This makes it 
possible to know how far the sliding door has been 
opened. 

The energy use for each apartment is determined with 
data from the heat pump. This makes it possible to 
analyse the heating use and the cooling use for space 
conditioning, excluding the domestic hot water part. 

The mechanical ventilation data are measured and 
stored with an interval of 5 minutes. The CO2 and VOC 
data are measured and stored with an interval of 1 
minute. Both these types of data have been averaged to 
hourly averaged values for long term analysis. 
However, the VOC values have not been averaged as 
they are “incident driven” rather than “occupation 
driven” and was beyond the scope of this study. 
Therefore, hourly averages do not give a clear 
representation of the phenomena in the house. The 
energy use data are measured by recorded meter 
values on an hourly basis. However, the resolution of 
the meters is such that only daily meter values give 
meaningful data. So, the energy consumption is further 
analysed on a daily basis. 

All the data have been analysed for a full year. The 
mechanical ventilation data and the CO2 data have 
been analysed for the period from the 8th of July 2019 
until the 30th of June 2020. The energy use data was 
monitored later in time, therefore the energy use has 
been analysed for the period from the 11th of October 
2019 until the 30th of September 2020. 

PERFORMANCE OF THE BALANCED VENTILATION 

The ComfoAir Q units provide a constant air flow rate, 
110 m3/h for the bottom left apartment and 140 m3/h 
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for the bottom right apartment. Therefore, the 
efficiencies of heat recovery and humidity recovery are 
clearly observed and shown in Figure 3. Thanks to a 
balance correction algorithm, the extract and supply 
air flow rates are equal, so thermal (humidity) 
efficiency is calculated by the temperature (humidity) 
difference supply-outdoor divided by extract-outdoor. 

Figure 3.  Temperature recovery efficiency (red) and humidity 
recovery efficiency (blue) based on the supply as a function of 

outdoor air temperature for the bottom left apartment. 

The temperature recovery efficiency shows three 
modes of the ComfoAir Q unit. For low outdoor 
temperatures, the indoor heat is recovered with 
95-96%. The consequence is a comfortably warm
supply of fresh air and savings on the heating load of
the apartment. For high outdoor temperatures, the
outdoor heat is kept outside for 80-90%. The
consequence is a comfortably cool supply of fresh air
and savings on the cooling load of the apartment.

For outdoor temperatures between 25 and 30°C, there 
are also points which appear below 15%. These are 
conditions where the bypass was activated to let in 
warm air when the house was not warm enough 
(passive heating). This happened too often because the 
settings of the ComfoAir Q were not aligned with the 
heat pump. At the end of the monitoring year, the 
settings of the heat pump and the settings of the 
balanced ventilation unit have been improved. 

The humidity recovery efficiency shows that during 
the cold season 70–85% of the humidity is recovered. 
The consequence is that in winter the indoor humidity 
does not fall below a comfortable level despite the 
constant refreshment with (dry) winter outdoor air.  

The last result from the monitoring of the ventilation 
unit is the electrical consumption. The constant air 
flow rate results in a constant electrical consumption 
for the fans. Table 1 shows that the fans of the units 
take 17.1 W for the bottom left apartment and 21.9 W 
for the bottom right apartment. 

Table 1.  Electricity consumption of the ComfoAir Q 
ventilation unit in both apartments 

Apartment Ventilation 
flow rate 

Electricity 
consumption 

Electricity 
power 

Bottom left 110 m3/h 149 kWh/yr 17.1 W 

Bottom right 140 m3/h 191 kWh/yr 21.9 W 

COMPARISON OF CO2 VALUES 

The CO2 values are a result of the occupation of the 
rooms, the mechanical ventilation rate (for the bottom 
apartments) and the natural ventilation rate (for all 
apartments) by opening windows and doors in the 
envelope of the building. In this chapter, the 
explanation and the results for the airing of the 
apartments are given first. After that, the CO2 values 
are compared in various ways. 

Airing factor 

Airing of the apartments is done by the occupants by 
opening windows and doors in the envelope of the 
building. To investigate the use of airing, an airing 
factor was defined.  

Each individual window could be in a state “open” or 
“closed” as measured by the window contacts. A 
window that could also be tilted has also a “half open” 
state when tilted. The sliding door of each apartment 
could have a stepless open factor ranging from “fully 
closed” to “fully open” and anything in between, 
according to the opening distance as measured by the 
laser distance meter. Then, all the open states were 
divided by the maximum open states to come to an 
instantaneous airing factor. This instantaneous airing 
factor ranges from 0% (none of the openings are open) 
to 100% (all of the openings are open, with the sliding 
door fully open). The airing factor can be averaged over 
a longer period. 

Table 2 summarizes the use of the windows and doors 
in all four apartments. Numbers are given for each 
season, for the entire heating season and for the entire 
year. The results show that in every apartment 
(regardless of the ventilation type), windows and 
doors tend to be used less in colder periods and more 
in warmer periods. This is also expected from the 
natural behaviour of people for comfort reasons.  

Table 2.  Airing factor during the seasons of the year and the 
entire year for all apartments. 

Period Out- 
door  

Bottom 
left 

Bottom 
right 

Top 
left 

Top 
right 

1-7-19 
30-9-19 

18.3°C 9% 7% 6% 17% 

1-10-19 
31-12-19 

6.9°C 6% 5% 6% 6% 

1-1-20 
31-3-20 

4.8°C 4% 6% 1% 3% 

1-4-20 
30-6-20 

13.9°C 4% 9% 7% 5% 

heating 
season 

5.8°C 5.3% 5.5% 3.6% 4.6% 

entire 
year 

10.9°C 6% 7% 5% 8% 

During the heating season, the bottom apartments 
have similar airing factor, a bit higher than 5%. 
According to the amount of openable windows, one 
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could say that this means that (on average) one 
window is tilted continuously. During the heating 
season the top apartments use a bit less airing, 
probably as the effects of the airing are more 
noticeable in comfort.  

Over the entire year, the top left apartment is the least 
aired, the top right apartment is most aired, and the 
bottom apartments are ranked in between. 

Detail of CO2 values during one day 

Figure 4 shows examples of one day in terms of airing 
factor and CO2 value. The CO2 value is averaged over all 
monitored CO2 sensors in the apartment.  

The bottom right apartment with balanced ventilation 
shows a CO2 value between 400 and 600 ppm. During 
the night there is a small increase of CO2 with the 
occupants sleeping. In the morning, some windows are 
opened for about an hour and resultingly the CO2 value 
decreases a bit. During the day, the occupants are not 
at home, but the balanced ventilation  still refreshes the 
air and the result is that the average CO2 value in the 
apartment drops from nearly 600 ppm to 400 ppm 
(outdoor value). When the occupants return home at 
17:00 they open a window or door for about three 
hours, the CO2 stays close to the outdoor CO2 value.  

Figure 4.  Example day in summer of airing factor (red line) 
and CO2 values (blue line) for bottom right apartment (a) and 

top right apartment (b). 

The exact reason for opening the windows is not 
known. It could be that opening the windows while 
coming home is a habit from the past, but it is surely 
not necessary for a comfortable indoor climate. In the 

evening, with most windows closed, there is again a 
slight rise in CO2 value. Throughout the day, the CO2 
level stays low (<800 ppm). The regularity of the CO2 
line shows that the refreshment of indoor air is very 
constant. 

The top right apartment with window ventilation has 
quite a few windows open in the night. Because the 
refreshment of indoor air is dependent on wind effects 
around the building, the average CO2 value is irregular 
and slowly decreasing from 800 to 600 ppm. At 9:00 
the occupants leave the house with only one window in 
the tilted position. With one tilted window, there is 
hardly any refreshment of the indoor air, the CO2 value 
stays at the level of 800 ppm during the day. At 17:30, 
the occupants return home, all windows and doors are 
closed, and the result is a sharp increase of CO2 up to 
1200 ppm. At 19:30 a window is opened, making the 
CO2 decrease again to 800 ppm. When occupants 
presumably go to sleep, there is an increase of CO2 
value again. Throughout the day, the CO2 value does 
not fall below 600 ppm, despite opening of windows. 

Regularity of CO2 week profiles 

The (ir)regularity of the CO2 values is also shown in 
Figure 5, where the hourly averaged CO2 values in the 
master bedroom are displayed for all Tuesdays in a 
year. Tuesdays are displayed in the assumption that 
this day is very regular weekly in occupation profile.  

Figure 5.  CO2 values in master bedroom on all Tuesdays. 

The apartments with balanced ventilation show a 
regular profile with CO2 level below 1000 ppm when 
there are people in the master bedroom and 
decreasing values when the bedroom is unoccupied. 
The mechanical, balanced ventilation has a constant 
refreshment effect. This results in low CO2 values 
(below 1000 ppm) when occupied, and decreasing 
values to outdoor values when unoccupied. 

The apartments with window ventilation are very 
different. The top left apartment has an occupant with 
a very regular airing profile, always opening the sliding 
door in the living room in the morning to refresh the 
indoor air. Depending on the hours of occupation 
during the day, the CO2 value increases again to values 
typically ranging between 1200 and 1600 ppm. The 
occupants in the top right apartment do not have a 
regular airing profile. As a result, the CO2 value in the 
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master bedroom can take any value between 400 ppm 
and 2000 ppm (or even higher, because the maximum 
sensor value was 2000 ppm) over the whole day. The 
indoor air is not refreshed, except for the occasional 
opening of a window to shortly refresh the air. 

CO2 values over the whole monitored year 

First, carpet plots in all monitored rooms are shown to 
express CO2 values during each hour of the day and 
during each season. 

The overview of CO2 levels in all rooms is shown in 
Figure 6 (last page). Immediately it is clear that the CO2 
with balanced ventilation is at a much lower level than 
for the apartments with window ventilation. The 
analysis of these results is given per apartment.  

The bottom left apartment has low CO2 levels in the 
living room, apart from some evenings during the 
colder season. Most of the time, the balanced 
ventilation ensures a good refreshment of the room for 
the occupants. Presumably, sometimes there are 
visitors, especially during the Christmas holidays. Keep 
in mind that for this monitoring year, the occupants 
were instructed to keep the ventilation flow setting at 
a constant, medium level. When there are visitors or a 
party, the general recommendation however, is to 
increase the ventilation flow setting to a high level. In 
the master bedroom, with two occupants, the night CO2 
level reaches values between 800 and 1000 ppm. 

The bottom right apartment also has low CO2 level in 
the living room, apart from some evenings in the colder 
season. The master bedroom had some nights in 2019 
with higher levels of CO2 but in 2020 the master 
bedroom CO2 level was good. This could be the result 
of a changing occupation of the master bedroom, 
dependent on the total number of people sleeping. 

The top left apartment shows very similar CO2 profiles 
when living room is compared with bedroom. This is 
an indication that the internal door between living 
room and bedroom is mostly open. Night CO2 levels are 
mostly high, indicating that the occupation of one 
person, and the absence of constant refreshment is 
resulting in a lasting high CO2 level. Every morning, 
short opening of the sliding door in the living room 
refreshes the apartment. During weekdays, without 
occupation, the CO2 level stays low, but during the 
weekends the CO2 level increases when the occupant 
stays home all day. The airing of the apartment is 
absolutely necessary to keep the CO2 level at an 
acceptable value. Around the Christmas holidays, the 
CO2 level remained high, probably from a holiday 
where the house was occupied for three full weeks. 

The top right apartment only has acceptable CO2 levels 
in the summer of 2019. In this period, the airing was 
used in a sufficient way to keep the CO2 level low. The 
rest of the year, the CO2 level was high, with the master 
bedroom showing the largest values of CO2. Probably, 
the internal door to the master bedroom was closed at 

night, and with insufficient airing the CO2 level quickly 
increases to high values. 

Another way to compare the resulting CO2 levels is 
with box plots. The comparison of box plots for all 
rooms in all apartments is shown in Figure 7. The CO2 
levels for the bottom apartments (with balanced 
ventilation) are much lower than CO2 values for the top 
apartments (with window ventilation). Also, the 
spread of the CO2 levels is much smaller in the bottom 
apartments than in the top apartments resulting from 
the constant refreshment of the ventilation system. 

Median CO2 values for the rooms in the bottom 
apartments are between 420 and 640 ppm whereas 
they are between 850 and 1100 ppm for the top 
apartments. Average CO2 values for the rooms in the 
bottom apartments are between 450 and 640 ppm 
whereas they are between 900 and 1120 ppm for the 
top apartments. 

Figure 7.  Box plots of CO2 levels in all monitored rooms. 
Bottom apartments have balanced ventilation and top 

apartments have window ventilation. Living rooms in blue, 
master bedrooms in orange, and second bedrooms in grey. 

The third and last comparison method is by the 
number of hours exceeding 1000 ppm and the amount 
at which the CO2 level exceeds 1000 ppm. Above the 
level of 1000 ppm, refreshment of the indoor air is 
insufficient and therefore adverse effects can occur like 
fatigue, headaches, or hindered decision making. 

Table 3 shows the number of hours above 1000 ppm 
for all rooms in all apartments. Again, there is a huge 
difference between rooms with continuous balanced 
ventilation and rooms with occasional window 
ventilation. The typical value is below 100 hours for 
balanced ventilation and 3000 to 5000 hours with 
window ventilation. So, you could say that in the 
window ventilated rooms the CO2 level is a factor 30-
50 times more often unacceptable than the rooms with 
balanced ventilation.  

The percentage of unhealthy hours in a year is below 
1% for the apartments with balanced ventilation and 
30–60% in the apartments with window ventilation. 
Overall, the master bedroom has the most hours with 
high CO2 values of all the rooms in an apartment. The 
difference with the hours with high CO2 levels in the 
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living room is larger when the internal doors between 
bedroom and living room are closed. 

Table 3.  Number of hours with CO2 above 1000 ppm and CO2 
overdose above 1000 ppm during the whole monitored year 

(total 8616 hours) for all rooms in all apartments. 

Apartment/ 
ventilation 

Room Nr  hours  Overdose 
(kppmh) 

Bottom left;  

Balanced; 
airing 6% 

living room 28 5 

1st bedroom 33 4 

Bottom right;  

Balanced; 
airing 7% 

living room 21 5 

2nd bedroom 105 5 

1st bedroom 113 4 

Top left; 
window;  
airing 5% 

living room 3588 1195 

1st bedroom 3674 1671 

Top right; 
window; 
airing 8% 

living room 3367 850 

2nd bedroom  2665 687 

1st bedroom 5153 1806 

Not only the number of hours can be evaluated, but 
also the amount how much higher than 1000 ppm the 
CO2 value has been. For this, a CO2 overdose is defined 
and presented in Table 3.  

The values can be compared with the Belgian standard 
which states that the CO2 overdose above 1000 ppm in 
the heating season should not exceed 100 kppmh. The 
overdose from Table 3 is for the entire year, so let us 
make the prudent assumption that the overdose for the 
heating season is half of the value in the table. Then we 
can conclude that with balanced ventilation all the 
rooms meet the standard, but for window ventilation 
none of the rooms meet the Belgian standard. 

Figure 8.  Infographic of plan view of the building with family 
size, airing factor, ventilation possibilities, and monitored 

number of hours with CO2 above 1000 ppm. 

For a better view of the number of hours with CO2 
values higher than 1000 ppm in all rooms of all 
apartments, Figure 8 shows an infographic that gives a 
plan view of the whole building with the apartments. 

Also, it shows the family size, including pets. The 
pictures show that airing can be used in all apartments 
(with the year averaged airing factor given), but only 
the bottom apartments each have a balanced 
ventilation unit. The red numbers show the number of 
hours with a CO2 value in a room above 1000 ppm for 
the whole monitored year (8616 hours in total). 

Conclusions from monitored CO2 levels 

Looking at the monitored CO2 levels, it is proven that a 
balanced ventilation system provides a constant 
refreshment of the rooms in the apartment. The use of 
windows and doors for airing can be used normally 
and are proven to be used whenever it is desired by the 
occupants. 

For monitoring purposes, the ventilation unit was set 
to a constant position. If the air flow rate was 
controlled by CO2 sensors, higher CO2 levels would 
have led to higher air flow, and therefore even further 
reduced number of hours with high CO2. 

The apartments with window ventilation have higher 
CO2 levels. The occupants have the (only) possibility to 
refresh the air when they open the window, but the 
monitoring shows that the occupants do not air 
significantly more than the occupants from the bottom 
apartments. This means that the perceived indoor air 
quality is not a sufficient incentive to open window and 
doors in time to keep the air exchange at a good level.  

Airing brings some amount of refreshment only if a 
window is open, but averaged over a longer period it 
cannot bring the refreshment that a mechanical 
ventilation unit can guarantee. 

COMPARISON OF HEATING AND COOLING USE 

The comparison of the CO2 levels has shown that the 
bottom apartments with balanced ventilation have a 
much better air exchange than the top apartments with 
window ventilation. The question to be addressed in 
this chapter is whether this higher air exchange has an 
impact on the heating and cooling use.  

All of the apartments need to be heated and cooled to 
overcome transmission losses via walls and floors. 

With balanced ventilation, the indoor spaces are 
continuously ventilated. Usually, all balanced 
ventilation systems are equipped with an exchanger of 
heat (and here also humidity). The incoming, fresh 
outdoor air is heated or cooled by the recovery in the 
exchanger, so that the supply air temperature is near 
to the indoor air temperature. But this amount of fresh 
air needs to be heated in the winter and cooled in the 
summer by the central heating/cooling system.  

With window ventilation, the indoor air is only 
refreshed when the occupant opens a window or door 
in the envelope of the building. During this period, 
outdoor air is directly flowing into the rooms, and 
consequently needs to be heated in winter and cooled 
in summer, from outdoor to indoor temperature. 
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Figure 9 shows the total energy used for heating and 
cooling an apartment. The total energy use is 
expressed as the sum of the heating use and the cooling 
use, and divided by the floor area of the apartment. 
This makes it possible to compare apartments of 80 m2 
and 113 m2. 

Figure 9.  Total energy use in one year for heating and cooling 
the apartments. Also shown are the airing factors averaged 
over the whole year. Conditioned spaces are coloured green 

and unconditioned spaces are coloured blue. 

The results show that the two left apartments have 
similar energy use. The use of windows and doors for 
natural ventilation was also used in a comparable way. 
That means that the addition of a mechanical supply of 
fresh air has no effect on the energy use of the 
apartment. Comparing the top apartments, the energy 
use seems to be dependent on the airing factor. The 
more the windows and doors are used, the higher the 
energy needed for conditioning the rooms. 

The bottom right apartment needs much more energy 
than the others, almost twice as much as the bottom 
left apartment, with the same ventilation principle. 
This is most probably due to a higher thermostat 
setting and/or due to the unconditioned (cold) cellar 
below the bottom right apartment. In order to support 
this hypothesis, the energy analysis is investigated by 
analysing heating and cooling use separately. 

Total heating use 

The total heating use of the heat pump to heat the 
apartments is given in Figure 10. Comparing the top 
right apartment with the bottom left apartment 
(apartments that have the same airing factor), it can be 
concluded that the addition of a balanced ventilation 
system with recovery saves 24% of the total heating 
use of the apartment.  

Figure 10.  Total heating use in one year. Also shown are 
airing factors averaged over the months October 2019 until 

March 2020. Conditioned spaces are coloured green, 
unconditioned spaces are coloured blue. The winter outdoor 

environment is indicated in blue. Expected heat flows by 
transmission are indicated by red arrows. 

The highest heating use over the year is for the bottom 
right apartment. The bottom right apartment is 
situated above an unconditioned cellar, which is cold in 
the winter. Therefore, the expected heat flow by 
transmission is much higher in this apartment. There 
is a constant flow of heat from the bottom right 
apartment to the cold cellar, something which the 
other apartments do not experience. The other 
apartments all have warm indoor spaces above them 
and below them. This is the so-called ‘neighbour effect’: 
the amount of energy use depends on the average 
indoor temperature of the surrounding spaces.  

Figure 11.  Daily averaged values of extract air temperature 
as a function of outdoor air temperature in bottom left 

apartment (orange) and bottom right apartment (blue). 

Another interesting difference is that the indoor 
temperature of the bottom right apartment was always 
approximately 1.5°C higher than the indoor 
temperature of the bottom left apartment (Figure 11). 
This can be concluded from the daily average values of 
the extract air temperature, which is a measure for the 
indoor air temperature over all the rooms where the 
stale air is extracted by the ventilation system. The 
bottom right apartment was always 1 to 1.5°C warmer 
than the bottom left apartment, apparently because the 
occupants have a higher thermostat setting for 
conditioning their indoor spaces. 

Total cooling use 

Figure 12 shows the total cooling use of the heat pump 
to cool the apartments. Comparing the two left 
apartments (apartments that have the same airing 
factor), it can be concluded that the addition of a 
balanced ventilation system with recovery saves 35% 
of the total cooling use of the apartment. The top right 
apartment has a lower cooling use than the top left 
apartment, despite the higher airing factor. It might be 
explained by other thermostat settings or a higher 
number of occupied hours (larger family size). 
Unfortunately there is no data of the average indoor 
temperature of the top apartments to give proof to this. 
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Figure 12.  Total cooling use in one year. Also shown are the 
airing factors averaged over the months April until 

September 2020. Conditioned spaces are coloured green and 
unconditioned spaces are coloured blue. The summer outdoor 

environment is indicated in red. Expected heat flows by 
transmission are indicated by red arrows. 

The lowest cooling use over the year is for the bottom 
right apartment. The bottom right apartment is 
situated above a cellar, which is still relatively cool in 
the summer. The so-called ‘neighbour effect’ now leads 
to a lower cooling use of the bottom right apartment.  

Moreover, the higher indoor air temperatures in the 
bottom right apartment (Figure 11) indicate a higher 
thermostat setting and therefore a lower cooling use. 

Energy signatures for heating and cooling 

The energy use for heating and cooling apartments are 
also studied by using energy signatures. Energy 
signatures are a graphical representation of the daily 
energy use as a function of the daily averaged outdoor 
temperature. Figure 13 shows the energy signatures of 
the four apartments. 

Figure 13.  Energy signatures (heating and cooling) for all 
apartments. Daily heating use is shown above the horizontal 
axis and daily cooling use is shown below the horizontal axis. 

The general outcome of the energy signatures is a 
downward sloping line. In winter, the colder it gets 
outdoors, the more heating is used to keep the indoor 
spaces at the setpoint temperature. In summer, the 
warmer it gets outdoors, the more cooling is used to 
keep the indoor spaces at the setpoint temperature.  

The uncertainty resulting from the resolution of the 
energy meter values is approximately 10 Wh/m2/day. 
The typical spread of the energy values for one specific 
apartment is more than the measurement uncertainty. 
This spread is caused by occupation hour profiles, 

changes in thermostat settings, and specific 
temperature profile over the day. 

When the average outdoor temperature over a day is 
between approximately 14 and 21°C, there is heating 
and cooling taking place during the same day. This is 
because during the night heating is used and during the 
consecutive day cooling is used. Although this strategy 
is beneficial from a comfort point of view (the setpoint 
is always tried to be reached), it takes more energy 
than a temperature range in which the apartment is 
neither heated nor cooled (free-running apartment). 

For the analysed building, after the monitoring year, 
settings have been changed to reduce the number of 
occasions with heating and cooling within 24 hours. 

Energy signatures for heating 

The heating part of the energy signatures has been 
approximated with linear trendlines. Figure 14 shows 
all heating trendlines. All apartments except bottom 
right are heated for outdoor temperatures below 17°C 
(the heating balance temperature Th). Only the bottom 
right apartment is different because it is heated for 
outdoor temperatures below 21°C. Such a translation 
in energy signature is the result of a systematic higher 
heating use. Hence, the heating balance temperature Th 
depends on the thermostat setting and the neighbour 
effect, resulting in a high value at the bottom right 
apartment.  

Figure 14.  Trendlines for energy signatures (heating part) 
with specific heating slopes h and heating balance 

temperatures Th. BL and BR stand for bottom left and right 
apartment, respectively. TL and TR are for top left and top 

right apartments, respectively. 

For the specific heating slope h, a ranking can be 
established from the lowest to the highest value: 

1. Top left: because of the lowest airing factor (4%)

2. Bottom left: because of higher airing factor (5%),
but with heat recovery

3. Top right: same airing factor as bottom left (5%),
but without heat recovery

4. Bottom right: because of highest airing factor (6%)

Bottom left and top right apartment have the same 
airing factor. The conclusion follows that for the same 
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airing factor, the specific heating slope for the 
apartment with balanced ventilation is 24% lower than 
the apartment with window ventilation. 

Energy signatures for cooling 

The cooling part of the energy signatures has been 
approximated with linear trendlines. Figure 15 shows 
all cooling trendlines. All apartments are cooled for 
outdoor temperatures above 10 to 13°C. This cooling 
balance temperature Tc depends on the thermostat 
setting and the neighbour effect. That is why the value 
for Tc is high for the bottom right apartment.  

Figure 15.  Trendlines for energy signatures (cooling part) 
with specific cooling slopes h and cooling balance 

temperatures Tc. BL and BR stand for bottom left and right 
apartment, respectively. TL and TR are for top left and top 

right apartments, respectively. 

For the specific cooling slope c, a ranking can be 
established from the lowest to the highest value: 

1. Bottom left: because of the lowest airing factor
(7%), AND with cold recovery

2. Bottom right: because of slightly higher airing
factor (8%), AND with cold recovery

3. Top right: because of highest airing factor (11%),
without cold recovery

4. Top left: same airing factor as bottom left (7%),
but without cold recovery.

Bottom left and top left apartment have the same airing 
factor. The conclusion follows that for the same airing 
factor, the specific cooling slope for the apartment with 
balanced ventilation is 50% lower than the apartment 
with window ventilation. 

Conclusion from heating and cooling use 

The monitored heating and cooling use for an 
apartment seems to have a dependency with the airing 
factor, that is the amount and duration of windows that 
are opened by the occupants. That is logical, because 
the outdoor air coming in via the window has to be 
conditioned to the desired indoor temperature. 

For the same airing factor, however, the energy use for 
conditioning the apartments is less for an apartment 
with balanced ventilation. The difference is 24% 

(heating) and 50% (cooling) less than for the 
apartment with window ventilation, based on the 
slopes of the trendlines in the energy signatures. 

As proven, the overall heating and cooling use is not 
only the result of the use of windows, and the use of 
recovery in a balanced ventilation system. It is also 
dependent on the thermostat setting (desired room 
temperature) and on the position relative to 
conditioned and unconditioned neighbouring spaces. 

CONCLUSIONS 

For a healthy indoor climate, the indoor air needs to be 
refreshed to take away the pollutants that people bring 
into the houses. In this document, a comparison is 
made between two apartments with ventilation with 
windows only, and two apartments with ventilation 
with a mechanical, balanced ventilation unit. The 
comparison is made with respect to the obtained CO2 
values and the heating and cooling use to bring the 
apartments to the desired temperature. 

The CO2 values with window ventilation shows that the 
apartments are refreshed when windows or doors in 
the envelope of the building are opened. But of course, 
the windows are not always open. As soon as the 
windows are closed, and the house is still occupied, the 
pollutants start rising again. The result is that 
30-60% of the time in a year, the air exchange is
insufficient (CO2 value above 1000 ppm).

The monitored CO2 values with a balanced ventilation 
system show that the apartment is constantly and 
sufficiently refreshed. The occupants are still using 
their windows for airing a room temporarily. But 
opening windows is not a necessary action for 
maintaining a good air exchange. The result is a good 
air exchange, with CO2 values exceeding 1000 ppm less 
than 1% of the time in a year. 

Opening windows and doors means that more energy 
is used to keep the rooms at the desired temperature. 
Heating is used during colder periods and cooling is 
used during warmer periods. The overall energy use 
for conditioning the rooms seems to be dependent on 
the amount that windows are opened over the year. 
The addition of the balanced ventilation does not lead 
to a higher energy use. Reason for this is that balanced 
ventilation uses recovery between extract and supply 
air and therefore keeps the energy load for ventilation 
low.  

There is one apartment with mechanical ventilation 
that has twice the energy use for heating and cooling 
than expected on the basis of the other apartments. It 
has been proven that this is the effect of a higher 
thermostat setting in this apartment, and because this 
apartment is situated above an unconditioned cellar. 
The position above this cool cellar takes extra heating 
use in winter, but saves cooling use in summer. 

The heating use is 24% lower and the cooling use is 
50% lower for a mechanically ventilated apartment, 
relative to an apartment with window ventilation. 
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These numbers apply for apartments with the same 
amount of window openings, the same thermostat 
setting and the same position in the multifamily house 
relative to conditioned spaces. 

Overall conclusion is that mechanical, balanced 
ventilation brings a better and healthier indoor 
climate, with a lower energy load, for the same amount 
of opening windows. It is expected that people in a 
mechanically ventilated apartment get accustomed to 
the fact that they do not have to open windows for a 
good air exchange. As soon as that happens, they rely 
on the ventilation system to maintain a fresh indoor 
climate, and the resulting energy use for heating and 
cooling is expected to be much lower than for 

apartments that are ventilated by window opening 
only. 
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ABSTRACT 
This study presents a modeling approach to calculate 
the particle concentration in mechanically conditioned 
indoor environments and predict particle deposition in 
the Human Respiratory Tract (HRT) by combining two 
aerosol models. The developed Indoor Aerosol Model 
(IAM) combines the semi-empirical Respiratory 
Deposition Model (RDM) presented by the 
International Commission on Radiological Protection 
(ICRP) in its publication 66/130 with a Material 
Balance Model (MBM). This enables the determination 
of total regional deposition fractions in the HRT for 
different particle diameters, subjects, levels of exertion 
or respiration types. These total regional deposition 
fractions are then incorporated into the MBM, which 
can be used to determine the number and mass of 
particles deposited in the HRT over a maximum period 
of 24 hours. Furthermore, the time history of the 
airborne particle concentration, as well as the surface 
loading and, in addition, the particle fate can be 
determined for well-mixed single zones. 

INTRODUCTION 
Pollutants, gases and aerosol particles enter the 
atmosphere every day and spread in the immediate 
environment of humans (Edwards et al., 2021). 
Basically, whenever a person breathes, aerosol 
particles are deposited in the Human Respiratory Tract 
(HRT), where they can cause harmful effects 
depending on their type, concentration and residence 
time (Riediker et al., 2019). Due to the fact that people 
usually spend more than 80% of their lives in enclosed 
indoor spaces (Błaszczyk et al., 2017; Matz et al., 2014), 
air quality, and thus aerosol concentration in buildings, 
plays a major role in health, well-being and comfort. 
Indoor Air Quality (IAQ) is an important aspect in the 
design, construction, and operation of buildings. 
Especially engineers in the field of building services 
engineering aim to ensure a high IAQ for the future 
occupants already during the design phase of buildings 
(Spengler & Chen, 2000; Woods, 1991). For example, 
air ventilation concepts are developed, air handling 
systems are equipped with particle filters or low-
polluting materials are used. In most cases, however, 
the design methods used are static and limited to 
regulatory or standardized minimum requirements. A 
dynamic pollutant assessment, as would be required 

for an aerosol simulation, is only carried out in a very 
few cases. The simulations and evaluations of 
deposited particles in the HRT, which go beyond this, 
are not in the design of buildings. The reasons for this 
are manifold. On the one hand, it is due to the fact that 
the engineers or project participants involved are not 
obliged to apply it and the financial aspects supposedly 
outweigh the benefits. On the other hand, a pollutant 
assessment can become very complex due to an 
insufficient database, varying boundary conditions or 
a lack of knowledge. Nevertheless, a pollutant 
assessment, especially an indoor aerosol modeling, can 
be of great benefit and also provide a huge 
improvement in IAQ. 
Indoor particle concentrations are continuously 
determined by temporally but also spatially varying 
particle sources and sinks, which include, for example, 
equipment (e.g. printers), indoor activities, chemical 
transformation processes, deposition processes, air 
filtration, or even local particle concentrations in 
outdoor air (Morawska & Salthammer, 2003). 
Mathematical models can be used to balance these 
sources and sinks in order to predict or simulate the 
time history of particle concentration or other aspects 
of IAQ. The most popular IAQ models include the 
Material Balance Models (MBMs) (Hussein & Kulmala, 
2008; Morawska & Salthammer, 2003; Nazaroff, 2004; 
Nazaroff & Cass, 1989; Thornburg et al., 2001) and 
Computational Fluid Dynamics (CFD) models (Fan, 
1995). If these IAQ models are used to account for 
aerosols, they are referred to as Indoor Aerosol Models 
(IAMs) instead of IAQ models. Within the last decades 
numerous IAMs have been developed, which differ 
fundamentally in their application purpose, complexity 
as well as accuracy (Morawska & Salthammer, 2003). 
Even the current COVID-19 pandemic was and still is a 
real driver in the development of new and extension of 
existing IAMs (Dols et al., 2020; Jones et al., 2021; 
Kennedy et al., 2021). In addition, next to IAMs, there 
are various Respiratory Deposition Models (RDMs) 
that allow the calculation of regional deposition 
fractions in the HRT. Combining such a model with an 
IAM opens up a whole new range of prediction 
possibilities. For example, it would be possible to 
simulate a working day in an office and predict the 
amount of particles deposited in employees’ HRTs. In 
the following, this study presents such a modeling 
approach, combining the semi-empirical RDM 
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presented by the International Commission on 
Radiological Protection (ICRP) in its publication 
66/130 (International Commission on Radiological 
Protection [ICRP], 1994, 2015) with a MBM. 
Subsequently, the developed IAM is tested within the 
scope of a case study. The overall goal is to familiarize 
engineers and planners from the construction sector 
with the combined indoor aerosol modeling in order to 
ultimately improve IAQ. 

METHODS 

Material Balance Model 
MBMs are based on the principle of particle number or 
mass conservation. These models apply to both a single 
zone and multiple zones, where a zone usually 
describes a room or a section of a room within a 
building (Morawska & Salthammer, 2003). They can be 
used to predict particle concentration levels and to 
assess other related parameters such as surface 
loadings. The present study uses a MBM for a single 
zone with continually operating Heating, Ventilation, 
and Air-Conditioning (HVAC) system, which is 
characterized by an uniform aerosol concentration 
(Dols et al., 2018; Dols et al., 2020) and shown 
schematically in Figure 1.  

Figure 1.  Schematic diagram of the single zone MBM 
The MBM is based on a single, representative particle 
size of an aerosol to be simulated and assumes 
constant system parameters (e.g. airflow rates and 
filter efficiencies) during the period under 
consideration. Air can be supplied to and extracted 
from the zone under consideration of the existing 
HVAC system. The required supply (𝑄𝑄𝑆𝑆𝑆𝑆𝑆𝑆) and extract 
airflow rates (𝑄𝑄𝐸𝐸𝐸𝐸𝐸𝐸) as well as the associated outdoor 
air fraction (%𝑂𝑂𝑂𝑂𝐸𝐸) must be defined as input 
parameters before the simulation starts. This in turn 
results in outdoor (𝑄𝑄𝑂𝑂𝑂𝑂𝐸𝐸), recirculation (𝑄𝑄𝑅𝑅𝑅𝑅𝐸𝐸) and 
exhaust airflow rates (𝑄𝑄𝐸𝐸𝐸𝐸𝐸𝐸). If the supply and extract 

airflow rates are equal, the zone is balanced. 
Otherwise, there is either negative or positive 
pressure, which affects the infiltration (𝑄𝑄𝐼𝐼𝐼𝐼𝐼𝐼) and 
exfiltration rates (𝑄𝑄𝐸𝐸𝐸𝐸𝐼𝐼) through the zones envelope.  
The mass balance for a single zone can be described by 
the following differential Equation (1) (Dols et al., 
2018; Dols et al., 2020): 

𝑉𝑉 𝑑𝑑𝑅𝑅𝐼𝐼𝐼𝐼𝐼𝐼
𝑑𝑑𝑑𝑑

= 𝑃𝑃𝑄𝑄𝐼𝐼𝐼𝐼𝐼𝐼𝐶𝐶𝑂𝑂𝑂𝑂𝐸𝐸(𝑡𝑡) + 𝑄𝑄𝑆𝑆𝑆𝑆𝑆𝑆𝐶𝐶𝑆𝑆𝑆𝑆𝑆𝑆(𝑡𝑡) + 𝐺𝐺(𝑡𝑡) −
𝑄𝑄𝐸𝐸𝐸𝐸𝐼𝐼𝐶𝐶𝐼𝐼𝑂𝑂𝐸𝐸(𝑡𝑡) − 𝑄𝑄𝐸𝐸𝐸𝐸𝐸𝐸𝐶𝐶𝐼𝐼𝑂𝑂𝐸𝐸(𝑡𝑡) −∑ 𝑣𝑣𝑑𝑑,𝑖𝑖

𝐼𝐼𝑠𝑠
𝑖𝑖=1 𝐴𝐴𝑠𝑠,𝑖𝑖𝐶𝐶𝐼𝐼𝑂𝑂𝐸𝐸(𝑡𝑡) (1) 

where 𝑉𝑉 is the volume and 𝐶𝐶𝐼𝐼𝑂𝑂𝐸𝐸 the particle 
concentration of the zone. The terms on the right-hand 
side of Equation (1) correspond to six different 
individual effects (Morawska & Salthammer, 2003). 
The first term corresponds to the effect of natural 
infiltration, where 𝑃𝑃 describes the particle penetration 
coefficient and 𝐶𝐶𝑂𝑂𝑂𝑂𝐸𝐸 the particle concentration of 
outdoor air. The second term corresponds to the air 
intake from the HVAC system, where 𝐶𝐶𝑆𝑆𝑆𝑆𝑆𝑆  describes 
the particle concentration of supply air, which, taking 
Equation (2) into account, can be expressed according 
to Equation (3) (Nazaroff & Cass, 1989): 

𝑄𝑄𝑆𝑆𝑆𝑆𝑆𝑆 = 𝑄𝑄𝑂𝑂𝑂𝑂𝐸𝐸 + 𝑄𝑄𝑅𝑅𝑅𝑅𝐸𝐸 (2) 

𝐶𝐶𝑆𝑆𝑆𝑆𝑆𝑆(𝑡𝑡) = (1−𝜂𝜂𝑂𝑂𝐼𝐼𝐼𝐼)𝑄𝑄𝑂𝑂𝐼𝐼𝐼𝐼𝑅𝑅𝑂𝑂𝐼𝐼𝐼𝐼(𝑑𝑑)+(1−𝜂𝜂𝑅𝑅𝑅𝑅𝐼𝐼)𝑄𝑄𝑅𝑅𝑅𝑅𝐼𝐼𝑅𝑅𝐼𝐼𝐼𝐼𝐼𝐼(𝑑𝑑)
𝑄𝑄𝑂𝑂𝐼𝐼𝐼𝐼+𝑄𝑄𝑅𝑅𝑅𝑅𝐼𝐼

 (3) 

where 𝜂𝜂𝑂𝑂𝑂𝑂𝐸𝐸 is the particle filtration efficiency of the 
outdoor air particle filter and 𝜂𝜂𝑅𝑅𝑅𝑅𝐸𝐸 the particle 
filtration efficiency of the recirculation air particle 
filter. Term three on the right-hand side of Equation (1) 
corresponds to an indoor source 𝐺𝐺, also called particle 
generation rate, which accounts for indoor emissions 
or particles generated indoors (e.g. by occupants or 
equipment). In addition to the effect of infiltration, the 
mass balance also takes into account the effect of 
natural exfiltration, which is represented by the term 
four. Finally, term five corresponds to the mechanical 
ventilation out-take (extract air) and term six to the 
particle losses due to deposition on surfaces, where 𝑣𝑣𝑑𝑑,𝑖𝑖  
is the particle deposition velocity for surface 𝑖𝑖, 𝐴𝐴𝑠𝑠,𝑖𝑖  the 
area for surface 𝑖𝑖 and 𝑁𝑁𝑠𝑠 the total number of surfaces. 
Taking Equations (2), (3) and (4) into account, the 
mass balance from Equation (1) can be transformed 
into Equation (5) which states that the time rate of 
change in mass of particles within the zone air is equal 
to the rate that particles are added and removed from 
the zone air (Dols et al., 2020): 

𝑄𝑄𝐸𝐸𝐸𝐸𝐸𝐸 = 𝑄𝑄𝐸𝐸𝐸𝐸𝐸𝐸 − 𝑄𝑄𝑅𝑅𝑅𝑅𝐸𝐸  (4) 

𝑉𝑉 𝑑𝑑𝑅𝑅𝐼𝐼𝐼𝐼𝐼𝐼
𝑑𝑑𝑑𝑑

= 𝐶𝐶𝑂𝑂𝑂𝑂𝐸𝐸(𝑡𝑡)(P𝑄𝑄𝐼𝐼𝐼𝐼𝐼𝐼 + (1 − 𝜂𝜂𝑂𝑂𝑂𝑂𝐸𝐸)𝑄𝑄𝑂𝑂𝑂𝑂𝐸𝐸) + 𝐺𝐺(𝑡𝑡) −
𝐶𝐶𝐼𝐼𝑂𝑂𝐸𝐸(𝑡𝑡)(𝑄𝑄𝐸𝐸𝐸𝐸𝐼𝐼 + 𝑄𝑄𝐸𝐸𝐸𝐸𝐸𝐸 + 𝜂𝜂𝑅𝑅𝑅𝑅𝐸𝐸𝑄𝑄𝑅𝑅𝑅𝑅𝐸𝐸) −
∑ 𝑣𝑣𝑑𝑑,𝑖𝑖
𝐼𝐼𝑠𝑠
𝑖𝑖=1 𝐴𝐴𝑠𝑠,𝑖𝑖𝐶𝐶𝐼𝐼𝑂𝑂𝐸𝐸(𝑡𝑡) (5). 

In order to calculate the time history of the surface 
loading, the following differential Equation (6) must be 
set up (Dols et al., 2018): 

𝐴𝐴𝑠𝑠,𝑖𝑖
𝑑𝑑𝐿𝐿𝑠𝑠,𝑖𝑖
𝑑𝑑𝑑𝑑

= 𝑣𝑣𝑑𝑑,𝑖𝑖𝐴𝐴𝑠𝑠,𝑖𝑖𝐶𝐶𝐼𝐼𝑂𝑂𝐸𝐸(𝑡𝑡) (6) 
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where 𝐿𝐿𝑠𝑠,𝑖𝑖  is the surface loading for surface 𝑖𝑖. Equation 
(6) indicates the time rate of change of particle mass on
the surfaces of the zone is equal to the rate that
particles are deposited on the surfaces (Dols et al.,
2020).

Respiratory Deposition Model 
Many mathematical models have been developed to 
predict total and regional particle deposition in the 
HRT (Hinds, 1999). An advanced and widely used 
model has been developed by the ICRP (ICRP, 1994).  

Figure 2.  Respiratory tract regions defined in the RDM (ICRP, 
2015) 

This semi-empirical model uses equations based on 
experimental data and theory to characterize 
deposition by settling, inertia and diffusion in five 
regions of the respiratory system. These regions 
include the anterior nasal passages (ET1), naso-
oropharynx and larynx (ET2), bronchi (BB), 
bronchioles (bb) and  alveolar interstitium (AI)  (ICRP, 
1994) which are shown in Figure 2. Each mentioned 
region is represented by an equivalent particle filter 
that acts in series. As a result of each breath (inhalation 
and exhalation), particles are carried by a tidal airflow 
through each anatomical region or rather particle filter 
(see Figure 3).  
For each region 𝑗𝑗 (ET1 corresponds to 𝑗𝑗=1, ET2 to 𝑗𝑗=2, 
BB to 𝑗𝑗=3, bb to 𝑗𝑗=4 and AI to 𝑗𝑗=5),  a total deposition 
fraction 𝐷𝐷𝐷𝐷𝑗𝑗  can be calculated, which sum up to the 
total respiratory deposition fraction 𝐷𝐷𝐷𝐷𝐸𝐸𝑇𝑇𝑑𝑑 in Equation 
(7) (Hinds, 1999; ICRP, 1994):

𝐷𝐷𝐷𝐷𝐸𝐸𝑇𝑇𝑑𝑑 = ∑  𝐷𝐷𝐷𝐷𝑗𝑗𝐼𝐼=5
𝑗𝑗=1  (7) 

where 𝑁𝑁 is the total number of respiratory tract 
regions. 
For calculation purposes, it is comfortable to consider 
each region 𝑗𝑗, except AI, as having separate deposition 
fractions for inhalation (𝐷𝐷𝐷𝐷𝑗𝑗,𝑖𝑖𝑖𝑖ℎ) and exhalation 
(𝐷𝐷𝐷𝐷𝑗𝑗,𝑒𝑒𝑒𝑒). Consequently, regions 1 to 4 are passed 
through twice for each breath, resulting in a total 
number of regional filters in series of 𝑁𝑁𝑓𝑓𝑑𝑑=9. For 
regions 𝑗𝑗=1 to 4, 𝐷𝐷𝐷𝐷𝑗𝑗  can be rewritten as: 

𝐷𝐷𝐷𝐷𝑗𝑗 = 𝐷𝐷𝐷𝐷𝑗𝑗,𝑖𝑖𝑖𝑖ℎ + 𝐷𝐷𝐷𝐷𝑗𝑗,𝑒𝑒𝑒𝑒 = 𝐷𝐷𝐷𝐷𝑗𝑗 + 𝐷𝐷𝐷𝐷𝐼𝐼𝑓𝑓𝑓𝑓−𝑗𝑗+1 (8) 

where 𝐷𝐷𝐷𝐷𝑗𝑗  is denoted hereafter as the deposition 
efficiency of regional filter 𝑗𝑗. For 𝑗𝑗=5, 𝐷𝐷𝐷𝐷𝑗𝑗  equals 𝐷𝐷𝐷𝐷𝑗𝑗 , 
because the AI is passed only once during a breathing 
cycle: 

𝐷𝐷𝐷𝐷𝑗𝑗 = 𝐷𝐷𝐷𝐷𝑗𝑗  (9). 

Figure 3.  Schematic representation of inhalability of particles 
through nasal and oral pathway and their deposition in the 

anatomical regions during continuous cyclic breathing 
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Moreover, in addition to dividing inhalation and 
exhalation, it is useful to consider each region 𝑗𝑗, as 
having separate deposition efficiencies for the nasal 
and oral pathway. 
When considering the nasal pathway, 𝐷𝐷𝐷𝐷𝑗𝑗  equals 
𝐷𝐷𝐷𝐷𝑖𝑖𝑛𝑛𝑇𝑇𝑛𝑛,𝑗𝑗 as shown in Equation (10) and must be 
specified for the regional filters 𝑗𝑗=1 (Equation (11)), 
𝑗𝑗=2 (Equation (12)), 𝑗𝑗=3 to 7 (Equation (13)) and 𝑗𝑗=8 
to 9 (Equation (14)) (ICRP, 2015): 

𝐷𝐷𝐷𝐷𝑗𝑗 = 𝐷𝐷𝐷𝐷𝑖𝑖𝑛𝑛𝑇𝑇𝑛𝑛,𝑗𝑗 ,     for 𝑗𝑗=1,𝑁𝑁𝑓𝑓𝑑𝑑  (10) 

𝐷𝐷𝐷𝐷𝑖𝑖𝑛𝑛𝑇𝑇𝑛𝑛,𝑗𝑗 = 0.65 �
𝐷𝐷𝐷𝐷𝑖𝑖,𝑗𝑗 + 𝐷𝐷𝐷𝐷𝑖𝑖,𝑗𝑗+1 +
𝐷𝐷𝐷𝐷𝑖𝑖,𝑗𝑗+7 + 𝐷𝐷𝐷𝐷𝑖𝑖,𝑗𝑗+8

� (11) 

𝐷𝐷𝐷𝐷𝑖𝑖𝑛𝑛𝑇𝑇𝑛𝑛,𝑗𝑗 = 0.35 �
𝐷𝐷𝐷𝐷𝑖𝑖,𝑗𝑗−1 + 𝐷𝐷𝐷𝐷𝑖𝑖,𝑗𝑗 +
𝐷𝐷𝐷𝐷𝑖𝑖,𝑗𝑗+6 + 𝐷𝐷𝐷𝐷𝑖𝑖,𝑗𝑗+7

� (12) 

𝐷𝐷𝐷𝐷𝑖𝑖𝑛𝑛𝑇𝑇𝑛𝑛,𝑗𝑗 = 𝐷𝐷𝐷𝐷𝑖𝑖,𝑗𝑗  (13) 

𝐷𝐷𝐷𝐷𝑖𝑖𝑛𝑛𝑇𝑇𝑛𝑛,𝑗𝑗 = 0 (14) 
where 𝐷𝐷𝐷𝐷𝑖𝑖𝑛𝑛𝑇𝑇𝑛𝑛,𝑗𝑗  is the corrected and 𝐷𝐷𝐷𝐷𝑖𝑖,𝑗𝑗 the 
uncorrected deposition efficiency for the nasal 
pathway for regional filter 𝑗𝑗. 
When considering the oral pathway, 𝐷𝐷𝐷𝐷𝑗𝑗  can be 
rewritten as Equation (15) (ICRP, 1994): 

𝐷𝐷𝐷𝐷𝑗𝑗 = 𝑓𝑓𝑖𝑖𝐷𝐷𝐷𝐷𝑖𝑖𝑛𝑛𝑇𝑇𝑛𝑛,𝑗𝑗 + (1 − 𝑓𝑓𝑖𝑖)𝐷𝐷𝐷𝐷𝑚𝑚,𝑗𝑗−1, 
for 𝑗𝑗=1,𝑁𝑁𝑓𝑓𝑑𝑑  (15) 

where 𝑓𝑓𝑖𝑖 is the fraction of total ventilatory airflow 
passing through the nose (see Table 1) and 𝐷𝐷𝐷𝐷𝑚𝑚,𝑗𝑗  is 
called the deposition efficiency for the oral pathway for 
regional filter 𝑗𝑗. It should be taken into account that the 
region ET1 is not passed during the oral pathway, 
which is the reason why 𝐷𝐷𝐷𝐷𝑚𝑚,𝑗𝑗−1 for 𝑗𝑗=1 and 9 does not 
exist respectively must equals zero. 
Table 1.  Fraction of total ventilatory airflow passing through 

the nose (𝑓𝑓𝑖𝑖) (ICRP, 1994) 

Level of exertion 
Respiration type 

Unit 
Nose breather Mouth breather 

Sleep 1.00 0.70 - 
Sitting 1.00 0.70 - 

Light exercise 1.00 0.40 - 
Heavy exercise 0.50 0.30 - 

In order to calculate 𝐷𝐷𝐷𝐷𝑖𝑖,𝑗𝑗 and 𝐷𝐷𝐷𝐷𝑚𝑚,𝑗𝑗 , Equation (16) can 
be used for regional filter 𝑗𝑗=1 by substituting the 
indices 𝑛𝑛 (nose) and 𝑚𝑚 (mouth) by 𝑘𝑘 (ICRP, 1994): 

𝐷𝐷𝐷𝐷𝑘𝑘,𝑗𝑗 = 𝜂𝜂𝑘𝑘,𝑗𝑗�1 − 𝜂𝜂𝑝𝑝𝑛𝑛𝑒𝑒� (16) 
where 𝜂𝜂𝑘𝑘,𝑗𝑗  is the total filtration efficiency for nose or 
mouth breathing for regional filter 𝑗𝑗 and 𝜂𝜂𝑝𝑝𝑛𝑛𝑒𝑒 is the 
intake efficiency or inhalability of the imaginary 
prefilter with which airborne particles are inspired 
into the HRT (Equation (23)). 𝜂𝜂𝑘𝑘,𝑗𝑗 considers the 
aerodynamic deposition (e.g. impaction and 

gravitational settling) and thermodynamic deposition 
(e.g. diffusion by Brownian motion) processes and 
describes the combined filtration efficiency for 
regional filter 𝑗𝑗 and can be calculated with Equation 
(17) (ICRP, 1994):

𝜂𝜂𝑘𝑘,𝑗𝑗 = �𝜂𝜂𝑘𝑘,𝑎𝑎𝑒𝑒,𝑗𝑗
2 + 𝜂𝜂𝑘𝑘,𝑑𝑑ℎ,𝑗𝑗

2 �0.5 (17) 
where 𝜂𝜂𝑘𝑘,𝑎𝑎𝑒𝑒,𝑗𝑗  corresponds to the aerodynamic filtration 
efficiency for regional filter 𝑗𝑗 during nasal or mouth 
breathing and can be easily calculated using the 
equations on Table 12 of ICRP publication 66 (ICRP, 
1994) and the aerodynamic diameter 𝑑𝑑𝑎𝑎𝑒𝑒  (for 𝑑𝑑𝑒𝑒 <
0.002 µ𝑚𝑚 see Equation (22)). 𝜂𝜂𝑘𝑘,𝑑𝑑ℎ,𝑗𝑗  on the other hand 
corresponds to the thermodynamic filtration efficiency 
for regional filter 𝑗𝑗 during nasal or mouth breathing 
and requires, next to the equations on table 13 of ICRP 
publication 66 (ICRP, 1994), a series of complex 
intermediate calculations. A key parameter for 
calculating 𝜂𝜂𝑘𝑘,𝑑𝑑ℎ,𝑗𝑗  is the diffusion coefficient 𝐷𝐷, which 
can be calculated according to Equation (18) (ICRP, 
1994): 

𝐷𝐷 = 𝑅𝑅(𝑑𝑑𝑓𝑓ℎ)𝑘𝑘𝐵𝐵𝐸𝐸
3𝜋𝜋𝜋𝜋𝑑𝑑𝑓𝑓ℎ

 (18) 

where 𝐶𝐶(𝑑𝑑𝑑𝑑ℎ) is the slip correction for a particle of 
thermodynamic diameter, 𝑘𝑘𝐵𝐵  is Boltzmann’s constant 
(1.38·10-16 erg·s·K-1), 𝑇𝑇 is the absolute temperature of 
the HRT (310.00 K), 𝜇𝜇 is the dynamic efficiency of air 
(1.88·10-4 erg·s·cm-3) and 𝑑𝑑𝑑𝑑ℎ is the thermodynamic 
diameter.  
Generally, the slip correction factors are given by 
substituting either 𝑑𝑑𝑎𝑎𝑒𝑒  or 𝑑𝑑𝑑𝑑ℎ, respectively for 𝑑𝑑𝑒𝑒  
(caution for 𝑑𝑑𝑒𝑒  <  0.002 µ𝑚𝑚) in Equation (19) (ICRP, 
1994; Klumpp & Bertelli, 2017): 

𝐶𝐶(𝑑𝑑𝑒𝑒) = 1 + 76𝜆𝜆
𝑝𝑝𝑑𝑑𝑒𝑒

�2.514 + 0.8𝑒𝑒�−
0.55𝑝𝑝𝑑𝑑𝑒𝑒
76𝜆𝜆 �� (19) 

where 𝜆𝜆 is the mean free path of the air molecules at 
37.00 °C (0.0683 µm) (ICRP, 2002), 100% relative 
humidity and 76.00 cm·Hg atmospheric pressure 𝑝𝑝.  
To calculate 𝐶𝐶(𝑑𝑑𝑑𝑑ℎ), the thermodynamic diameter 𝑑𝑑𝑑𝑑ℎ 
is needed, which can be described as a function of 𝑑𝑑𝑎𝑎𝑒𝑒  
which has to be solved recursively, by initially setting 
(ICRP, 1994): 

𝑑𝑑𝑑𝑑ℎ,1 = 𝑑𝑑𝑎𝑎𝑒𝑒�
𝐸𝐸
𝜌𝜌

 (20) 

where 𝑋𝑋 is the dynamic shape factor (ranges from 1 to 
2) and 𝜌𝜌 is the particle density. Then Equation (21)
should be iterated for 𝑖𝑖𝑖𝑖=2 to 21, whereby 𝑑𝑑𝑑𝑑ℎ
converges for 𝑁𝑁𝑖𝑖𝑑𝑑=21 to the correct value (𝑑𝑑𝑑𝑑ℎ = 𝑑𝑑𝑑𝑑ℎ,21)
(ICRP, 1994; Klumpp & Bertelli, 2017):

𝑑𝑑𝑑𝑑ℎ,𝑖𝑖𝑖𝑖 = 𝑑𝑑𝑎𝑎𝑒𝑒�
𝐸𝐸𝜌𝜌0
𝜌𝜌

𝑅𝑅(𝑑𝑑𝑎𝑎𝑒𝑒)
𝑅𝑅�𝑑𝑑𝑓𝑓ℎ,𝑖𝑖𝑖𝑖−1�

(21) 

where 𝜌𝜌0 is the unity density (1.00 g·cm-3) and 𝐶𝐶(𝑑𝑑𝑎𝑎𝑒𝑒) 
is the slip correction for a particle of aerodynamic 
diameter. If 𝑑𝑑𝑑𝑑ℎ,𝑖𝑖𝑖𝑖 < 0.002 µ𝑚𝑚, a correction is needed 
defined by Equation (22) (ICRP, 1994): 

𝑑𝑑𝑒𝑒 = 𝑑𝑑𝑒𝑒,𝑢𝑢𝑖𝑖�1 + 3𝑒𝑒�−2200𝑑𝑑𝑒𝑒,𝑢𝑢𝑢𝑢�� (22)
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where 𝑑𝑑𝑒𝑒,𝑢𝑢𝑖𝑖 is the uncorrected value of the particle 
diameter of interest (e.g. 𝑑𝑑𝑑𝑑ℎ or 𝑑𝑑𝑎𝑎𝑒𝑒). 
With the converged value of 𝑑𝑑𝑑𝑑ℎ, it is possible to 
calculate 𝐶𝐶(𝑑𝑑𝑑𝑑ℎ), 𝐷𝐷 and finally 𝜂𝜂𝑘𝑘,𝑗𝑗. For the 
determination of 𝐷𝐷𝐷𝐷𝑘𝑘,1, the calculation of 𝜂𝜂𝑝𝑝𝑛𝑛𝑒𝑒 is 
additionally necessary and expressed by Equation 
(23), taking Equation (24) into account (ICRP, 1994): 

𝜂𝜂𝑝𝑝𝑛𝑛𝑒𝑒 = (1 − 𝜂𝜂𝐼𝐼) (23) 

𝜂𝜂𝐼𝐼 = 1 − 0.5(1 − (7.6 · 10−4𝑑𝑑𝑎𝑎𝑒𝑒2.8 + 1)−1) + 
1 · 10−5𝑈𝑈2.75𝑒𝑒(0.055𝑑𝑑𝑎𝑎𝑒𝑒)  (24) 
where 𝜂𝜂𝐼𝐼 represents the particle inhalability and 𝑈𝑈 the 
wind speed or inhalation velocity (default value of 1.00 
m·s-1). 
By setting: 

𝑁𝑁𝑓𝑓𝑑𝑑 = 9, for 𝑘𝑘 = 𝑛𝑛 (25) 

𝑁𝑁𝑓𝑓𝑑𝑑 = 7, for 𝑘𝑘 = 𝑚𝑚 (26) 
𝐷𝐷𝐷𝐷𝑘𝑘,𝑗𝑗  can be calculated for the remaining regional filter 
stages using Equation (27) (ICRP, 1994): 

𝐷𝐷𝐷𝐷𝑘𝑘,𝑗𝑗 = 𝐷𝐷𝐷𝐷𝑘𝑘,𝑗𝑗−1𝜂𝜂𝑘𝑘,𝑗𝑗
𝜙𝜙𝑘𝑘,𝑗𝑗

𝜙𝜙𝑘𝑘,𝑗𝑗−1
� 1
𝜂𝜂𝑘𝑘,𝑗𝑗−1

− 1�,

for 𝑗𝑗=2, 𝑁𝑁𝑓𝑓𝑑𝑑  (27) 
where 𝜙𝜙𝑘𝑘,𝑗𝑗  is the volumetric fraction for regional filter 
𝑗𝑗 for nasal or mouth breathing, which also can be 
calculated using equations on tables 12 and 13 of ICRP 
publication 66 (ICRP, 1994). 

Combined Indoor Aerosol Model 
A combination of the described MBM and the RDM 
enables an IAM for assessment of exposure and 
deposited particle quantity in the HRT. The combined 
IAM is based on Equation (5) and can be expressed as 
follows: 

𝑉𝑉 𝑑𝑑𝑅𝑅𝐼𝐼𝐼𝐼𝐼𝐼
𝑑𝑑𝑑𝑑

= 𝐶𝐶𝑂𝑂𝑂𝑂𝐸𝐸(𝑡𝑡)(P𝑄𝑄𝐼𝐼𝐼𝐼𝐼𝐼 + (1 − 𝜂𝜂𝑂𝑂𝑂𝑂𝐸𝐸)𝑄𝑄𝑂𝑂𝑂𝑂𝐸𝐸) + 𝐺𝐺(𝑡𝑡) −
𝐶𝐶𝐼𝐼𝑂𝑂𝐸𝐸(𝑡𝑡)(𝑄𝑄𝐸𝐸𝐸𝐸𝐼𝐼 + 𝑄𝑄𝐸𝐸𝐸𝐸𝐸𝐸 + 𝜂𝜂𝑅𝑅𝑅𝑅𝐸𝐸𝑄𝑄𝑅𝑅𝑅𝑅𝐸𝐸 + 𝐵𝐵𝐷𝐷𝐷𝐷𝐸𝐸𝑇𝑇𝑑𝑑) −
∑ 𝑣𝑣𝑑𝑑,𝑖𝑖
𝐼𝐼𝑠𝑠
𝑖𝑖=1 𝐴𝐴𝑠𝑠,𝑖𝑖𝐶𝐶𝐼𝐼𝑂𝑂𝐸𝐸(𝑡𝑡) (28) 

taking 𝐷𝐷𝐷𝐷𝐸𝐸𝑇𝑇𝑑𝑑 and the ventilation or breathing rate 𝐵𝐵 of 
the exposed subject of interest (see Table 2) into 
account. The term 𝐵𝐵𝐷𝐷𝐷𝐷𝐸𝐸𝑇𝑇𝑑𝑑 describes the particle 
deposition in the HRT and is to be treated as a particle 
sink. 

Table 2.  Ventilation rate of the exposed subject (𝐵𝐵) (ICRP, 
1994) 

Level of exertion 
Subject 

Unit 
Male Female 

Sleep 0.45 0.32 m³·h-1 
Sitting 0.54 0.39 m³·h-1 

Light exercise 1.50 1.25 m³·h-1 
Heavy exercise 3.00 2.70 m³·h-1 

By setting: 
𝐶𝐶𝐼𝐼𝑂𝑂𝐸𝐸 = 𝐶𝐶𝑖𝑖𝑖𝑖, at t = 0 (29) 

𝐶𝐶𝐼𝐼𝑂𝑂𝐸𝐸 = 𝐶𝐶𝑓𝑓 , for t → ∞ (30) 
and integrating the differential Equation (28) gives 
(Morawska & Salthammer, 2003): 

𝐶𝐶𝐼𝐼𝑂𝑂𝐸𝐸(𝑡𝑡) = �𝐶𝐶𝑖𝑖𝑖𝑖 − 𝐶𝐶𝑓𝑓�𝑒𝑒(−𝐾𝐾𝑑𝑑) + 𝐶𝐶𝑓𝑓 (31) 

𝐶𝐶𝑓𝑓 = 𝑅𝑅𝑂𝑂𝐼𝐼𝐼𝐼(P𝑄𝑄𝐼𝐼𝐼𝐼𝐼𝐼+(1−𝜂𝜂𝑂𝑂𝐼𝐼𝐼𝐼)𝑄𝑄𝑂𝑂𝐼𝐼𝐼𝐼)+𝐺𝐺

𝑄𝑄𝐸𝐸𝐸𝐸𝐼𝐼+𝑄𝑄𝐸𝐸𝐸𝐸𝐼𝐼+𝜂𝜂𝑅𝑅𝑅𝑅𝐼𝐼𝑄𝑄𝑅𝑅𝑅𝑅𝐼𝐼+𝐵𝐵𝑂𝑂𝐼𝐼𝑇𝑇𝑇𝑇𝑓𝑓+∑ 𝑣𝑣𝑑𝑑,𝑖𝑖
𝐼𝐼𝑠𝑠
𝑖𝑖=1 𝐸𝐸𝑠𝑠,𝑖𝑖

(32) 

𝐾𝐾 = 𝑄𝑄𝐸𝐸𝐸𝐸𝐼𝐼+𝑄𝑄𝐸𝐸𝐸𝐸𝐼𝐼+𝜂𝜂𝑅𝑅𝑅𝑅𝐼𝐼𝑄𝑄𝑅𝑅𝑅𝑅𝐼𝐼+𝐵𝐵𝑂𝑂𝐼𝐼𝑇𝑇𝑇𝑇𝑓𝑓+∑ 𝑣𝑣𝑑𝑑,𝑖𝑖
𝐼𝐼𝑠𝑠
𝑖𝑖=1 𝐸𝐸𝑠𝑠,𝑖𝑖

𝑉𝑉
 (33) 

where 𝐶𝐶𝑖𝑖𝑖𝑖 is the initial zone concentration, 𝐶𝐶𝑓𝑓 is the 
steady-state zone concentration, 𝐾𝐾 is the total loss rate 
and 𝑡𝑡 is the time step of interest. In order to calculate 
the surface loading, Equation (6) must also be 
integrated (Poppendieck, 2020): 

𝐿𝐿𝑠𝑠,𝑖𝑖(𝑡𝑡) = 𝑣𝑣𝑑𝑑,𝑖𝑖 �

𝑅𝑅𝑖𝑖𝑢𝑢
𝐾𝐾
�1 − 𝑒𝑒(−𝐾𝐾𝑑𝑑)� +

𝐶𝐶𝑓𝑓 �𝑡𝑡 −
1
𝐾𝐾
�1 − 𝑒𝑒(−𝐾𝐾𝑑𝑑)��

� (34) 

The resulting IAM is applied in the following step. 

CASE STUDY 
To illustrate the application of the combined IAM 
presented in this study, the time history of the airborne 
particle concentration as well as the surface loading 
and, in addition, the particle fate for a mechanically 
ventilated single office room (see Figure 1) is 
simulated over a period of 24 hours. The simulation is 
carried out with the specially developed tool IAMdep, 
which is based on Microsoft Excel. The considered 
office room has a floor area of 𝐴𝐴𝑠𝑠,𝑓𝑓𝑓𝑓=20.00 m² and a 
clear room height of 𝐻𝐻=3.00 m, resulting in a room 
volume of 𝑉𝑉=60.00 m³, which corresponds to a 
representative single office (DIN V 18599:2018). The 
supply airflow rate is 𝑄𝑄𝑆𝑆𝑆𝑆𝑆𝑆=80.00 m³·h-1 (with 
%𝑂𝑂𝑂𝑂𝐸𝐸=80.00%) and the extract airflow rate is 
𝑄𝑄𝐸𝐸𝐸𝐸𝐸𝐸=100.00 m³·h-1, resulting in a negative flow 
imbalance and thus an infiltration airflow rate of 
𝑄𝑄𝐼𝐼𝐼𝐼𝐼𝐼=20.00 m³·h-1. Within the 24-hour period under 
consideration, the office is occupied from 07:00 to 
18:00 by a healthy adult male who performs a light 
exercise (𝐵𝐵=1.50 m³·h-1). Typically, it can be expected 
that, especially during the occupancy period, particles 
are generated indoors or resuspended, e.g. by the 
person present. In the context of this case study, it is 
assumed that no particles are generated indoors 
during the entire simulation period (𝐺𝐺=0.00 #·h-1), 
although the combined IAM could take these indoor 
emissions into account. This assumption is deliberately 
chosen to graphically highlight the deposition effect in 
the HRT and to avoid overlap with indoor sources (see 
Results). Besides, at the beginning of the simulation 
(t=0), there should be no airborne particles (𝐶𝐶𝑖𝑖𝑖𝑖=0.00 
#·m-3) or particles on the surfaces (𝐿𝐿𝑖𝑖𝑖𝑖,𝑠𝑠,𝑖𝑖=0.00 #·m-2). 
The simulation is based on a single aerodynamic 
particle size of  𝑑𝑑𝑎𝑎𝑒𝑒=1.00 µm with a particle density of 
𝜌𝜌=1.00 g·cm-3 and represents a monodispersed aerosol 
to be simulated. The particle deposition velocity for 
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upward facing surfaces (floor) is assumed to be 
𝑣𝑣𝑑𝑑,𝑓𝑓𝑓𝑓=3.50E-05 m·s-1 and for vertical surfaces (walls)  
𝑣𝑣𝑑𝑑,𝑤𝑤=1.00E-06 m·s-1 and can be neglected for 
downward facing surfaces (ceiling). These particle 
deposition velocities can be derived for a friction 
velocity of 0.10 m·s-1 from a deposition velocity model 
developed for deposition onto smooth surfaces as a 
function of friction velocity (K. Lai & Nazaroff, 2000). 
Moreover, the existing HVAC system has two particle 
filter that can trap particles from the outdoor and 
recirculation air. A particle number concentration of 
𝐶𝐶𝑂𝑂𝑂𝑂𝐸𝐸=3.97865E+05 #·m-3 is assumed for the outdoor 
air, based on the sample particle size distribution as 
shown in Figure 4. The outdoor air particle filter has a 
filter efficiency of 𝜂𝜂𝑂𝑂𝑂𝑂𝐸𝐸=18.00% (corresponds to MERV 
6) and the recirculation air particle filter a has filter
efficiency of 𝜂𝜂𝑅𝑅𝑅𝑅𝐸𝐸=32.00% (corresponds to MERV 8)
for particles with a diameter of 1.00 µm. In addition, a
typical particle penetration coefficient of 𝑃𝑃=0.60 is
assumed, indicating that 40.00% of the particles
cannot infiltrate through the building envelope (Long
et al., 2001; Thornburg et al., 2001). Furthermore,
constant system parameters and a well-mixed indoor
air are assumed for the simulation.

Figure 4.  A sample particle size distribution (d𝐶𝐶𝑂𝑂𝑂𝑂𝐸𝐸/dlog(𝑑𝑑)) 
of the outdoor air (red marks the concentration for 𝑑𝑑=1 µm) 

RESULTS AND DISCUSSION 
With the help of the methods described in this study, 
an indoor aerosol modeling was carried out for the 
case study described above, the results of which are 
presented and discussed below. Figure 5 shows the 
time history of the airborne particle number 
concentration for the simulated office over a period of 
24 hours and thus enables prediction of the IAQ or 
allows recommendations for action to be made. A 
distinction is made between the indoor concentration 
development over the entire simulation period 
(dashed curve) and the indoor concentration 
development during occupancy (solid curve). Looking 
at the entire simulation period (dashed curve), it is 
recognizable that the indoor concentration rises 
sharply at the beginning and reaches its peak after 
nearly four hours at approximately 2.79E+05 #·m-3. 
Moreover, over the simulation period of 24 hours, an 
average concentration of 2.71E+05 #·m-3 or an average 
number of 1.62E+07 particles is obtained. Although the 

Figure 5.  Simulated airborne particle number concentration 
(𝐶𝐶𝐼𝐼𝑂𝑂𝐸𝐸) for 𝑑𝑑𝑎𝑎𝑒𝑒=1.00 µm 

indoor concentration converges to the outdoor 
concentration (𝐶𝐶𝑂𝑂𝑂𝑂𝐸𝐸=3.97865E+05 #·m-3) over time, 
but does not reach it, which has several reasons.On the 
one hand, the polluted outdoor air is drawn in by the 
HVAC system with an airflow rate of 𝑄𝑄𝑂𝑂𝑂𝑂𝐸𝐸=64.00 m³·h-

1, mixed with the recirculation airflow rate of 
𝑄𝑄𝑅𝑅𝑅𝑅𝐸𝐸=16.00 m³·h-1 and only then continuously 
supplied into the office as mixed air with 𝑄𝑄𝑆𝑆𝑆𝑆𝑆𝑆=80.00 
m³·h-1. On the other hand, the existing particle filters 
trap particles from the outdoor and recirculation air 
and ensure a reduced supply air concentration. 
Throughout the entire simulation period, the outdoor 
air particle filter traps 1.44E+08 particles, 
corresponding to a particle mass of 7.56E+01 µg (see 
Table 3).  

Table 3.  Calculated particle fate 

Particle fate Particle 
number Particle mass Percentage 

[-] [#] [µg] [%] 
Exited Office 5.46E+08 2.86E+02 65.25 
Filtered from 
outdoor air 1.44E+08 7.56E+01 17.27 

Filtered from 
recirculation 

air 
3.33E+07 1.74E+01 3.98 

Filtered via 
building 
envelope 

7.64E+07 4.00E+01 9.14 

Deposited on 
surfaces 1.76E+07 9.21E+00 2.10 

Remain 
airborne 1.68E+07 8.78E+00 2.00 

Deposited in 
HRT 2.17E+06 1.14E+00 0.26 

Total 8.36E+08 4.38E+02 100.00 

This in turn means that approximately 17.27% of the 
simulated particles are trapped by the outdoor air 
particle filter. The recirculation air particle filter, in 
contrast, traps 3.33E+07 particles, which corresponds 
to a particle mass of 1.74E+01 µg and accounts for 
approximately 3.98% of the simulated particles. 
Furthermore, the particles are deposited on the 
surfaces over time. As shown in Figure 6, surface 
loading increases linearly with time, where 92.84% of 
the depositing particles sediment to the floor and 
7.16% settle on the walls. This is also a reason why the 
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maximum indoor particle concentration of 2.79E+05 
#·m-3 is not exceeded. In relation to the overall context, 
however, the effect of particle deposition on surfaces 
accounts only for 2.10%. It should be noted that the 
simulation assumed an unfurnished room, and thus a 
smaller deposition surface area than probably exists in 
reality. 

Figure 6.  Simulated surface loads (𝐿𝐿𝑠𝑠,𝑖𝑖) for 𝑑𝑑𝑎𝑎𝑒𝑒=1.00 µm  

The cumulative surface loads and deposited particle 
numbers can be taken from Table 4 below.  

Table 4.  Cumulative surface loading results 
Surface area 𝑖𝑖 Concentration Particle number 

[-] [#·m-2] [#] 
Floor 8.16E+05 1.63E+07 
Walls 2.33E+04 1.26E+06 
Total 8.40E+05 1.76E+07 

Simultaneously 65.25% of the simulated particles are 
extracted out of the office with an airflow rate of 
𝑄𝑄𝐸𝐸𝐸𝐸𝐸𝐸=100.00 m³·h-1. As a result of the fact that more air 
is extracted than is supplied, a negative flow imbalance 
and thus an infiltration airflow rate of 𝑄𝑄𝐼𝐼𝐼𝐼𝐼𝐼=20.00 
m³·h-1 occurs. This leads to particles from the outdoor 
air infiltrating the office through the building envelope. 
Typically, 60.00% of the particles in the outdoor air 
with a diameter of 1.00 µm infiltrate through the 
building envelope, providing there is an infiltration 
airflow rate (Long et al., 2001; Thornburg et al., 2001). 
In this case, the building envelope traps 7.64E+07 
particles, which corresponds to 9.14% of the simulated 
particles. 
The combined IAM allows, in addition to the prediction 
of airborne particle concentration and surface loading, 
also an estimation of the particles deposited in the 
HRT. In the first step, the total regional deposition 
fractions (𝐷𝐷𝐷𝐷𝑗𝑗) must be determined with the help of the 
RDM. The calculated total deposition fractions of the 
regions ET1, ET2, BB, bb and AI can be taken from 
Table 5. A closer look at the deposition fractions 
reveals that about 47.00% of the total inhaled particles 
are deposited in the HRT. In relation to this total 
respiratory deposition fraction, 48.00% of the inhaled 
particles deposited in ET1, 25.85% in ET2, 2.12% in 
BB, 1.71% in bb and 22.32% in AI. This percentage 
distribution depends largely on the particle size (𝑑𝑑𝑎𝑎𝑒𝑒=1 
µm), the level of exertion (light exercise, 𝐵𝐵=1.50m3·h-1) 

and the respiration type (nose breather). Once the 
deposition fractions are known, they can be integrated 
into the MBM in a second step, ultimately producing 
the combined IAM.  
Looking at the simulation period during which the 
office is occupied (see Figure 5, solid curve), it can be 
seen that from the time of occupancy (07:00), the 
indoor concentration drops minimally and reaches a 
steady-state concentration of 2.77E+05 #·m-3. In 
contrast, after the time of occupancy (18:00), the 
indoor concentration rises again to 2.79E+05 #·m-3. It 
is therefore evident that a part of the airborne particles 
are inhaled, deposited in the HRT and finally lead to the 
temporary reduction of the indoor concentration. 
Specifically, 2.17E+06 particles were deposited in the 
HRT during the 11-hour occupancy period, which 
corresponds to a mass of 1.14E+00 µg (see Table 5). 
Compared to the other particle fates, 0.26% of the 
simulated particles were deposited in the HRT. 
However, this effect can be seen well, among other 
reasons, because it was assumed that the considered 
person does not emit any new particles, as is normally 
the case (Asadi et al., 2019). 
Table 5.  Calculated total regional deposition fractions (𝐷𝐷𝐷𝐷𝑗𝑗) 

and simulated deposited particle quantities in the HRT 

Respiratory 
region 𝑗𝑗 

Total regional 
deposition 

fraction (𝐷𝐷𝐷𝐷𝑗𝑗) 

Deposited 
particle 

number (in 
HRT) 

Deposited 
particle 
mass (in 

HRT) 
[-] [-] [#] [µg] 

ET1 2.28E-01 1.04E+06 5.45E-01 
ET2 1.23E-01 5.61E+05 2.94E-01 
BB 1.01E-02 4.60E+04 2.41E-02 
bb 8.10E-03 3.70E+04 1.94E-02 
AI 1.06E-01 4.84E+05 2.53E-01 

Total 4.74E-01 2.17E+06 1.14E+00 

It must be noted that the methods presented and used 
have limitations. Only a single particle size can be 
modeled per simulation, which means that 
polydisperse aerosols can only be modeled indirectly 
by multiple simulation. Apart from this, chemical 
conversion processes or effects such as particle 
nucleation, coagulation or deactivation are not taken 
into account. Furthermore, a well-mixed single zone 
and constant system parameters (e.g. outdoor air 
concentration, air flow rates, filtration efficiencies, 
level of exertion, breathing rate or number of persons) 
must be assumed, which in reality can vary and be 
time-dependent. In addition, some input parameters 
(e.g. particle deposition velocities, inhalation velocity, 
initial surface loads or generation rate) have to be 
estimated, as they can only be determined correctly 
with great effort. 
Based on the results of the case study, it could be 
shown that the modeling approach described in this 
study is very applicable and can be helpful for the 
estimation and evaluation of aerosol concentration 
development in indoors and aerosol deposition in the 
HRT. For example, in practice, engineers or planners 
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might consider different scenarios comparing different 
particle filters, airflow rates, particle sizes, or levels of 
exertion. In turn, this improves IAQ, benefits human 
health and also creates planning security. 

CONCLUSIONS 
The modeling approach presented is intended to help 
engineers or planners design buildings to reduce 
aerosol concentrations in offices, residential buildings, 
retail stores, education institutions or hospital rooms, 
ultimately improving IAQ. To ensure that the approach 
is actually applied in planning practice, project 
developers, building owners or investors must be 
convinced of the added value of such pollutant 
assessments. They finance construction projects and 
pass on their wishes and specifications to the 
engineers and planners, which are responsible for 
successful implementation. In meantime, however, 
awareness of healthy buildings is growing (e.g. COVID-
19) and will also be demanded on an international level 
in the future (EU Technical Expert Group on
Sustainable Finance [TEG], 2020).
However, there is a lack of information on the physical-
chemical properties and emission rates of aerosol 
particles produced in indoor and outdoor 
environments (Hussein et al., 2015), which makes the 
IAM difficult to apply. Accordingly, further research is 
needed to obtain more information and benchmarks 
on indoor sources and their emission factors. 
Nevertheless, the combined IAM represents a 
promising solution approach that may complement or 
replace experimental investigations. 
Finally, to ensure that the combined IAM developed 
does not represent an isolated solution in the future, 
the authors propose standardizing the calculation 
processes described. As a holistic and cooperative 
working method, Building Information Modeling (BIM) 
is the ideal solution for process improvement and 
standardization in the design of buildings. Within the 
BIM method, the non-proprietary open source data 
format Industry Foundation Classes (IFC) is used, 
which offers interfaces beyond software boundaries 
that allow the exchange of information between 
different disciplines on the basis of a BIM model. With 
the help of the IFC extension schema, the BIM model 
created e.g. by the architect could consequently be 
enriched with aerosol-specific information. For 
example, information on emission rates, particle size 
distributions, occupancy or information about the 
existing HVAC system (e.g. airflow rates or filter 
efficiencies) could be added to the BIM model. In 
contrast to the previous aerosol assessment, the 
necessary information are thus available earlier, in a 
more structured and uniform manner and can be 
directly linked to the building or zone. Based on this, 
calculation processes could be automated, thus 
facilitating the application. 

NOMENCLATURE 
𝐴𝐴𝑠𝑠,𝑖𝑖  = deposition surface area for surface 𝑖𝑖 (m²) 
𝐴𝐴𝑠𝑠,𝑓𝑓𝑓𝑓  = deposition surface area for upward facing 
surfaces (floor) (m²) 
𝐵𝐵 = breathing rate (m³·s-1) 
𝐶𝐶𝑓𝑓 = steady-state concentration (#·m-3) 
𝐶𝐶𝐼𝐼𝑂𝑂𝐸𝐸 = indoor particle concentration (#·m-3) 
𝐶𝐶𝑖𝑖𝑖𝑖 = initial indoor particle concentration (#·m-3) 
𝐶𝐶𝑂𝑂𝑂𝑂𝐸𝐸 = outdoor particle concentration (#·m-3) 
𝐶𝐶𝑆𝑆𝑆𝑆𝑆𝑆  = particle concentration in supply air (#·m-3) 
𝐶𝐶(𝑑𝑑𝑒𝑒) = slip correction for particle diameter 𝑑𝑑𝑒𝑒  (µm) 
𝐶𝐶(𝑑𝑑𝑎𝑎𝑒𝑒) = slip correction for particle diameter 𝑑𝑑𝑎𝑎𝑒𝑒  (µm) 
𝐶𝐶(𝑑𝑑𝑑𝑑ℎ) = slip correction for particle diameter 𝑑𝑑𝑑𝑑ℎ (µm) 
𝐷𝐷 = particle diffusion coefficient (cm²·s-1) 
𝑑𝑑 = particle diameter (µm) 
𝑑𝑑𝑎𝑎𝑒𝑒  = aerodynamic particle diameter (µm) 
𝑑𝑑𝑒𝑒  = equivalent particle diameter of interest (µm) 
𝑑𝑑𝑒𝑒,𝑢𝑢𝑖𝑖 = uncorrected equivalent particle diameter of 
interest (µm) 
𝑑𝑑𝑑𝑑ℎ = thermodynamic particle diameter (µm) 
𝑑𝑑𝑑𝑑ℎ,𝑖𝑖𝑖𝑖  = thermodynamic particle diameter for iteration 
step 𝑖𝑖𝑖𝑖 (µm) 
𝐷𝐷𝐷𝐷𝑗𝑗  = deposition efficiency for regional filter 𝑗𝑗 (-) 
𝐷𝐷𝐷𝐷𝑘𝑘,𝑗𝑗  = deposition efficiency for regional filter 𝑗𝑗 during 
nasal or mouth breathing (-) 
𝐷𝐷𝐷𝐷𝑚𝑚,𝑗𝑗  = deposition efficiency for the oral pathway for 
regional filter 𝑗𝑗 (-) 
𝐷𝐷𝐷𝐷𝑖𝑖,𝑗𝑗  = uncorrected deposition efficiency for the nasal 
pathway for regional filter 𝑗𝑗 (-) 
𝐷𝐷𝐷𝐷𝑖𝑖𝑛𝑛𝑇𝑇𝑛𝑛,𝑗𝑗 = corrected deposition efficiency for the nasal 
pathway for regional filter 𝑗𝑗 (-) 
𝐷𝐷𝐷𝐷𝑗𝑗  = total deposition fraction for region 𝑗𝑗 (-) 
𝐷𝐷𝐷𝐷𝑗𝑗,𝑒𝑒𝑒𝑒  = deposition fraction for exhalation and region 𝑗𝑗 
(-) 
𝐷𝐷𝐷𝐷𝑗𝑗,𝑖𝑖𝑖𝑖ℎ = deposition fraction for inhalation and region 𝑗𝑗 
(-) 
𝐷𝐷𝐷𝐷𝐸𝐸𝑇𝑇𝑑𝑑 = total respiratory deposition fraction (-) 
𝑓𝑓𝑖𝑖 = fraction of total ventilatory airflow passing 
through the nose (-) 
𝐺𝐺 = particle generation rate (#·s-1) 
𝐻𝐻 = clear room height (m) 
𝐾𝐾 = total loss rate (s-1) 
𝑘𝑘𝐵𝐵  = boltzmann’s constant (1.38·10-16 erg·s·K-1) 
𝐿𝐿𝑠𝑠,𝑖𝑖  = surface loading for surface 𝑖𝑖 (#·m-2) 
𝐿𝐿𝑖𝑖𝑖𝑖,𝑠𝑠,𝑖𝑖  = initial surface loading for surface 𝑖𝑖 (#·m-2)
𝑁𝑁 = total number of respiratory tract regions (-) 
𝑁𝑁𝑠𝑠 = total number of surfaces (-) 
𝑁𝑁𝑓𝑓𝑑𝑑  = total number of regional filters in series (-) 
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𝑁𝑁𝑖𝑖𝑑𝑑 = total number of iteration steps (-) 
𝑃𝑃 = particle penetration coefficient (-) 
𝑝𝑝 = atmospheric pressure (cm·Hg) 
𝑄𝑄𝐸𝐸𝐸𝐸𝐸𝐸 = exhaust airflow rate (m³·s-1) 
𝑄𝑄𝐸𝐸𝐸𝐸𝐸𝐸 = extract airflow rate (m³·s-1) 
𝑄𝑄𝐸𝐸𝐸𝐸𝐼𝐼  = exfiltration airflow rate (m³·s-1) 
𝑄𝑄𝐼𝐼𝐼𝐼𝐼𝐼  = infiltration airflow rate (m³·s-1) 
𝑄𝑄𝑂𝑂𝑂𝑂𝐸𝐸  = outdoor airflow rate (m³·s-1) 
𝑄𝑄𝑅𝑅𝑅𝑅𝐸𝐸  = recirculation airflow rate (m³·s-1) 
𝑄𝑄𝑆𝑆𝑆𝑆𝑆𝑆  = supply airflow rate (m³·s-1) 
𝑇𝑇 = absolute temperature of the respiratory tract 
(310.00 K) 
𝑡𝑡 = time (s) 
𝑈𝑈 = the wind speed or inhalation velocity (default value 
of 1.00 m·s-1) 
𝑉𝑉 = volume (m³) 
𝑣𝑣𝑑𝑑,𝑖𝑖  = particle deposition velocity for surface 𝑖𝑖 (m·s-1) 
𝑣𝑣𝑑𝑑,𝑓𝑓𝑓𝑓  = particle deposition velocity for upward facing 
surfaces (floor) (m·s-1) 
𝑣𝑣𝑑𝑑,𝑤𝑤 = particle deposition velocity for vertical surfaces 
(walls) (m·s-1) 
𝑋𝑋 = particle shape factor which ranges between 1.00 to 
2.00 (-) 
%𝑂𝑂𝑂𝑂𝐸𝐸 = outdoor air fraction (-) 
𝜂𝜂𝐼𝐼 = inhalability of particles (-) 
𝜂𝜂𝑘𝑘,𝑗𝑗 = total filtration efficiency for regional filter 𝑗𝑗 
during nasal or mouth breathing (-) 
𝜂𝜂𝑘𝑘,𝑎𝑎𝑒𝑒,𝑗𝑗 = aerodynamic filtration efficiency for regional 
filter 𝑗𝑗 during nasal or mouth breathing (-) 
𝜂𝜂𝑘𝑘,𝑑𝑑ℎ,𝑗𝑗  = thermodynamic filtration efficiency for 
regional filter 𝑗𝑗 during nasal or mouth breathing (-) 
𝜂𝜂𝑂𝑂𝑂𝑂𝐸𝐸 = particle filtration efficiency of the outdoor air 
particle filter (-) 
𝜂𝜂𝑝𝑝𝑛𝑛𝑒𝑒 = intake efficiency or inhalability of the imaginary 
prefilter with which airborne particles are inspired 
into the respiratory tract (-) 
𝜂𝜂𝑅𝑅𝑅𝑅𝐸𝐸 = particle filtration efficiency of the recirculation 
air particle filter (-) 
𝜇𝜇 = dynamic efficiency of air (1.88·10-4 erg·s·cm-3) 
𝜌𝜌 = particle density (g·cm-3) 
𝜌𝜌0 = unity density (1.00 g·cm-3) 
𝜆𝜆 = mean free path of the air molecules at 37.00 °C 
(0.0683 µm) 
𝜙𝜙𝑘𝑘,𝑗𝑗  = volumetric fraction for regional filter 𝑗𝑗 during 
nasal or mouth breathing 
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ABSTRACT 

This study aims to characterize PM2.5 in terms of mass 
concentration, polycyclic aromatic hydrocarbons 
(PAHs) and elementals concentrations bound to PM2.5, 
and to determine indoor and outdoor (I/O) ratio of 
PM2.5 in the office which is connected to the chemical 
production plant. The samples were taken for every 8 
hours during working days at five sampling points 
(outdoor environment, production plant, and indoor 
office). The samples were analysed by using 
Inductively Coupled Plasma-Mass Spectrometry and 
Gas Chromatography- Flame Ionization Detector to 
determine the elementals and PAHs bound to PM2.5, 
respectively. The results indicated that the mass 
concentrations of PAHs and elementals (were below 
the recommended values of World Health 
Organisation. However, Si was found to be the most 
abundant element and PM2.5 were noncompliant with 
the Permissible Exposure Limit. The I/O relationships 
for office and production plant revealed that the source 
of pollutants are mainly contributed by the outdoor 
sources.  

INTRODUCTION 

Indoor air quality (IAQ) is a basic determinant of a 
healthy life, people’s wellbeing, and comfort, and 
productivity of building occupants. The interactions 
between the site, climate, building system, 
construction techniques, contaminant source, and 
human activities are the factors that affect the quality 
of indoor air. Previous studies carried out the 
assessment of indoor air in housing area (Schieweck, 
2021) school buildings (Hazrin et al., 2017, Vornanen-
Winqvist et al., 2020), kindergartens (Chegini et al., 
2020), offices  (Norhidayah et al., 2016), restaurants 
(Maryam et al., 2015) and laboratory (Hazrin et al., 
2015). The studies of IAQ in the office focused on the 
urban area (Catalano et al., 2016; Zhang et al., 2020), 
but limited studies were conducted in the industrial 
area.  

PM2.5 is the most well-intentioned because their 
concentration can be an indicator of the indoor air 
quality level with potential health and work 
performance (Dai et al., 2018). According to a previous 
study, indoor PM2.5 mainly originated from outdoor 
sources. Approximately 87% of total indoor PMs 
comprised indoor PM2.5. Nevertheless, indoor 
activities and penetration from outdoor environment 
due to poor airtightness of buildings, and infiltration 
mechanism can be significant factors of the larger 

concentration of indoor PM2.5 (Zhang et al., 2020). 
Regarding indoor office activities, laser printers, 
photocopiers and multi-task devices are well-known 
sources for PM2.5. Whereas, the outdoor sources of 
PM2.5 generates from industrial activities, road traffic 
and fuel combustion. In this case, the indoor-outdoor 
(I/O) ratio can respond to the linkage between indoor 
and outdoor pollutants to some level such as the 
relationship between indoor and outdoor pollutants.  

PM2.5 has an aerodynamic diameter less than or equal 
to 2.5 μm with a complex mixture of very small 
particles and droplets. The smaller size of PM2.5 
increases their reactivity and is easily enriched by 
other compounds such as polycyclic aromatic 
hydrocarbons, viruses and bacteria and elemental 
(Kim et al., 2015). Among the sources of PAHs in the 
ambient environment are coming from incomplete 
combustion of coal and fossil fuel, and automotive 
vehicles combustion. PAHs are the criteria air 
pollutants and carcinogenic. Studies found association 
of lung cancer and PAHs. Since PAHs are very 
hydrophobic and tend to bind on PM2.5, inhalation of 
PAHs bound to PM2.5 should be reduced because of the 
ability of PM2.5 penetrate deep into respiratory 
system and cause adverse health effects especially 
among the vulnerable group (Kumar et al., 2020).   

Studies found that trace elements such as Magnesium 
(Mg), Nickel (Ni), Barium (Ba), Aluminium (Al), Galium 
(Ga),  Selenium (Se) and Cobalt (Co) are also commonly 
found bounded with PM (Bilo et al., 2019; Jin et al., 
2017). Trace elements are easily available on the 
surrounding emitted from environment and other 
anthropogenic sources has increase the probability of 
elements bounded with particles suspended in the air. 
Study by Jin et al. (2017) recorded that elements with 
lower molecular weight were highly bounded with 
coarse particles by rapid volatilization and 
condensation, while higher molecular weight were 
more enriched in fine particles due to lower vapour 
pressure. Similar as other components bounded with 
PM, these trace elements could enter the body up to the 
bloodstream and disrupt body function and 
mechanisms. Some species of elements such Zinc (Zn), 
Lead (Pb), Cadmium (Cd) and Copper (Cu) are easily 
mobile in the environment and have more 
bioavailability to organisms, thus pose greater health 
risks to human health such as cancer, organ damage 
and often cause mortality.  

According to Sangiorgi et al. (2013), I/O is the ratio 
between the indoor and outdoor concentration of fine 
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and coarse particles. It is a simple and useful 
parameter which used as basic factors to point out the 
indoor and outdoor pollution origins and their 
correlations (Tran et al., 2014). However, there are 
some limitation of I/O ratios as the I/O ratio does not 
able to separate the combination of the concentration 
of fine and coarse particles from outside that infiltrate 
indoors and those generated indoors.  

Regrettably, there are still no consensus on the 
regulation or guidelines relates to indoor PM2.5, PAH, 
and elemental. To fill this gap within the body of 
knowledge, the objective of this study is to characterize 
PM2.5 in terms of mass concentration, PAHs, and 
elementals, and to determine the indoor and outdoor 
ratio of PM2.5 in the office building. To our knowledge, 
there is no studies conducted in the office building 
connected to the chemical production plant at the 
industrial area.  

METHODOLOGY 

Site selection 

The study was conducted at the office building of the 
chemical manufacturing industry in the Gebeng 
industrial area, Pahang, Malaysia.  The location of the 
industry surrounded by several petrochemical and 
chemical industries and nearby the signalized 
intersection road. This industry manufactures 
amorphous silica products with a variety of size from 5 
– 10 μm, used as a blocking agent of film and resistance
agent of scratches. The office location is adjacent to the
cafeteria and smoking area, connecting to the
production plant via a door at the second floor. This
office consists of two levels of the building. Lobby and
testing lab located at the first level, while the meeting
room, top management room, finance department
room and pantry are located at the second level.
Meeting, walking, printing, photo-copying, computing,
and drinking are the common activities in the indoor
office building. The samples were taken for every 8
hours during working days at five sampling points such
as outdoor environment (one location), centre of the
production plant (one location), and indoor office
(three location). Based on walkthrough observation, 5
sampling points were determined. From the
observation, there are two types of air conditioning
used in the office building which are the central unit
and split unit. However, most of the room used a
central unit air-conditioning.

Table 1: Sampling points and description 

Sampling point Description 
P1 Outdoor 
P2 Ground floor lobby (Indoor) 
P3 Meeting room: level 1 (Indoor) 
P4 Finance department: level 1 (Indoor) 
P5 Production plant (Indoor) 

Sample preparation 

Prior to sample collection using portable, battery 
operated dustmate, the glass fiber filters were required 
to be pre-conditioned in order to remove the moisture. 
As a precaution step of PAH samples, the glass fiber 
filters were covered by aluminum foil before and after 
sampling as a protection from direct sunlight. The glass 
fiber filters are also stored under -16oC to prevent 
volatilization of PAHs until the extraction and analysis 
is completed. 

Sample collection 

The light scattering instrumentation (Model: Turnkey 
Dustmate) was used to measure the mass 
concentration of PM2.5 for 8 hours. Air samples were 
continuously drawn through the nephelometer, which 
detected and measured the particle passed through a 
laser beam. The 25mm in a diameter of filters of this 
instrument was then collected to determine the 
chemical concentration of PM2.5 by means of PAHs and 
elementals. A direct reading instrumentation 
(Anemometer; Model TSI Instrumentation) was 
employed to record environmental parameters such as 
air speed, relative humidity and temperature.   

Extraction Process 
Different extraction techniques have been developed 
and applied for extracting PAHs from air samples. 
ASTM D6209 is a Standard Test Method for 
Determination of Gaseous and Particulate Polycyclic 
Aromatic Hydrocarbons in Ambient Air (Collection on 
Sorbent-Backed Filters with Gas 
Chromatographic/Mass Spectrometric Analysis) 
(ASTM, 2013).  Technique for extraction of particulate 
bound-PAH include shaking, Soxhlet extraction (SE), 
microwave-assisted extraction (MAE), ultrasonication 
(USE), supercritical fluid extraction, pressurized liquid 
extraction (PLE), pressurize hot water extraction 
(PHWE) as well as subcritical water extraction (SWE) 
combined with instrumental quantification in GC-MS, 
HPLC-MS, HPLC-FL, GC-FID (López-mahía et al., 2019). 

Elemental 
Elemental enriched-PM2.5 was extracted by using 
Microwave Digester (Model: PreeKem WX-6000). 6 ml 
of HNO3 and 2 ml of HF was added into the vessel for 
each sample. The first vessel is a blank and others are 
for the sample and microwave digester can analyze 6 
samples including the blank. The settings of this 
process are temperature: 120-220oC, pressure: 10-35 
atm and extraction period: 27 min. After the extraction 
process, the sample solution was poured to the 50 ml 
vial. The sample solution of 0.5 ml was diluted two 
times with deionized water and filtered using PTFE 
0.45-micron syringe before injected to Inductively 
Coupled Plasma Mass Spectrometry (ICP MS).  
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Polyaromatic hydrocarbons (PAHs) 
The glass fiber filters were cut into smaller pieces and 
were placed in the 50 ml of conical flask. 30 ml of HPLC-
grade dichloromethane (DCM) was poured into the 
sample and then was placed in the ultrasonic cleaner 
JAC-1020P. This extraction was conducted within 30 
minutes and was repeated 2 times to get maximum 
extraction. The extract solution was evaporated to a 
small volume until about 5 mL by using a rotary 
evaporator at temperature 35oC. The extract solution 
was filtered through a membrane filter using PTFE 
0.45 µm micro syringe. About1 ml of extract solution 
was then injected into Gas Chromatography with 
Flame Ionization Detector (GC-FID) for analysis. 

Sample Analysis 

Elemental Concentration 
The standard of elemental was diluted with 1% of 
HNO3 in 50 ml of vial. In order to create a calibration 
curve in ICP-MS, the aliquots of stock solutions were 
diluted in 50 ml vial for 2 ppm, 5 ppm, 10 ppm, 15 ppm 
and 20 ppm. ICP MS was employed to determine the 
concentration of elemental-enriched PM2.5. It is an 
analytical instrument that uses radio-frequency 
inductively coupled plasma configured in series with a 
mass spectrometer.  

PAHs Concentration 

The column used in the GC-FID is the Perkin Elmer 
Elite-5 column (30m x 0.25 mm ID). The oven 
temperature, inlet temperature and column flow has 
been set up before running the program. 1 ml of 
internal standard PAHs was injected into GC-FID and a 
calibration curve was created. 1 ml of internal standard 
requires 1 hour to be analyzed by GC-FID. After the 
calibration curve produced 16 peaks, then a very small 
quantity (1 mL) of the sample solution was injected 
into the injection port where it is vaporized and been 
analyzed for about 1 hour for every sample. The 
concentration of the PAHs was shown in the PC 
monitor after 1 hour. 

RESULTS AND DISCUSSION 

Environmental Condition 

Table 2 tabulates the mean value of environmental 
conditions such as temperature, relative humidity and 
air speed. The indoor values were compared to the 
recommended values of Industrial Code of Practise on 
Indoor Air Quality (ICOP on IAQ) (Department of 
Occupational Safety and Health, Malaysia, 2010). The 
temperature and relative humidity were permitted by 
the ICOP on IAQ (2010), whereas air speed was 
considered as a low air movement. It was believed that 
the lower air speed created poor ventilation which 
avoided a well-mixing and dilution of pollutants in 

indoor air hence, the concentration of PM2.5 still 
remained high in indoor air of the building. Pertaining 
outdoor air speed, it also indicated the light air 
movement. As expected, the outdoor temperature and 
relative humidity were higher than indoor 
environmental parameters due to the industry which 
was located near the coastal area. 

Table 2. The mean value of environmental conditions 
such as temperature, relative humidity and air speed. 

Environmental 
Condition 

Indoor Outdoor ICOP on IAQ 

Temperature 
(0C) 

25.4 30.4 23-26 

Relative 
Humidity (%) 

59.50 70.47 40-70 

Air speed 
(m/s) 

0.041 0.095 0.15-0.50 

Mass Concentration of PM2.5 

The mass concentrations of PM2.5 were measured in 

five different points such as outdoor, lobby, meeting 

room, finance department room and production plant 

as tabulated in Table 3.  It was observed that the 

production plant shows the greatest concentration of 

PM2.5, which exceeded the WHO recommended 

maximum value of PM2.5 is 10 µg/m3. The operation in 

the production plant becomes the important source of 

PM2.5. In an indoor building, the highest concentration 

was found in the finance department room because 

this area is very close to the connecting door to the 

production plant. It can be assumed that PM2.5 entered 

the indoor building via the natural ventilation while 

the building occupants opened and closed the door. 

The infiltration mechanism also occurred through the 

opening side at the bottom of the door and small holes 

at the joining between the door and the door frame. 

The concentrations of PM2.5 at the lobby and center of 

office rooms at level 2 are higher than outdoor 

concentration. The indoor activities such as printing, 

photo-copying, computing, cleaning, walking, and 

meeting during sampling period affected the mass 

concentration of PM2.5. Unfortunately, by looking at 

the maximum value, all the indoor mass concentration 

of PM2.5 exceeded the recommended value set by 

WHO. This condition will generate a negative health 

impact to building occupants such as respiratory 

diseases and carcinogenic effects. Since this industry is 

located near to the signalized intersection road, it can 

be suggested that the outdoor concentration of PM2.5 
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was contributed by the exhaust emission from the 

heavy-duty vehicles like trucks and lorries. 

Table 3 Min, Max, Mean and SD of the PM2.5 
concentration (µg/m3) 

Location Min Max Mean SD 
P1 2.08 8.99 4.72 1.89 
P2 4.47 10.23 6.68 1.61 
P3 3.66 18.16 7.61 4.53 
P4 25.6 40.38 33.64 4.00 
P5 39.00 62.11 55.1 12.29 

Elemental Composition 
The elemental composition (Al, Si, Ba, Ga, Co and Se) 
bound with PM2.5 is showed in Table 3. The highest 
concentration of elementals bound to PM2.5 can be 
sampled at the production plant.  Ba and Si did not 
permit the Eight Hours - Time Weighted Average of 
Occupational Safety and Health (Use and Standards of 
Exposure of Chemicals Hazardous to Health 
Regulations 2000) (DOSH, Malaysia). It is believed that 
Ba uses as an indoor wall preservative that can be 
presented in the paints and adhesive.  

Table 4. Elemental concentration associated with 
PM2.5 (mg/m3) and SD value. 

Mean ± SD 

Elemental 
P1 P2 P3 P4 P5 

8-h 
TWA

(mg/m3) 

Al 

1.2x10-1 2.8 x101 2.7x10-1 2.5x10-1 3.5E+00 

10 ± ± ± ± ± 

2.0x103 2.8x10-2 9.2 x10-2 9.2x10-2 1.0E+00 

Si 

9.7 x101 1.8 x101 5.4 1.9 x101 2.5E+01 

10 ± ± ± ± ± 

4.2 1.2 x101 2.0 1.1 5.0E+00 

Ba 

8.0 x10-1 2.5 2.0 2.8 3.2E+00 

0.5 ± ± ± ± ± 

3.0 x10-1 4.6 x10-1 1.2 1.1 9.2E-02 

Ga 

2.9 x10-2 8.6 x10-2 6.9 x10-2 9.3 x10-2 1.1E-01 

N/A ± ± ± ±  ± 

1.0 x10-3 6.2 x10-2 1.2 x10-2 
2x10-3 

2.3E-02 

Co 

2.0 x10-3 

N/A 

1.1 x10-2 

N/A 

9.5E-03 

0.02 ± ± ± 

1.0 x10-3 1.0 2.0E-03 

Se 

2.0 x10-3 

N/A 

2.0 x10-3 2.0 x10-3 3.0E-03 

0.2 ± ± ± ± 

1.2 x10-3 1.0 x10-3 1.5 x10-2 1.7E-02 

The abundant of Si is contributed by the production 
process itself, whereas the end product of this industry 
are silica gels, precipitated silica, and modified silica 
products. The workers tend to get negative health 
impacts such as silicosis due to Si exposure via 
inhalation. Al,  Co and Se permitted to the standard limit 
recommended by DOSH Malaysia by referring to the 

USECHH Regulation, 2000. The presence of Al in the 
indoor building due to the use of alumina as the base 
materials that used to transform into functional 
materials. Se used in photocopier machine for 
reproducing and copying documents, and letters.  

Polyaromatic hydrocarbons (PAHs) 
The occurrence of PAHs bound in PM2.5 is plotted in 
Figure 1. Acenapthylene (0.001 ppm - 0.002ppm), 
phenanthrene (0.001 ppm - 0.002ppm), fluoranthene 
(0.001 ppm), pyrene (0.001 ppm), benz(a)anthracene, 
chrysene (0.002 ppm - 0.004ppm), 
benzo(a)fluoranthene (0.001 ppm - 0.002ppm),  and 
benzo (a)pyrene (0.001 ppm - 0.002ppm). It can be 
assumed that the occurrence of PAHs associated with 
PM2.5 is due to the anthropogenic outdoor source 
(such as traffic emission, industrial emission and 
smoking activity at outside area of building) and the 
types and frequency of activities in indoor office. The 
dust accumulated on the cooling fans of computer 
boxes and next, re-emitted or re-suspended in indoor 
environment. In addition, the dust settled on the 
heated plastic materials of computers also can be a 
source of PAHs in indoor building.  

Figure 1. The concentration of PAHs (ppm) associated 
with PM2.5. 

Indoor/outdoor (I/O) ratio 

I/O ratio typically indicates the relationship between 
indoor and outdoor pollutants concentrations, which is 
very easy to comprehend and broadly utilized. Table 4 
tabulates the I/O ratio of the pollutants such as PM2.5, 
elementals and PAHs. The I/O ratio for office and 
production plant indicates that PM2.5, elemental 
concentration and PAHs are lower than 1.0. It suggests 
that the PM2.5 and elementals are generated from the 
production plants due to a gigantic concentration of 
PM2.5 and Si.  While, the I/O ratio for office and ambient 
air reveals that PM2.5 and elementals are solely 
generated from the indoor source. The source of PAHs 
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are outdoor smoking activities, industrial emission and 
traffic activities which near to the office.  

Table 4. I/O ratio of PM2.5, elementals and PAHs. 

CONCLUSION 
The assessment of PM2.5 characteristics such as mass 
concentration, PAHs and elemental concentrations, 
and I/O ratio were conducted. Indoor sampling 
locations such as production plant and finance 
department showed the mass concentration of PM2.5, 
the elemental composition was exceeded the 
permissible standard limit of The Occupational Safety 
and Health (Use and Standards of Exposure of 
Chemicals Hazardous to Health) Regulations 2000 
(USECHH Regulations 2000). This can lead to the 
creation of the unhealthy working environment, which 
give negative health impact to workers. PAHs also can 
present in indoor building likes Acenapthylene, 
phenanthrene, fluoranthene, pyrene, 
benz(a)anthracene, chrysene, benzo(a)fluoranthene, 
and benzo (a)pyrene. The greater I/O relationship for 
the office and the production plant indicated that the 
PM2.5, elementals and PAHs are generated from 
outdoor source (production plant).  This research 
provides a piece of baseline information on the 
pollutants in the indoor environment especially for an 
office building located near or attached to the 
production plant.  
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ABSTRACT 

This research is motivated by the urgent need to 
protect people from the adverse health effects of PM2.5 
(particles smaller than 2.5 μm in size) exposure by 
using potted plants as air filters in indoor 
environments. We quantified the ability of three 
different plant species for removing airborne particles 
by conducting experiments in an environment-
controlled chamber. The plants selected were 
Christmas plant (Araucaria heterophylla, a needle-
leaved plant), Ficus plant (Ficus retusa, a small-leaved 
plant), and Croton plant (Codiaeum variegatum, a 
broad-leaved plant). The particle deposition velocities 
ranged from (32.4±10.6 to 41.0±10.8) cm/h for the 
Christmas plant, (0.6±1.6 to 2.53±3.27) cm/h for the 
Ficus plant, and (−0.09±3.8 to 6.07±6.28) cm/h for the 
Croton plant, depending on the particle size. On 
extrapolating those results to a small residential room, 
we found that 35–44 Christmas plants (the most 
effective species) would be required for reducing the 
steady-state PM2.5 concentration by 10% at an air 
exchange rate of 0.5 h−1. 

Keywords: Air pollution; Indoor plants; Buildings; 
Particles; Deposition velocity. 

INTRODUCTION 

Air pollution is one of the greatest public health crisis 
facing India today. Inhaling polluted air containing 
PM2.5 is estimated to have caused about 579,819 
premature deaths (6.7% of total deaths) in India in 
2009 according to the Global Burden of Disease (GBD) 
project (IHME, 2021). The same project estimated that 
in 2019, exposure to PM2.5 caused about 978,237 
premature deaths (10.43% of total deaths) in the 
country, a shocking increase of ~68% over the year 
2009. Overall, exposure to PM2.5 is the second leading 
cause of premature deaths in India as shown in 
Figure 1 Therefore, solutions are urgently required for 
protecting the public from the adverse health effects of 
exposure to PM2.5. 

There is some awareness in the country about the ill-
effects of outdoor air pollution; however, air pollution 
inside buildings such as homes and offices is grossly 
underestimated. It should be emphasized that human-
beings typically spend up to 87% of their time in 
buildings (Klepeis et al., 2001), and many of the 
adverse effects of “outdoor” air pollution. can be 
attributed to inhalation of those pollutants by people 
when they are inside buildings (Chen et al., 2012; 

Massey et al., 2012). A study conducted in urban 
houses in Agra found that the indoor and outdoor 
concentrations of PM2.5 were 109 μgm-3 and 123 μgm-3, 
respectively (Massey et al., 2012). For roadside houses, 
the indoor and outdoor concentrations of PM2.5 were 
reported to be 161 μgm-3 and 160 μgm-3, respectively. 
These concentrations are about 2.7 to 4.0 times greater 
than the 40 μgm-3 PM limits set by the national ambient 
air quality standard (National Ambient Air Quality 
Standards (NAAQS), 2009). Based on the large amount 
of time people spend indoors, and the high values of 
indoor PM2.5 concentrations reported in Indian homes, 
it becomes clear that indoor exposure (exposure is 
defined as concentration of the pollutant multiplied by 
the inhalation time) to PM2.5 is a serious health concern 
for the nation (Pant et al., 2016). 

Figure 1. The major causes of premature deaths in India. 
(IHME, 2021) 

The realization that much of the exposure to PM2.5 
happens indoors, presents a unique opportunity to 
protect people from the adverse health effects of air 
pollution by filtering/purifying the indoor air. Indoor 
plants can serve as natural air purifiers since they are 
known to remove pollutants from the air through 
stomatal uptake (absorption) and non-stomatal 
deposition (adsorption)(Brilli et al., 2018). 
Additionally, plant-associated microorganisms also 
seem to participate in removing air pollutants (Sandhu 
et al., 2007; Weyens et al., 2015). In addition to 
improving air quality, indoor plants might also help in 
improving people’s mood, attention, and productivity 
(Jumeno & Matsumoto, 2016). However, the plant 
species need to be carefully selected since some 
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species can themselves become a source of air 
pollutants such as volatile organic compounds (VOCs) 
(Yang et al., 2009) and allergens (Ledford, 1994). In 
light of the above discussion, this investigation is 
motivated by the urgent need to protect people from 
the hazardous health effects of airborne PM2.5 by using 
indoor plants as an air purification method that can be 
easily implemented by one and all. The investigation 
aims to quantify the potential of different indoor plant 
species towards removing PM2.5 from the air and 
assess the real-world benefits of keeping plants in 
occupied indoor spaces. 

METHODOLOGY 

Selected plant species 

To check the effectiveness of indoor plants for 
removing airborne particles, we tested three different 
plant species under controlled environmental 
conditions. The selected plants included christmas 
plant (Araucaria heterophylla, a needle-leaved plant), 
Ficus plant (Ficus retusa, a small-leaved plant), and 
Croton plant (Codiaeum variegatum, a broad-leaved 
plant), as shown in Figure 2. The total leaf area and 
volume of those plants (four plants from each species) 
were measured to be 5003.63±290.21 cm2 and 
130.12±3.25 cm3, 24455.84±846.17 cm2 and 
629.4±15.7 cm3, and 8740.45±302.41 cm2 and 
252.2±6.30 cm3 for the Christmas, Ficus and Croton 
plants, respectively. 

Christmas plant 
(Araucaria 

heterophylla) 

Ficus plant 

(Ficus retusa) 

Croton plant 
(Codiaeum 

variegatum) 

Figure 2. The studied plant species (Front and top 
views). 

Experimental chamber and equipment 

We fabricated a 210 liter Plexiglas chamber (59.5 cm × 
59.5 cm × 59.5 cm), as shown in Figure 3, in which the 
temperature was maintained at 26±1 °C using a 
thermoelectric cooling system. The chamber was 
supplied air using a vacuum pump with a mass flow 
controller (Gilair Plus by Sensidyne), such that the air 
exchange rate (AER) was maintained at 0.5±0.05 h−1. 
The air was filtered using an activated carbon and 
HEPA filter (Coda® Xtra Inline® Filters-GREEN CXGR-

001) installed in the air supply line. Thus, we
maintained the chamber’s pressure slightly above
atmospheric, which helps prevent infiltration of
outside particles into the chamber. Three fans were
installed in the chamber (two at a vertical wall and one
at the top wall) to provide well-mixed conditions. The
study continuously monitored the temperature and
relative humidity (RH) inside the chamber by using an
indoor air quality (IAQ) probe (Greywolf DSIAQ-
PLUSTAB10-DSII) together with the size-resolved
particle concentration by using a laser particle
spectrometer (Grimm 11-A).

Figure 3. Experimental setup (Actual and schematic). 

Experimental procedure 

To study the PM removal by the different plant species, 
this investigation measured the particle (generated 
using an incense stick) removal rates inside the 
environmental chamber, with and without the plant 
specimens kept inside (details provided in the next 
paragraph). We first cleaned the chamber with 
distilled water and dried it, and then placed either four 
empty-pots (control experiment) or four potted-plants 
(treatment experiment) inside the chamber. 
Subsequently, the chamber was ventilated for about 
0.5 hours, until the chamber’s total PM count reached 
below 9000 particles/l (PM2.5 < 1 µg/m3). Next, 
particles were injected inside the chamber until the PM 
concentration reached above 5×106 particles/l (PM2.5 
between 350–750 µg/m3), and we monitored the size-
resolved concentration of PM inside the chamber with 
time using the laser particle spectrometer kept inside 
the chamber. The experiments were concluded after 
about 2.5 hours from the time particles were injected 
in the chamber, when the PM concentration reached 
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below 9000 particles/l. We tested each plant species 
three times (three control and three treatment 
experiments) by using the same protocol to quantify 
the repeatability of the experimental results. 

Quantifying particle deposition velocities 

To quantify the size-resolved PM removal rates by the 
different plant species, we estimated the deposition 
velocities for different particle sizes, which is 
analogous to the heat transfer coefficient, and 
characterize the PM uptake by plant surfaces. To 
calculate the PM deposition velocity for the plants, we 
used a simple mass balance model to estimate the 
contributions of the chamber and plant surfaces 
towards PM removal. Assuming well-mixed conditions 
inside the chamber and neglecting the inlet particle 
concentration and particle agglomeration, the 
concentration balance for a particular particle size is 
given by: 

𝑑𝐶

𝑑𝑡
= −𝐴𝐸𝑅 × 𝐶 −

𝑣𝐶 × 𝐴𝑐 × 𝐶

𝑉

−
𝑛 × 𝑣𝑝 × 𝐴𝑝 × 𝐶

𝑉

(1) 

where 𝐶 is the real-time particle concentration inside 
the chamber (in particles/cm3) corresponding to a 
particular size, 𝑡 the time (in h), AER the air exchange 
rate (in h−1), 𝑛 the number of plants kept inside the 
chamber, 𝑣𝐶  and 𝑣𝑝 the deposition velocities (in cm/h) 

on the chamber and plant surfaces, respectively, Ac and 
Ap the areas (in cm2) of the chamber and plant surfaces, 
respectively, and V the air volume inside the chamber 
(in cm3). We estimated the size-resolved deposition 
velocities on the plant surfaces (𝑣𝑝) by measuring the 

real-time concentration of the particles injected inside 
the chamber (with and without the plant specimen 
inside) together with other physical parameters (AER, 
Ac, Ap, and V). 

Effectiveness of plants for PM removal 

To quantify the effectiveness of indoor plants for PM 
removal in real indoor settings, equation 1 was 
modified to account for infiltration of outdoor particles 
and indoor particle sources, as given below: 

𝑑𝐶

𝑑𝑡
= −𝐴𝐸𝑅 × (𝐶 − 𝐶𝑜𝑢𝑡) −

𝑛 × 𝑣𝑝 × 𝐴𝑝 × 𝐶

𝑉

−
𝑣𝑟 × 𝐴𝑟 × 𝐶

𝑉
+

𝐸

𝑉

(2) 

where 𝐶𝑜𝑢𝑡  is the real-time concentration of outdoor 
PM (in particles/cm3), 𝐸 the PM generation rate due to 
indoor sources (particles/h), 𝑣𝑟  the indoor PM particle 
deposition velocity for room surfaces, and 𝐴𝑟 the area 
of room surfaces (cm2).  

By assuming 𝐶𝑜𝑢𝑡 , 𝐶, 𝐸, and AER values as constant, 
equation 2 can be used to obtain the steady-state 
indoor PM concentration (with 𝑛 indoor plants kept 
inside) as: 

𝐶𝑤𝑖𝑡ℎ 𝑛 𝑝𝑙𝑎𝑛𝑡𝑠 =
𝐴𝐸𝑅 × 𝐶𝑜𝑢𝑡 +

𝐸
𝑉

𝐴𝐸𝑅 +
𝑣𝑟 × 𝐴𝑟

𝑉
+

𝑛 × 𝑣𝑝 × 𝐴𝑝

𝑉

(3a) 

In the absence of plants (𝑛 = 0) the indoor PM 
concentration would be given by: 

𝐶𝑤𝑖𝑡ℎ𝑜𝑢𝑡 𝑝𝑙𝑎𝑛𝑡𝑠 =
𝐴𝐸𝑅 × 𝐶𝑜𝑢𝑡 +

𝐸
𝑉

𝐴𝐸𝑅 +
𝑣𝑟 × 𝐴𝑟

𝑉

 (3b) 

To quantify the impact of keeping plants on the 
reduction in the indoor PM concentration, we defined 
𝜀 as: 

𝜀 =
𝐶𝑤𝑖𝑡ℎ𝑜𝑢𝑡 𝑝𝑙𝑎𝑛𝑡𝑠 − 𝐶𝑤𝑖𝑡ℎ 𝑛 𝑝𝑙𝑎𝑛𝑡𝑠

𝐶𝑤𝑖𝑡ℎ𝑜𝑢𝑡 𝑝𝑙𝑎𝑛𝑡𝑠

× 100 (4) 

Finally, we calculated the required number of plants 
(𝑛) for achieving a desired level of PM reduction (𝜀) by 
substituting 𝐶𝑤𝑖𝑡ℎ 𝑛 𝑝𝑙𝑎𝑛𝑡𝑠 and 𝐶𝑤𝑖𝑡ℎ𝑜𝑢𝑡 𝑝𝑙𝑎𝑛𝑡𝑠 into 

equation 4 from equations 3a and 3b, respectively, as 
follows: 

𝑛 =
𝜀

1 − 𝜀
×

𝐴𝐸𝑅 + 
𝑣𝑟 × 𝐴𝑟

𝑉
𝑣𝑝 × 𝐴𝑝

𝑉

(5) 

RESULTS AND DISCUSSIONS 

Figure 4(a) shows the variation of normalized 
concentration of 0.25 µm sized particles with time for 
the experiment conducted with and without the 
Christmas plant placed inside the environmental 
chamber. It can be seen that when Christmas plants 
were kept inside the chamber, the particle 
concentration decayed much faster than that without 
the plant, which was due to the PM uptake by the plant 
surfaces. However, no such effect was observed when 
Ficus plants were kept inside the chamber as shown in 
Figure 4(b), meaning that the particle uptake by the 
Ficus plants was very small. The PM uptake by the 
Croton plants was also very small (results not shown). 
From the decay data obtained for different particle 
sizes, we also estimated the size-resolved deposition 
velocities for different plant species, as shown in 
Figure 5. From the figure, it can be observed that 
deposition velocities ranged between 32.4±10.6 to 
41.0±10.8 cm/h, 0.6±1.6 to 2.5±3.27 cm/h, and 
−0.09±3.8 to 6.07±6.28, for the Christmas, Ficus, and
Croton plants, respectively, which were similar in
magnitude to those reported by Panyametheekul et al.
(2018).
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Figure 4. Normalized concentration decay of 0.25 µm sized 
particles inside the environment chamber in the absence and 

presence of a) Christmas and b) Ficus plants. 

The deposition velocities were significantly higher for 
the Christmas plant as compared to the other plant 
species probably because Christmas plant has needle-
shaped leaves containing mucus oils on its surfaces, 
which creates favorable conditions for particle 
deposition and prevents them from being blown away 
(He et al., 2020). The deposition velocities were also 
found to be nearly constant with particle sizes for the 
different plant species because the particles generated 
by the incense stick had a narrow size range (0.25 µm 
to 0.50 µm). Nevertheless, particle sizes used in this 
study well represents the typical indoor particle size 
(Li & Hopke, 1993). 

 Figure 5. Size resolved particle deposition velocities of three 
indoor plant species. Error bars show one standard deviation. 

To extrapolate the results to realistic indoor 
conditions, we used equation 5 to estimate the number 
of Christmas plants required for obtained a given 
amount of PM reduction (𝜀) in a small residential room 
since Christmas plants had the highest particle 
removal rates. The room was assumed to 3.0 m × 3.6 m 
× 2.4 m in size, with a  surface area to volume ratio of 
3 m-1, a representative value for furnished rooms 
(Nazaroff & Nero, 1988). We selected two typical 
values of PM2.5 deposition velocities on indoor surfaces 
(𝑣𝑟): 3.7 cm/h and 9.0 cm/h, representing rooms in 
urban and rural indoor environments, respectively 
(Riley et al., 2002). The PM2.5 deposition velocities on 
plant surfaces (𝑣𝑝) was assumed to be 39 cm/h, which 

is the average value obtained from our measurements. 

Figure 6a and 6b show the number of plants required 
for achieving desired percentage reductions in PM2.5

for the urban and rural indoor environments, 
respectively, at different AERs. From the figures, it can 
be observed that in both environments, as the 
requirement of PM2.5 reduction (𝜀) increases, the 
number of plants also increase significantly. For 
example, for achieving 10% reduction in indoor PM2.5 
concentrations (𝜀 = 10%), the required number of 
Christmas plants are 35 and 44 for urban and rural 
indoor environments, respectively, at an AER of 0.5 h−1. 
However, at the same AER, for achieving 50% 
reduction in indoor PM2.5 concentrations (𝜀 = 50%), 
the required number of plants exceeds 300 in both 
indoor environments. Figure 6 also shows that as the 
AERs increase, a much larger number of plants are 
required for achieving the same PM2.5 reduction levels. 
Thus, indoor plants only seem to be a feasible option 
for reducing PM2.5 in those indoor settings that have 
low AERs. 
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Figure 6. Christmas plants required for PM2.5 reductions at 
different AERs (in h-1) in a) urban and b) rural indoor 

environments.

CONCLUSIONS 

This investigation estimated the particle deposition 
velocities for three different plant species by 
conducting experiments in an environmental chamber 
and using a simple mass balance model. The plant 
species tested were Christmas plant (Araucaria 
heterophylla, a needle-leaved plant), Ficus plant (Ficus 
retusa, a small-leaved plant), and Croton plant 
(Codiaeum variegatum, a broad-leaved plant). The 
estimated particle deposition velocities ranged 
between (32.4±10.6 to 41.0±10.8) cm/h, (0.6±1.6 to 
2.53±3.27) cm/h, and (−0.09±3.8 to 6.07±6.28) cm/h 
for the Christmas, Ficus, and Croton plants, 
respectively, for particle sizes between 0.25–0.50 µm. 
Thus, the Christmas plant was found to be most 
suitable for particle removal from indoor 

environments since it had the highest deposition 
velocities. 

We further estimated that 35–44 Christmas plants 
would be required for reducing the steady-state PM2.5 
concentrations by 10% at an air exchange rate of 
0.5 h−1 in a small residential room of size 3.0 m × 3.6 m 
× 2.4 m. At higher air exchange rates, a much larger 
number of plants would be required for achieving the 
same PM2.5 reduction levels. Thus, indoor plants only 
seem to be a feasible option for reducing PM2.5 in 
indoor settings at low air exchange rates. 
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ABSTRACT 

Nowadays one of the main focus of public and 
occupation health is maintaining good indoor air 
quality in office building and public spaces. The aim of 
this study was to identify indoor air quality, its 
influencing factors, sources of pollution and air quality 
enhancers. The results indicate that indoor air quality 
does not exceed the permissible levels for office 
buildings based on found chemical pollutants and CO2 
readings. Identified sources of chemical pollutants 
were printers with tonner, personal cosmetic products 
of workers, hand disinfectant and office cleaning 
products. Measurements indicated well-ventilated 
rooms. However, the control floor showed lower air 
humidity levels. Results shows up to 21% air humidity 
boost from plant green walls on weekends and up to 
9% boost on workdays. The green walls with living 
plants help maintain good humidity levels. 

INTRODUCTION 

Air quality and microclimate is closely connected to 
human well-being, health and productivity (Al horr et 
al., 2016). It is estimated that in developed countries 
people spend up to 89% of their time indoors (Spalt et 
al., 2016; Thach et al., 2020), so it is important to keep 
this place clean. There are many ways to keep air clean 
like ventilation, mechanical air filtration, using non-
toxic chemicals for cleaning and maintaining buildings. 
In addition to all of traditional ways there is bio-
filtration as well (Nazaroff, 2021; Weschler, 2009; 
WHO Regional Office for Europe, 2010). Biofilters are 
also known as plant – based biowalls which are 
standalone system in which several houseplants are 
grown on growth medium and are indoor air 
bioremediation(Luengas et al., 2015; Mikkonen et al., 
2018). 

Bioremediation is the ability of living organism to 
cleanse the environment from pollution. For indoor air 
purification plants and microorganisms are practically 
used for this purpose (Mikkonen et al., 2018).  Plants 
purify the air (Yang, Pennisi, Son, & Kays, 2009) and 
through root secretions, maintain microorganisms that 
also symbiotically support plant growth (Masciandaro, 
Macci, Peruzzi, Ceccanti, & Doni, 2013) and perform 
most of the degradation of harmful substances (Irga, 
Pettit, & Torpy, 2018). 

It should be noted that in addition to the air 
purification function, biofilters also provide indoor air 
humidification and the benefits of biophilic design 
(Darlington, 2000). Biophilic design has a positive 
effect on human well-being and stress reduction (Gillis 
& Gatersleben, 2015) and productivity and work 
capacity (Browning, Ryan, & Clancy, 2014). 

Optimal humidity ensures human health, especially the 
condition of the mucous membranes, eyes, mouth, nose 
and skin (Wolkoff, 2018). Temperature and humidity 
has been investigated in several studies and it shows 
that higher indoor air humidity decreases odour 
intensity and it has effect on perception of indoor air 
pollutants (Fang, 1998; Jin et al., 2020; Wolkoff, 2018) 

Studies suggest that thermal comfort is very important 
in stress reduction (Zuo, Luo, & Liu, 2020); biowalls 
can ensure better temperature and humidity levels. 

METHODS 

The Building 

The testing area was chosen in new co-working space 
office building. Completed in 2018, the 16-story office 
building is composed of 16 300 m2 of A class office 
rooms, meeting rooms, conference places also services 
and public spaces. It is located in the VEFRESH area, 
which is centre for information and communication 
technology (ICT) professionals and companies in the 
region, accounting for more than 43% of Latvia's ICT 
industry exports also it is home for finance workers 
and other business in region. Building is located in 
industrial area between railroads and main street.  

Building has united ventilation system for all floors. It 
is air exchange heating – cooling system without 
recuperation. Fresh air is coming in 45 m above the 
ground level. Extract is on the roof, supply is taken 
from fountain side (opposite side from front door) on 
sixteenth floor through the grill. Air ducts are cleaned 
every five years (after commissioning they have not 
been cleaned yet) air-handling units are cleaned every 
3 months. Ventilation system uses pocket filters, F7 
class for supply and M5 for exhaust. Air exchange rate 
is 2.5 times per hour. Ventilation works from 7:00 till 
18:00 on working days and does not work on 
weekdays. 
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Facilities 

The experiment was performed in two of the buildings 
floors, where finance sector workers are located.  The 
7th floor was chosen as control floor and the 8th floor 
was the test floor (the floor housing the Biofilter). The 
total floor area was 700 square meters. Both floors 
have the same floor layout, workplace stations, 
flooring material, ventilation modes also both floors 
have option to open windows during working hours. In 
the testing floor there were six Biofilter systems (fig.1). 
The study took place for 6 months during heating 
season. 

Figure 1. Test floor schematic plan and Biofiter 
placement. 

The Bio-filtration System 

There are six functional components of the system: 
hydroponic plants, air fan, self-watering system, self-
regulated light system, clay pebbles as growth medium 
and microbes that degrade indoor air pollutants. 
Biofilter is standalone system, dimensions 110 x 240 x 
40 cm, made from concrete, aluminium and PU 
material. Biofilter working principle – fan pushes 
indoor air through the porous clay substrate with 
regulated air flow (fig.2 and fig.3). 

Air is forced by a ventilator through a wet ceramic 
substrate populated by plant roots and 
microorganisms. Pollution is adsorbed on their surface 
resulting in air that is cleaner and more humid 
returning to the room. The substrate is lightweight 
expanded clay aggregates which are very porous, 
adsorbent and have great air permeability. 

Figure 2. Air circulation process in Biofilter system 

Average humidity output from one biofilter is 1.5 L/h, 
consensually output from six biofilters is 9 L/h, and 
nevertheless, levels were calculated in controlled 
environment and may differ during the experiment. 

Plant species used in biofilters: 

1. Aglaonema sp.

2. Chamaedorea elegans

3. Monstera adansonii

4. Schefflera sp.

5. Philodendron erubescens 'Imperial red'

6. Philodendron hederaceum

7. Philodendron hederaceum 'Brasil'

8. Epipremnum aureum 'Golden pothos'

9. Epipremnum aureum 'Marble Queen'

10. Scindapsus pictus 'Argyraeus'

11. Epipremnum aureum 'Neon'

A metagenome analysis for this biofilter was done by 
one of related studies. As far as studies suggest, no 
species of human pathogens can be found in the 
biofilters. The biofilter microbiome is space specific, 
because of its interaction with the room's air. Also, 
every plant species interaction can lead to wildly 
different microbiomes. In this case, the biofilter 
microbiome can only be characterized generally. The 
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biofilter affected barely indoor air microbiome and 
humans were the greatest source of microorganisms in 
air (Berg, Mahnert, & Moissl-Eichinger, 2014; Kalniņš, 
Žorža, Sieriņa, Epners, & Muter, 2020). Furthermore, 
the microorganisms released by the biofilter are in 
insignificant concentrations in comparison to human 
sourced microorganisms. 
The biofilter operation parameters followed a set 
schedule that encompassed the working day. The 
substrate and plants were watered with the nutrient 
solution every two hours for 10 minutes from 9:10 
until 21:10. Ventilators operated between 9:00 and 
21:00 and the light worked between 8:00 and 21:00, 
both continuously. Ventilators were set to an air 
delivery speed of 80 m3/h and 150 m3/h. 
Lights illuminate the biofilter inducing photosynthesis 
which is needed for exudate production, and, of course, 
for the plants to live and look appealing. 

Figure 3. Biofiltration system - water circulation in boifilter. 

Physical measurements 

Air quality quantitative measurements were 
performed with Aranet T/RH and CO2 monitoring 
device. Air was sampled at 0.8 m above the floor at 
regular intervals of 10 minutes throughout day for all 
of the study period. All data were logged in data cloud 
and analysed in multiple intervals - weekly, monthly 
and for all study period to determine possible bias. 

Chemical pollution sampling and analysis 

Aldehydes 

Measurements for indoor air pollutants such as 
formaldehyde, acetaldehyde and other aldehydes was 

done using passive air sampling with Aldehydes & 
Ketones Diffusive Sampling Device DSD-DNPH from 
Supelco. Method principle: Carbonyl compounds like 
formaldehyde pass through the diffusive membrane 
and reacts with 250 mg, 2,4-dinitrophenylhydrazine 
(DNPH) coated silica gel absorbent to produce a 
hydrazine derivative. This derivative was eluted by 
acetonitrile, then analysed by HPLC using Hypersil C18 
(4.5x150 mm) column 60/40 Acetonitrile/water as 
mobile phase. Air sampling was done at 1.2 meters 
above floor level, in the beginning of experiment and 
one month after Biofiter installation each time 
collecting and analysing 12 samples for total of 24 
samples. 

Volatile organic compounds 

VOCs measuring were done with two methods:  passive 
3MTM Organic Vapor Monitors and active air sampling 
pumps (Gilian air LFS 113) that drew air (ca 
100mL/min) through sorbent tubes. In the same way, 
samples were collected before Biofilter installation and 
one month after installation. SHIMADZU GC - 2010 Plus 
Gas Chromotagraph with FID detector and Rxi – 5 (0.25 
µm x 60 m x 0.32 mm) column was used for VOC 
analysis. Likewise, 24 samples were collected and 
analysed. 

To determine a relationship between the results 
nonparametric analysis methods in The R Project for 
statistical Computing program were used. 

RESULTS 

Chemical pollution 

The results indicated that indoor air quality did not 
exceed the permissible levels for office buildings based 
on found chemical pollutants. The results of the 
chemical pollutants found in the both floors are 
summarized in the Table 1. 

However, formaldehyde and acetaldehyde were found 
in detectable level, but other carbonyl compounds 
were below detection levels. The Formaldehyde levels 
for both floors (see in Table 1) were lower or close to 
WHO reported median formaldehyde levels of 25 
ug/m3 in non-industrial facilities and lower than 
reported mean levels of 40 µg/m3 (WHO Regional 
Office for Europe, 2010). There were significantly 
lower results after a month in the floor with 
biofitration. But it is valuable to note that also control 
floor had lower aldehyde results after a month, yet 
there were no significant differences in reduction in 
pollution between the test floor and control floor. 

Table 1. Chemical pollutants in the control floor and in the 
test floor before biofilter and one month after biofilter 

installation 

Monitored site Pollutant name Concentration 
µg/m3  

The test floor 
before biofilter 

installation 

Formaldehyde 37.2 

Acetaldehyde 13.5 

VOCs 429 
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The control floor 
in beginning of 

experiment 

Formaldehyde 16.4 

Acetaldehyde 7.7 

VOCs 416 

The test floor after 
biofilter 

installation 

Formaldehyde 13.7 

Acetaldehyde 7.4 

VOCs 469 

The control floor 
after one month 

Formaldehyde 10.6 

Acetaldehyde 4.6 

Summary VOCs 470 

Accordingly VOCs levels were higher than 300 µg/m3 
WHO threshold limit for good indoor quality (WHO 
Regional Office for Europe, 2010). Aldehydes were 
taken out of VOC calculation. There were higher results 
of VOCs after one month in experiment; results were 
connected with disinfectant usage during pandemic. 
For example, ethanol, isopropanol, chloric compounds 
and benzene were found in air samples, but in small 
concentration to raise concern. Literature suggests 
that biofilters may be lowering VOC levels, but there 
was no substantial evidence; more research needs to 
be done using more sensitive methods for VOC 
detection and longitudinal monitoring approach for 
evaluation of chemical exposure. 

Indoor air microclimate 

Carbon dioxide measurements were monitored 
through all experiment period, results showed that CO2 
concentration is connected with working hours and 
cleaning schedule (fig,4); worker count in both floors 
were similar and fluctuation difference were 3 to 6 
persons per day. The concentration levels during week 
day ranged from 434 to 750 ppm; average CO2 
concentration in test floor was 554 ppm and in control 
floor - 556 ppm. There was statistically significant 
improvement (t=3.9332; p<0.001) on test floor with 
biofiltration systems. Overall, CO2 levels were lower in 
test floor thus biofitration can help reduce CO2 
concentration (Darlington, 2000). According to the 
analysis of carbon dioxide concentration in the aspect 
of meeting international standards and 
recommendations, it was determined that 
measurement results of CO2 concentration did not 
exceeded the recommended limit of 1000 ppm for 
public spaces (Azuma, Kagi, Yanagi, & Osawa, 2018). 
On the contrary of reducing indoor CO2 levels to 
minimum possible level by ventilation with ambient 
air, which as a result increases energy consumption in 
an air-conditioned building. The building’s owners 
could lower ventilation air exchange rate or introduce 
air recuperation system. 

Moreover, temperature measurements did not show 
any statistical differences between test floor and 
control floor. Mean temperature during experiment 
period was 23.2°C in test floor and 23.4°C in control 
floor. Biofilter had no impact on temperature, however 
many studies suggest plant based thermoregulation in 
indoors (Darlington, 2000; Gillis & Gatersleben, 2015; 
Llewellyn & Dixon, 2011). 

Finally, humidity levels were improved by biofiltration 
system. Biofitration worked in two modes, both shows 
improvement. The first mode was in beginning of 
experiment from 45th to 48th week; mean relative 
humidity level in the test floor was 35.4%; in the 
control floor 33.0%. There was notable statistical 
improvement on relative humidity levels 7% (t=-
13.119; p < 2.2e-16) from 45th to 48th week. 

Mean relative humidity levels in test floor was 24.1%; 
in control floor 20.9% from 49th to 50th week. Relative 
humidity improvement was 16% in this period (t=-
15.29; p < 2.2e-16). Relative humidity results and 
percentage improvement are summarized in the Table 
2. 

In all the test period humidity improvement was 9% in 
week day and 21% in weekends. The difference is so 
excessive on weekends because ventilation was 
switched off and extra humidity from biobiolters was 
not ventilated out (fig.5). 

Table 2. Relative humidity results with different watering 
methods 

Method 1 

(week 45 -
48) 

Method 2 

(week 49- 
50) 

Overall 
results  

(week 45 
– 50) 

C* Mean relative 
humidity 
levels, %  

33.0 20.9 24.2 

T** 
35.4 24.1 27.3 

Relative humidity 
levels percentage 
improvement in 

week days 

7% 16% 9% 

Relative humidity 
level percentage 
improvement in 

weekends 

15% 50% 21% 

* Control floor

** Test floor with biofiltration system 

In addition, theoretical calculation shows that there 
should be extra 6 litres water vapour per hour in test 
area, but real situation shows different results. As 
biofilter is a living organism and its behaver is room 
specific, extra measurements need to be done before 
and after placing biofilter in the office environment to 
gain maximum outcome. Nevertheless, humidity levels 
enhanced in the test floor. 

Moreover, a considerable effort was made to avoid 
indoor air pollution thanks to ventilation 
requirements. 

Of course, the testing of biofiltration systems is 
continuing and adjustment and selection of monitoring 
methods are provided during each evaluation period, 
nevertheless 12-month study would be recommended 
for throughout impact on air quality depending on time 
of year. 
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CONCLUSIONS 

There is small improvement investigated between test 
floor and control floor regarding chemical pollution 
such as aldehydes and VOC’s. 

The more sensitive and longitudinal testing is 
necessary for chemical pollutants (e.g., aldehydes, 
VOC’s) detection and evaluation. 

The bio-filtration systems impact to air humidity is 
significant to improve indoor air conditions and 
human well-being in general. 

With biofiltration system it is advisable to reduce air 
exchange rate and maintain CO2 concentration within 
recommended values to reduce energy consumption 
which in turn is a desirable effect.  

The longitudinal assessment approach and more 
sensitive methods selection are necessary to improve 
complex evaluation of bio-filtration systems 
effectiveness during next research periods.  
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Figure 4. Average CO2 levels in test floor and control floor during one week in experiment period. It shows that 
CO2 levels are connected with working hours and are lower in test floor. 

Figure 5. Average relative humidity levels in test floor and control floor from 45 to 50 week with both watering 
methods in biofilter. 
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ABSTRACT 
The aim of this study is to examine thermal comfort, 
perception of air movement, and perceived symptoms 
of persons lying in patient bed in a hospital isolation 
room. The study had a repeated measures design with 
two test conditions: 1) baseline overhead mixing 
ventilation and 2) local downward ventilation over the 
patient bed with background mixing ventilation. Ten 
volunteers participated. The room air temperature 
was 23.1 °C and supply airflow rate was 9 l/s,m2 in 
both conditions. Thermal comfort, perception of air 
movement and perceived symptoms were assessed. 
The mean thermal sensation vote in both test 
conditions was “Neutral” and there were no significant 
differences in thermal comfort, perception of 
pleasantness of air movement or perceived symptoms 
between test conditions. The results of this study can 
be utilized in the development of thermally 
comfortable solutions that reduces the health care 
workers exposure to patient exhaled airborne 
contaminants during patient treatment. 

INTRODUCTION 
It has been estimated that 30-40 % of building sectors 
primary energy worldwide is used in HVAC (heating, 
ventilation and air conditioning) systems (Huovila et 
al. 2007). Hospitals have a particularly high energy 
consumption and significant part of energy is used in 
HVAC systems. The energy consumption of HVAC 
equipment can comprise even up to 50 % of the total 
energy use in buildings (Perez-Lombard et al. 2008). 
Ventilation system has an impact on indoor thermal 
environment and occupants’ thermal comfort. 
According to ASHRAE standard (2010), thermal 
comfort is defined as that condition of mind which 
expresses satisfaction with the thermal environment. 
It is an important factor affecting occupants’ wellbeing 
and work performance (Clements-Croome, 2006; 
Maula et al., 2016; Seppänen et al., 2003; Seppänen et 
al., 2006). An indoor temperature that is optimal to all 
occupants is difficult to achieve in hospitals due to 
great variety of different building users. The study by 
Skoog et al. (2005) indicated that hospital staff and 
patients cannot be considered as coherent group when 
predicting the optimal operative temperature. This is 
mainly due to the differences in activity levels. There is 
a need to study different ventilation solutions with 
human subject experiments to get a better 
understanding about the perception of different 

occupant groups, and to see which solutions are best 
for hospital patient rooms. 
Ventilation and air distribution are important 
especially in isolation rooms, where they have an 
essential role in protecting healthcare workers e.g. 
from patient emitted contaminants. Therefore, the air 
change rate (ACH) is kept higher than in normal patient 
room. In optimal case, the supply air distribution 
should be able to mix and dilute the contaminants close 
to the source (patient). However, this is not always the 
case with traditional mixing ventilation systems. 
Previous studies have shown that local downward 
ventilation above the patient’s bed is effective in 
reducing the healthcare workers exposure close to the 
patient (Kalliomäki et al. 2020). However, it can be 
challenging to provide thermally comfortable 
downward ventilation towards patient with low 
activity level (Kalliomäki et al. 2020). There is a need 
to gain more information of the perception regarding 
thermal environment while lying in patient bed in 
isolation room having downward ventilation. 
The aim of this laboratory study is to examine thermal 
comfort, perception of air movement, and perceived 
symptoms of persons lying in patient bed in a hospital 
isolation room. 

METHODS 

Experimental design 
The experiments were carried out in autumn 2020 in a 
full-scale isolation room mock-up at Turku University 
of Applied Sciences’ (TUAS) HVAC laboratory (Figure 
1). The study had a repeated measures design with two 
test conditions: 1) baseline overhead mixing 
ventilation (MV) and 2) local downward ventilation 
over the patient bed with background mixing 
ventilation (LDV). In the test condition 1, the room air 
temperature was Troom=23.1 °C, relative humidity of 
room air was RH=42 %, supply air temperature was 
Tsupply=20.0 °C, and supply airflow rate was Q=170 l/s 
(corresponding to ventilation rate 9 l/s, m2 and 12 air 
changes per hour (ACH)). Similarly, in the test 
condition 2, Troom=23.1 °C, RH=25 %, Tsupply=20.0 °C in 
mixing ventilation and Tsupply=20.4 °C in local 
downward ventilation, and Q=170 l/s (130 l/s in 
mixing ventilation and 40 l/s in downward 
ventilation). The exposure time was one hour in each 
test condition. Above-mentioned indoor environment 
parameters are averages from the averages of each 60-
minute sessions. 
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a)

b)
Figure 1. The layout of a) test condition 1 (mixing ventilation, 
MV), and b) test condition 2 (local downward ventilation over 

the patient bed with background mixing ventilation, LDV). 
The flow pattern was visualized with smoke (Figure 2). 
The air speed field at horizontal plane above the 
hospital bed (at 1.1 m height from the floor) was 
measured with hot-sphere anemometers (Dantec 
Dynamics A/S, Denmark, accuracy of 5% of reading 
±0.01 m/s). Figure 3 shows the mean air speeds 
sampled for 3 min in each measurement point. 

a)

b)
Figure 2. Smoke visualizations of supply airflow patterns in a) 

test condition 1 (MV) and b) test condition 2 (LDV) 

a)

b) 
Figure 3. The measured air speed fields above the hospital bed 

(at 1.1 m height from the floor) in a) test condition 1 (MV) 
and b) test condition 2 (LDV). The measurement grid density 

was 0.1 m x 0.1 m. 

Participants 
Ten volunteer research group members (aged between 
28 and 64 years, mean 45 years) participated in the 
experiment. One of them participated only in the test 
condition 1 (MV), and one only in the test condition 2 
(LDV). Rest 8 participated in both test conditions, so 
that each test condition had nine participants (8 male). 
The participants wore standard patient clothing and 
they were reclining in a hospital bed, having hands on 
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top of the blanket, and listened to an audio book 
(Figure 4). Their activity level was 0.9 (McMurray et al. 
2014). The thermal isolation of patient clothing, 
blanket, pillow and mattress was 1.5 clo, measured 
with thermal manikin (Pernille, PT Teknik A/S, 
Denmark). 

Figure 4. Participants’ position, clothing and the adjustment 
of the blanket during the experiment. 

Questionnaires 
Thermal comfort, perception of air movement and 
symptoms were assessed with questionnaires 
(Webropol 3.0), which were repeated every 15 
minutes throughout the session (Figure 5.). 
Participants answered questionnaires altogether 5 
times in each test condition. Overall thermal sensation 
was asked using seven-point response scale from ISO 
standard 7730 (2005): Hot (3), Warm (2), Slightly 
warm (1), Neutral (0), Slightly cool (-1), Cool (-2), and 
Cold (-3). Besides overall thermal sensation and 
comfort, local thermal comfort, thermal satisfaction 
and pleasantness of the air movement, was asked. 
Symptoms, such as headache, feeling unwell, and nose, 
throat and eye symptoms were assessed with five-
point response scale (1 = Not at all, 2 = Slightly, 3 = To 
some extent, 4 = Quite a lot 5 = Very much). 

Figure 5. The procedure of the session 

Analysis 
Statistical analyses were conducted to those 8 
participants who took part in both test conditions. 
Analyses were done with IBM SPSS Statistics for 
Windows, Version 25.0 (Ar-monk, NY: IBM Corp.). The 
effect of test conditions and an interaction of test 
condition and exposure time was analysed. The 
normality of the data was tested with Shapiro-Wilk 
test. A repeated-measures ANOVA was used for 

normally distributed data. The Greenhouse-Geisser 
correction was applied when Mauchly's test indicated 
violation of sphericity, and the corresponding p-values 
are reported. Friedman and Wilcoxon's tests were used 
for variables that were not normally distributed 

RESULTS AND DISCUSSION 
The study examined reclining participants’ thermal 
comfort, perception of air movement, and perceived 
symptoms in two test conditions: 1) baseline overhead 
mixing ventilation (MV) and 2) local downward 
ventilation over the patient bed with background 
mixing ventilation (LDV). 
Participants reported to be dissatisfied with the 
thermal environment in 20 % if responses in test 
condition 1 (MV), and in 11 % of responses in test 
condition 2 (LDV). Table 1 shows the percentage of 
participants dissatisfied with thermal environment in 
each exposure time. The distributions of all thermal 
sensation votes in test conditions 1 and 2 are shown in 
Figure 6. The mean thermal sensation vote was 
”Neutral” in both test conditions and thermal comfort 
did not differ significantly between studied ventilation 
solutions.  
Figure 7 shows the distributions of thermal sensation 
votes in each exposure time. In figure 7, the box 
contains the middle 50 % of the votes, the central bold 
line is the median of the distribution, the whiskers 
reach to the smallest and largest observed votes and 
circles represents outliers. The distribution is lacking 
the box if the middle 50 % of the votes are placed on 
together with the median. Thermal sensation votes 
tend to decrease towards the end of condition 2 (LDV). 
However, there were no interaction of test condition 
and exposure time. 
Table 1.  The percentage of participants dissatisfied [%] with 

thermal environment in each exposure time. MV is mixing 
ventilation and LDV is local downward ventilation with 

background mixing ventilation.  

Test 
condition 

Exposure time 

0 min 15 min 30 min 45 min 60 min 

1 (MV) 0 0 33 33 33 
2 (LDV) 11 0 0 22 22 
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Figure 6. The distributions of all thermal sensation votes. MV 
is mixing ventilation and LDV is local downward ventilation 

with background mixing ventilation.  

Figure 7. The distributions of thermal sensation votes in each 
exposure time. MV is mixing ventilation and LDV is local 

downward ventilation with background mixing ventilation. 
The distribution is lacking the box if the middle 50 % of the 

votes are placed on together with the median. 
In test condition 1 (MV), air movement was 
experienced in 64 % of responses although there were 
no direct supply air jet towards the hospital bed and 
the mean speeds above the bed were low (Figure 3). 
This might be a consequence unstable airflow fields 
and turbulence caused by rather high air change rate. 
Air movement was experienced in 91 % of responses 
in test condition 2 (LDV). Most of the participants did 
not experience the air movement to be pleasant or 
unpleasant (Figure 8). 

Figure 8. The distributions of all votes of pleasantness of air 
movement. MV is mixing ventilation and LDV is local 

downward ventilation with background mixing ventilation. 
The perception of air movement in test condition 2 
(LDV) had a great variation between participants who 
perceived the air movement to be either pleasant or 
unpleasant: part of those participants reported the air 
movement to be draughty and the other part reported 
it to be refreshing. Part of the participants begin to 
experience air movement to be slightly unpleasant 
when exposure time exceeded 30 minutes (Figure 9). 
However, there was no statistically significant 
differences between test conditions nor interactions of 
test condition and exposure time on perception of air 
movement. The air movement was mainly sensed in 
hands and face. 

Figure 9. The distributions of pleasantness of air movement in 
each exposure time. MV is mixing ventilation and LDV is local 
downward ventilation with background mixing ventilation. 
The distribution is lacking the box if the middle 50 % of the 

votes are placed on together with the median. 
The intensity of all symptoms was low under both test 
conditions (Table 2). No statistically significant effect 
of test condition on symptoms was found. However, no 
conclusions related to eye symptoms can be drawn 
since a large part of the participants listened the audio 
book with their eyes closed. In addition, attention 
should paid to the fact that although participants’ 
activity level and clothing insulation were kept close to 
values of real patient that is reclining, there are 
personal factors, such as patients’ physiology and 
possible illness etc., which were not taken into account 
in this study. 
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Table 2.  The mean values (and standard deviations) of all 
responses related to perceived symptoms in both test 
conditions. MV is mixing ventilation and LDV is local 

downward ventilation with background mixing ventilation. 
The response scale is 1 Not at all, 2 Slightly, 3 To some extent, 

4 Quite a lot, 5 Very much.  

Symptom 
Test condition 

1 (MV) 2 (LDV) 

Sweating 1,32 (0,67) 1,07 (0,25) 
Nasal symptoms 1,38 (0,49) 1,16 (0,37) 

Throat symptoms 1,40 (0,54) 1,33 (0,52) 
Eye symptoms 1,13 (0,40) 1,16 (0,37) 

Feeling of being unwell 1,00 (0,00) 1,02 (0,15) 

CONCLUSIONS 
This study examined thermal comfort, perception of 
air movement, and perceived symptoms of persons 
lying in patient bed in a hospital isolation room. Two 
test conditions were included: 1) baseline overhead 
mixing ventilation (MV) and 2) local downward 
ventilation over the patient bed with background 
mixing ventilation (LDV). The mean thermal sensation 
vote in both test conditions was “Neutral” and thermal 
comfort did not differ statistically significantly 
between studied ventilation solutions. In addition, 
there were no statistically significant differences in 
perception of pleasantness of air movement or 
perceived symptoms between test conditions. 
The results of this study, together with previous study 
by Kalliomäki et al (2020), can be utilized in the 
development of thermally comfortable solutions that 
reduces the health care workers exposure to patient 
emitted airborne contaminants during patient 
treatment. However, the perception of thermal 
conditions with different ventilation solutions should 
be further studied with greater amount of participants 
and longer exposure times to see which kind of 
solutions are suitable for continuous use in hospital 
isolation rooms. 
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ABSTRACT	

Following	the	outbreak	of	COVID-19	(SARS-CoV-2)	in	
2019,	 studies	 show	positive	 results	 in	protecting	 the	
surgical	 staff	 from	 patients	 infected	 by	 COVID-19	 in	
operating	 rooms	 (ORs)	 with	 negative	 pressure.	 A	
negative	 pressure	 environment	 inside	 the	 operating	
room	(OR)	reduces	the	virus's	circulation	outside	the	
OR	 (Chen	 et	 al.,	 2020).	 Nevertheless,	 it	 is	 unclear	
whether	the	surgeon's	thermal	plume	can	impact	the	
transport	 of	 contaminants	 up	 to	 the	 breathing	 zone	
and	thus	cause	infection	in	ORs	with	various	pressure	
differences	 compared	 to	 adjacent	 rooms.	 The	 results	
show	that	a	gap	between	the	surgical	manikin	and	the	
operating	table	greatly	affects	the	development	of	the	
thermal	plume	from	the	head	surgeon.	A	plate	between	
the	 surgical	 manikin	 and	 the	 operating	 table	 may	
significantly	influence	the	airflow	distribution	in	front	
of	the	head	surgeon	more	than	the	pressure	difference	
inside	the	operating	room.	

INTRODUCTION	
Outbreaks	 of	 viral	 infections	 have	 been	 shown	 to	
spread	 rapidly	 during	 the	 last	 years,	 first	 the	 SARS	
outbreak	(SARS-CoV)	in	2003	and	then	the	COVID-19	
(SARS-CoV-2)	outbreak	in	2019.	It	is	crucial	to	ensure	
a	safe	OR	environment	for	both	patients	and	medical	
staff	 exposed	 to	 infectious	 contamination	 during	 a	
pandemic.	 Negative	 pressure	 operating	 rooms	 can	
reduce	the	circulation	of	the	virus	outside	the	OR	(Chen	
et	 al.,	 2020).	 Typical	 operating	 rooms	 have	 positive	
pressure	 compared	 to	 adjacent	 areas	 and	 prevent	
contaminants	from	entering	the	OR.	Negative	pressure	
operating	 rooms	 are	 used	 to	 prevent	 contamination	
from	 leaving	 the	OR.	 Operating	 rooms	with	 negative	
pressure	 are	 crucial	 when	 virus	 outbreaks	 occur.	
Airflow	distribution	 in	an	operating	 room	causes	 the	
spread	of	contamination	between	the	patient	and	the	
surgical	 staff.	 The	 air	 distribution	 is	 affected	 by	 the	
ventilation	 system,	 the	 thermal	 plumes,	 and	 the	
convective	 boundary	 layers	 from	 different	 heat	
sources	in	the	room,	such	as	equipment	and	persons.	
The	 convective	 boundary	 layer	 impacts	 particles'	
distribution	 to	 the	 breathing	 zone	 and	 affects	 the	
airflow	 around	 the	 human	 body	 (Cheng	 et	 al.,	 2020;	
Naseri	et	al.,	2017).		

It	has	been	proven	that	the	human	thermal	convection	
flow	is	essential	for	the	spread	of	airborne	diseases	and	
also	indoor	air	quality	and	thermal	comfort	(Licina	et	
al.,	 2014).	 The	 convective	 thermal	 boundary	 layer	 is	
determined	by	the	temperature	difference	between	the	
human	body	and	the	surrounding	air.		
Liu,	 Liu,	 and	 Luo	 (2017)	 completed	 a	 numerical	
investigation	 of	 the	 boundary	 layer,	 velocity,	 and	
temperature,	 around	 a	 human	 upper	 body	 in	 a	
standard	 room	 environment	 with	 personalized	
ventilation.	 They	 found	 that	 the	 thickness	 of	 the	
boundary	 layer	 increased	 gradually	 from	 the	 lower	
part	of	the	upper	human	body	and	further	up	along	the	
body	because	of	the	constant	heat	exchange	between	
the	human	body	and	 the	 surrounding	 air.	 	They	also	
observed	that	the	highest	velocity	was	at	chin	height,	
which	 was	 slightly	 higher	 than	 at	 chest	 height.	 The	
velocity	profile	ranged	from	0.075	m/s	at	hips	height	
to	0.17	m/s	at	chin	height.		
Licina	 et	 al.	 (2014)	 investigated	 the	 human	 thermal	
plume	 in	 a	 quiescent	 indoor	 environment.	 For	 an	
ambient	 temperature	 of	 20	 °C,	 the	 highest	 mean	
velocity	was	generated	at	chest	height,	3	cm	from	the	
body	 surface.	 From	 chest	 to	 chin	height,	 the	 velocity	
was	reduced	before	increasing	after	collision	with	the	
chin.	At	forehead	height,	the	velocity	was	as	high	as	it	
was	at	chest	height.		
Bolashikov	et	al.	(2011)	investigated	the	airflow	at	the	
breathing	zone	for	a	seated	person	with	and	without	a	
plate	 between	 the	 abdomen	 and	 a	 table	 and	
personalized	 ventilation.	 The	 plate	 was	 used	 as	 a	
passive	method	to	increase	the	quantity	of	clean	air	to	
the	mouth	region	and	block	the	rising	convective	flow	
from	lower	parts	of	the	body.		The	free	convective	layer	
at	 the	 mouth	 region	 was	 reduced	 with	 the	 plate	
present.	 It	was	 concluded	 that,	 inside	 the	 convective	
boundary	 layer,	 the	 absolute	 velocity	 at	 the	 mouth	
region	 decreased	 to	 0.1	 m/s	 when	 the	 plate	 was	
attached,	 compared	 to	0.19	m/s	without	 the	plate.	 It	
was	also	shown	that	the	convective	boundary	layer	at	
mouth	 height	 was	 more	 comprehensive	 without	 the	
plate	compared	to	the	case	with	the	plate.	The	airborne	
pollutants	 from	 the	 leg	 region	 would	 not	 reach	 the	
breathing	zone	with	the	plate	present.	If	there	is	a	small	
gap	between	the	table	and	the	abdomen,	the	airborne	
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pollutants	 may	 be	 entrained	 by	 the	 rising	 thermal	
plume	and	reach	the	breathing	zone.		
The	aim	of	this	study	is	to	quantify	the	thermal	plume	
in	front	of	the	head	surgeon	in	an	operating	room	with	
mixing	 ventilation	 under	 different	 pressures	 and	
scenarios.	

THEORETICAL	MODELLING	
To	 achieve	 thermal	 comfort	 in	 a	 specific	 indoor	
environment,	the	core	temperature	must	be	relatively	
stable.	 This	 is	 obtained	 when	 there	 is	 a	 balance	
between	 the	metabolic	 heat	 rate	 production	 and	 the	
heat	 loss	 to	 the	 surroundings.	 The	 temperature	
difference	between	the	surrounding	air	and	the	body	
surface	 leads	 to	 a	 heat	 transfer,	 convective	 and	
radiative,	 between	 the	 body	 and	 the	 surrounding	
environment	(Craven	and	Settles,	2006).	In	this	study,	
only	 convective	 heat	 transfer	 will	 be	 taken	 into	
account.	 The	 convective	 heat	 transfer	 equation	 is	
shown	in	Equation	1	below	(Incropera	et	al.,	2017).	

								𝑄!̇ = ℎ" ∗ 𝐴" ∗ (𝑇# − 𝑇$)				 		(1)	
Where	𝑄!̇	is	 the	convective	heat	output	[W],	hc	 is	 the	
convection	 coefficient	 [W/m2K],	 Ac	 is	 the	 convective	
surface	area	[m2],	Ts	is	the	surface	temperature	[K]	and	
T0	is	the	surrounding	air	temperature	[K].	
A	 body	 surface	 temperature	 higher	 than	 the	
surrounding	air	temperature	separates	the	human	skin	
from	the	ambient	atmosphere	by	a	boundary	layer	of	
convective	 air	 (Lewis	 et	 al.,	 1969).	 This	 convective	
boundary	 layer	will	 develop	 into	 a	plume	due	 to	 the	
buoyancy	 effect	 caused	 by	 the	 density	 differences,	
dependent	 on	 the	 temperature	 change.	 The	 more	
significant	 the	 temperature	 difference	 between	 the	
body	surface	and	the	surrounding	air	temperature,	the	
stronger	the	thermal	plume.	Heat	sources	with	a	higher	
temperature	 than	 the	 surrounding	 air	 will	 create	
upward	 flow	 at	 these	 sources,	 and	 convective	 heat	
transfer	will	occur	(Incropera	et	al.,	2017).		
In	 a	 rising	 plume,	 the	 initial	 velocity	 is	 low	 but	
increases	with	height	due	to	buoyancy.	A	hot	vertical	
plate,	 seen	 in	 Fig.	 1a,	 can	 be	 assumed	 as	 a	 standing	
person.	 In	 Fig.	 1a,	 the	 surface	 temperature,	 Ts,	 is	
greater	than	the	ambient	temperature,	T∞.	This	means	
that	the	fluid	closest	to	the	heat	source	has	less	density	
and	 will	 rise	 vertically,	 simultaneously	 pushing	 the	
quiescent	 fluid	 further	away	 (Incropera	et	 al.,	 2017).	
Fig.	1b	shows	the	thermal	plume	from	a	line	source.	A	
line	source	can	be	associated	with	the	thermal	plume	
from	a	person	in	a	supine	position	(Awbi,	2004).	

(a) (b)	
Figure	1:	(a)	Velocity	boundary	layer	generation	on	a	vertical	
heat	source	(Incropera	et	al.,	2017).		(b)	Thermal	plume	from	
a	line	heat	source	(Awbi,	2004).	

METHODOLOGY	
All	experimental	measurements	were	done	in	the	same	
OR	lab	 located	at	Gløshaugen,	NTNU	Trondheim.	The	
OR	lab's	internal	area	is	61.55	m2,	the	length	is	8.73	m,	
and	the	width	is	7.05	m.	The	internal	volume	of	the	lab	
is	200	m3.	
Four	 cases	 of	 measurements	 were	 performed	 to	
investigate	if	a	gap	between	the	head	surgical	manikin	
and	the	OR	table	influences	the	thermal	plume	in	front	
of	the	head	surgeon.	The	setup	with	and	without	a	gap	
can	be	seen	in	Fig.	2.	

(a) 								(b)	

Figure	2:	(a)	Metal	plate	between	the	surgical	manikin	and	the	
operating	 table.	 (b)	 No	 metal	 plate	 between	 the	 surgical	
manikin	and	the	operating	table.	
Velocity	measurements	were	conducted	to	investigate	
the	thermal	plume	in	front	of	the	head	surgical	manikin	
in	an	operating	room	for	different	pressures.	The	same	
measurements	were	done	for	four	different	cases,	each	
case	containing	two	scenarios.	The	cases	are	presented	
in	Table	1:	
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Table	1.		Overview	of	the	four	different	cases.	
Pressure	
difference	

between	the	OR	
lab	and	adjacent	

rooms	

With	or	without	
plate	between	the	
surgical	manikin	
and	the	operating	

table	
Case	1	 10	Pa	 With	a	plate	
Case	2	 -5	Pa With	a	plate	
Case	3	 10	Pa	 Without	a	plate	
Case	4	 -5	Pa Without	a	plate	

In	 scenario	 1,	 only	 heat	 gain	 from	 the	 head	 surgical	
manikin	is	provided.	In	scenario	2,	heat	gain	from	the	
head	surgeon,	 the	assistant	surgeon,	 two	nurses,	one	
anaesthesiologist	 and	 the	 patient,	 represented	 by	
manikins.		An	overview	of	the	manikins	and	the	OR	lab	
can	be	seen	in	Fig.	3.	

Figure	3:	Picture	of	the	OR	lab.	
After	 watching	 two	 recordings	 of	 actual	 surgeries	
performed	at	St.	Olavs	Hospital	in	Trondheim,	Norway,	
it	was	clear	that	the	OR	lab	at	NTNU	is	similar	to	the	
actual	operating	room	at	St.	Olavs	when	it	comes	to	the	
placement	of	equipment	and	surgical	staff.	During	the	
actual	surgery,	the	surgeons	were	placed	on	opposite	
sides	 of	 the	 operating	 table,	 and	 they	 did	 not	 move	
around	 during	 the	 surgery.	 Significantly,	 the	 head	
surgeon	was	placed	very	close	to	the	table,	alternating	
between	 leaning	 over	 the	 wound	 area	 and	 standing	
upright.	 There	were	 two	 nurses,	 one	 standing	 by	 an	
equipment	table	at	the	end	of	the	operating	table	and	
the	 other	 placed	 a	 little	 further	 away	 by	 another	
equipment	table.	

Measurement	points	
The	measurement	points	are	shown	in	Fig.	4.	

(a) (b)	
Figure	4:	Measurement	points:	(a)	From	the	front.	(b)	From	the	
side.	

Five	anemometers	were	aligned	on	a	movable	 stand.	
The	center	of	the	manikin	was	the	reference	point,	and	
the	middle	 anemometer	was	 placed	 in	 line	with	 this	
point,	 as	 shown	 in	 Fig.	 4a.	 The	 measurements	 were	
taken	at	seven	different	distances	from	the	manikin,	as	
can	 be	 seen	 in	 Fig.	 4b.	 At	 14	 cm	 from	 the	 surgical	
manikin,	the	anemometers	were	placed	right	over	the	
patient's	arm.	This	can	affect	the	results	in	scenario	2.	
The	 measurements	 were	 taken	 at	 three	 different	
heights	starting	at	118	cm	above	floor	level,	and	this	is	
by	 the	 head	 surgeon's	 hips.	 The	 following	
measurements	were	taken	at	the	head	surgeon's	chest,	
148	cm	above	floor	level.	The	last	measurements	were	
placed	 by	 the	 head	 surgeon's	 mouth,	 176	 cm	 above	
floor	 level.	 Hence,	 105	measurements	were	 used	 for	
both	scenarios	in	all	four	cases.	The	distance	between	
the	surgical	manikin	and	the	table	was	approximately	
11	cm.	

OR	and	measurement	equipment	
The	OR	lab	is	equipped	with	two	different	air	handling	
units	(AHU).	The	supply	temperature	of	one	of	the	AHU	
cannot	be	determined,	making	it	hard	to	regulate	the	
temperature	 of	 the	 air	 supplied	 to	 the	 OR	 lab.	
Depending	 on	 which	 day	 the	 measurements	 were	
conducted,	the	room	air	temperature	varied	between	
19	 °C	 to	 22.5	 °C,	 and	 the	 relative	 humidity	 ranged	
between	33	%	and	40	%.	Measurements	of	the	airflow	
velocity	 were	 performed	 by	 the	 AirDistSyst	 5000,	
delivered	 by	 Sensor	 Electronic.	 The	 logging	 of	 the	
measurement	 lasted	 for	 three	 minutes,	 and	 values	
were	 recorded	 every	 two	 seconds.	 The	 AirDistSyst	
5000	measures	the	magnitude	of	the	speed	and	not	the	
direction	 of	 the	 speed.	 Even	 so,	 the	 results	 are	
presented	 as	 velocity	 plots	 since	 this	 is	 the	 usual	
representation	within	this	field.	

Thermal	manikin	
The	 thermal	 manikins	 used	 can	 generate	 heat.	 The	
surgical	manikin's	surface	temperature	was	measured	
regularly	 through	 all	 the	 experiments	 and	 varied	
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between	 31	 and	 34	 degrees.	 Throughout	 scenario	 2,	
the	 patient's	 surface	 temperature	 was	 measured	
regularly,	and	a	surface	temperature	of	around	30	°C	
was	 maintained.	 The	 four	 other	 manikins	 used	 in	
scenario	2	also	had	a	surface	temperature	of	about	31-
34	°C.		

RESULTS	
All	measured	 air	 velocities	 are	 presented	 as	 velocity	
plots	using	the	contourf	function	in	MATLAB.	The	top	
plot	 in	all	Figures	represents	 the	mouth,	 followed	by	
the	chest-plot	and	hips-plot.	The	color	bar	on	the	right-
hand	 side	 of	 the	 plots	 describes	 the	 velocity.	 All	
velocity	plots	are	between	0.06	and	0.2	m/s.	Case	1	is	
represented	 in	Fig.	5.	 It	can	be	seen	that	 the	velocity	
profiles	 vary	 for	 each	 height	 and	 scenario,	 which	
means	that	the	velocity	varies	with	height	above	floor	
level	and	also	the	interruption	from	other	heat	sources.	
Fig.	5a	and	Fig.	5b	at	hips	height	show	the	variation	in	
velocity	at	hips	height,	and	it	appears	that	the	plate	is	
blocking	 the	 thermal	 plume	 from	 the	 surgical	
manikins'	legs.	This	is	an	indication	that	the	convective	
boundary	layer	has	not	started	to	develop	at	this	point.	

Figure	5a:	Case	1	–	scenario	1.	Mouth,	chest,	hips.	

Figure	5b:	Case	1	–	scenario	2.	Mouth,	chest,	hips.	

The	 velocity	 profiles	 are	 similar	 for	 cases	 1	 and	 2,	
where	 the	 plate	 was	 attached	 between	 the	 surgical	
manikin	and	the	OR	table	and	ranges	between	0.06	m/s	
and	0.165	m/s.	Case	2	can	be	seen	in	Fig.	6.	The	lowest	
velocities	are	observed	at	hips	height.	In	contrast,	the	
highest	velocities	are	observed	at	mouth	height,	which	
is	only	a	few	centimeters	above	the	chin.	This	applies	
to	cases	1	and	2	for	scenario	1,	which	can	be	seen	in	Fig.	
5a	and	Fig.	6a,	and	 is	 in	resemblance	to	the	study	by	
Liu,	 Liu,	 and	 Luo	 (2017).	 They	 investigated	 the	
boundary	layer	around	a	human	upper	body	and	found	
that	the	velocity	profile	ranged	from	0.075	m/s	at	hips	
height	to	0.17	m/s	at	chin	height.	

Figure	6a:	Case	2	–	scenario	1.	Mouth,	chest,	hips.	

Figure	6b:	Case	2	–	scenario	2.	Mouth,	chest,	hips.	
A	higher	velocity	is	observed	at	mouth	height	without	
the	plate	attached	(cases	3	and	4)	between	the	surgical	
manikin	and	the	OR	table	than	in	cases	1	and	2.	Cases	3	
and	 4	 can	 be	 seen	 in	 Fig.	 7	 and	 Fig.	 8.	 This	 can	 be	
compared	to	the	study	conducted	by	Bolashikov	et	al.	
(2011)	where	the	airflow	at	 the	breathing	zone	 for	a	
seated	person	with	 and	without	 a	 plate	 between	 the	
abdomen	 and	 a	 table	was	 investigated.	 It	was	 found	
that	 the	 absolute	 velocity	 at	 the	 mouth	 region	
decreased	 to	 0.1	 m/s	 when	 the	 plate	 was	 attached,	
compared	 to	 0.19	m/s	without	 the	 plate.	 This	 study	
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was	done	on	a	seated	person	but	can	be	compared	to	
the	results	in	this	study.	

Figure	7a:	Case	3	–	scenario	1.	Mouth,	chest,	hips.	

Figure	7b:	Case	3	–	scenario	2.	Mouth,	chest,	hips.	
Cases	1,	2,	3,	and	4	for	scenario	2	have	a	slightly	higher	
velocity	 than	 for	scenario	1.	This	 increase	 in	velocity	
from	scenario	1	to	scenario	2	may	be	due	to	the	heat	
gain	 from	 the	 patient	 and	 the	 other	 surgical	 staff	
influencing	the	velocity	of	the	thermal	plume.	Also,	in	
scenario	2,	the	overall	velocities	are	higher	in	cases	3	
and	4,	where	the	plate	is	removed,	than	in	cases	1	and	
2. For	scenario	2,	cases	1	and	2	have	a	velocity	range
between	0.08	m/s	and	0.185	m/s,	the	velocity	range	for
cases	3	and	4	is	0.12	m/s	to	0.2	m/s	for	scenario	2.	In
cases	3	and	4,	 there	 is	 a	 small	 tendency	 for	 a	higher
velocity	at	a	broader	range	in	scenario	2	compared	to
scenario	1.	However,	in	cases	3	and	4	for	scenario	2,	the
influence	of	 the	heat	gain	 from	the	patient	and	other
surgical	 staff	 does	 not	 impact	 the	 velocity	 profile
furthest	 away	 from	 the	 surgical	 manikin.	 This	 is	 in
contrast	 to	 what	 is	 observed	 in	 cases	 1	 and	 2	 for
scenario	2.

Figure	8a:	Case	4	–	scenario	1.	Mouth,	chest,	hips.	

Figure	8b:	Case	4	–	scenario	2.	Mouth,	chest,	hips.	
In	 cases	 1	 and	 2,	 a	 typical	 boundary	 layer	 is	 not	
recognized	at	hips	height	due	to	the	plate	blocking	the	
heat	gain	from	the	surgical	manikin's	legs.	This	applies	
to	 both	 scenarios.	 The	 measurement	 points	 at	 hips	
height	 are	 placed	118	 cm	 above	 floor	 level,	which	 is	
about	30	cm	above	the	metal	plate.	The	characteristic	
convective	 boundary	 layer	 flow	 will	 not	 affect	 the	
measurements	due	to	the	small	distance	between	the	
metal	 plate	 and	 the	measurement	 points.	 Therefore,	
the	classic	 thermal	plume	 flow	 is	not	 recognizable	at	
hips	height	for	cases	1	and	2.	This	is	also	in	relation	to	
theory,	where	it	is	described	that	the	initial	velocity	of	
the	 boundary	 layer	 is	 low	 and	 increases	with	 height	
due	to	buoyancy.	
DISCUSSION	
In	 all	 cases,	 for	both	 scenarios,	 the	highest	 velocities	
are	found	to	be	closest	to	the	surgical	manikin.	Fig.	1a	
clarifies	that	the	velocity	within	a	convective	boundary	
layer	increases	rapidly	from	the	heat	source	to	a	small	
distance	 from	the	source.	This	suggests	 that	 the	heat	
generated	 by	 the	 surgical	 manikin	 increases	 the	
velocity	close	to	the	body	surface.	This	corresponds	to	
the	study	by	Licina	et	al.	 (2014),	who	 found	 that	 the	
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highest	 velocity	 was	 generated	 close	 to	 the	 body	
surface.	
In	 scenario	 2,	 for	 cases	 1,	 2,	 3,	 and	 4,	 the	 highest	
velocities	 are	 found	 at	mouth	 height.	 This	 is	 slightly	
higher	 than	 the	 velocity	 at	 chest	 height.	 This	
corresponds	 to	 the	 study	 completed	 by	 Liu,	 Liu,	 and	
Luo	 (2017),	 where	 it	 was	 found	 that	 the	 velocity	
increased	with	increasing	height	above	floor	level.	For	
cases	1	and	2	in	scenario	2,	it	is	evident	that	a	higher	
velocity	 is	 located	 close	 to	 the	 body	 surface	 of	 the	
surgical	 manikin	 but	 also	 farthest	 from	 the	 surgical	
manikin.	 This	 is	 especially	 noticeable	 at	 mouth	 and	
chest	height.	This	can	be	compared	to	the	width	of	the	
patient's	 thermal	 plume,	 which	 increases	 with	
increasing	height	above	the	patient.	This	corresponds	
to	Fig.	1b.		
In	cases	1	and	2	for	both	scenarios,	the	thickest/widest	
part	 of	 high	 velocity	 is	 found	 at	 mouth	 level.	 This	
corresponds	 to	 Fig.	 1,	 where	 it	 is	 observed	 that	 the	
thickness	of	the	boundary	layer	increases	with	height.	
It	also	corresponds	to	the	study	by	Licina	et	al.	(2014)	
and	Liu,	Liu,	and	Luo	(2017),	where	it	was	concluded	
that	 the	 convective	 boundary	 layer's	 thickness	
increases	with	 increasing	height	 above	 the	 floor.	 For	
case	3,	the	thickness	of	the	convective	boundary	layer	
is	greatest	at	hips	height,	compared	to	chest	and	mouth	
height.	 This	 is	 in	 contrast	 with	 the	 investigation	
completed	by	Licina	et	al.	(2014).	Case	4	illustrates	an	
increase	in	the	convective	boundary	layer's	thickness	
from	 hips	 to	 chest	 height	 before	 the	 thickness	
decreased	at	mouth	height.	This	can	be	seen	in	Fig.	4	
and	shows	a	broader	connection	to	the	study	done	by	
Licina	et	al.	(2014).	
Particles	 and	 pollution	 are	 transported	 around	 the	
human	 body	 depending	 on	 the	 convective	 boundary	
layer's	 design	 (Nilsson,	 2003).	 The	 convective	
boundary	layer	can	transport	particles	with	a	diameter	
of	up	to	80	µm	(Clark	and	Calcina-Goff,	2009).	A	thicker	
and	faster	boundary	layer	will	transport	more	particles	
through	it.	Cases	3	and	4	for	scenario	1	show	a	thicker	
and	 faster	 boundary	 layer	 in	 front	 of	 the	 surgical	
manikin.	 This	 type	 of	 convective	 boundary	 layer	
indicates	 that	 more	 particles	 will	 be	 transported	 up	
along	the	human	body	in	these	two	cases	than	in	cases	
1	and	2.	Bolashikov	et	al.	(2011)	used	a	plate	between	
the	 abdomen	 and	 a	 table	 to	 increase	 the	 clean	 air	
quality	to	the	mouth.	The	plate's	absence	in	cases	3	and	
4	will	lead	to	more	particles	dispersing	from	the	floor.	
This	 particle	 transportation	 from	 the	 floor	 will	 not	
occur	to	a	great	extent	in	cases	1	and	2,	where	the	plate	
will	prevent	most	of	the	particles	dispersing	from	the	
floor	 from	being	 transported	 to	 the	upper	body.	The	
relative	humidity	inside	the	OR	lab	varied	between	33	
%	 and	 40	 %.	 This	 can	 also	 affect	 the	 dilution	 and	
dispersion	 of	 particles.	 The	 particle	 size	 and	 weight	
will	 decrease	 at	 lower	 RH,	 which	 will	 cause	 the	
convective	 boundary	 layer	 to	 transport	 the	 particles	
further	up	along	the	heated	surface.	

The	OR	 lab	used	 for	 this	 experiment	 is	 similar	 to	 an	
actual	operating	room	at	St.	Olavs	Hospital	 in	case	of	
placement	 of	 equipment	 and	 surgical	 staff.	 From	
observation	of	a	proper	surgery,	it	is	clear	that	the	head	
surgeon	is	alternating	between	leaning	over	the	wound	
area	 and	 standing	 upright,	 always	 being	 close	 to	 the	
operating	 table.	 A	 plate,	 to	 block	 the	 particle	
transportation	 from	 the	 floor,	 must	 therefore	 be	
adapted	 to	 the	 surgeon	 and	 the	 movements	 to	 and	
from	the	operating	table.		
There	 are	 some	 uncertainties	 associated	 with	 the	
experiments	that	will	affect	the	results	of	this	study.	A	
thorough	 analysis	 of	 the	 results	 was	 challenging	 to	
perform	 because	 the	 AirDistSyst	 5000	 could	 not	
determine	the	velocity	direction.	A	method	to	know	the	
direction	 of	 the	 velocity	 should	 therefore	 be	
implemented	 to	 get	 more	 accurate	 results.	
Nevertheless,	 some	 interesting	 results	 have	 emerged	
from	this	study	on	how	the	airflow	in	front	of	the	head	
surgeon	 is	 affected	 by	 different	 heat	 sources	 and	
different	pressures.		

CONCLUSION	
Surgeries	performed	on	infectious	patients	should	be	
done	 in	a	negative	pressure	operating	room	to	avoid	
viruses’	transportation	to	adjacent	areas.	The	thermal	
plume	 in	 front	 of	 the	 head	 surgeon	 is	 investigated	
under	 different	 pressure	 conditions	 and	 scenarios	
inside	an	OR	lab	with	mixing	ventilation.	
The	 results	 from	 the	 velocity	measurements	 show	 a	
slight	increase	in	velocity	from	scenarios	1	to	2	in	all	
cases	 and	 imply	 that	 the	 thermal	 plumes	 from	 the	
patient	and	 the	 surgical	 staff	 influence	 the	airflow	 in	
front	of	the	surgical	manikin.	This	study	confirms	that	
the	gap	between	a	surgeon	and	an	operating	table	may	
affect	the	thermal	plume	of	the	surgeon.	In	this	study,	
the	plate	is	blocking	the	thermal	plume	in	cases	1	and	
2. Therefore	 there	 is	 an	 overall	 lower	 velocity	 and
thinner	velocity	profile	in	these	two	cases	compared	to
cases	3	and	4.	A	thicker	and	faster	boundary	layer	 in
cases	 3	 and	 4	 may	 imply	 that	 more	 airborne
contamination	at	a	lower	level	of	the	OR	room	may	be
transported	to	the	surgeon's	mouth	in	these	cases	with
a	 gap	 between	 the	 surgeon	 and	 the	 operating	 table.
Therefore,	 to	 avoid	 airborne	 contamination	 being
transported	from	the	OR	floor	up	to	the	head	surgeon's
mouth,	 a	 plate	 or	 any	 objects	 between	 the	 head
surgeon	and	the	OR	table	is	recommended.
The	comparison	of	the	different	cases	implies	that	the	
plate	between	 the	 surgical	manikin	and	 the	OR	 table	
has	 a	 more	 significant	 influence	 on	 the	 airflow	
distribution	in	front	of	the	head	surgical	manikin	than	
the	pressure	difference	inside	the	OR	lab.	It	is	clear	that	
the	airflow	distribution	in	front	of	the	surgical	manikin	
does	 not	 vary	 significantly	 in	 a	 negative	 pressure	
operating	 room	 compared	 to	 a	 traditional	 operating	
room	with	positive	pressure.	This	is	important	to	know	
as	the	thermal	plume	in	front	of	the	head	surgeon	in	a	
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negative	 pressure	 operating	 room	 has	 not	 been	
adequately	tested	before.	Further	investigation	will	be	
needed	to	find	more	practical	solutions	to	reduce	the	
exposure	 of	 infectious	 contamination	 from	 infected	
patients	to	the	surgical	staff.	
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ABSTRACT 

Due to the outbreak of Covid-19, negative pressure 
operating room (NPOR) are strongly recommended to 
be applied to prevent spreading virus from infected 
patients to adjacent rooms during surgery procedures. 
However, there have been few experimental studies on 
the effect of OR pressure difference on the surgical 
microenvironment. This study aims to experimentally 
investigate the airflow distribution in the surgical 
microenvironment in an OR under different pressure 
conditions. All measurements were performed in a full-
scale laboratory, which has an area of 62 m2, and a 
mixing ventilation. The air velocity and temperature in 
the surgical microenvironment of a lying patient were 
measured under positive pressure of 5 Pa, 10 Pa, 15 Pa 
and negative pressure of -5 Pa, -10 Pa and -15 Pa. The 
effect of heat generated by operating lamps was also 
considered. The results show that the airflow 
distribution around the surgical wound is dominated 
by thermal plume from the patient under the condition 
of both positive and negative pressure. In other areas 
of the surgical microenvironment, regardless the 
pressure difference conditions, the room airflow 
distribution by ventilation system is the dominant 
factor on surgical microenvironment. Variations in 
differential pressure can affect the temperature 
distribution around the surgical site, with a smaller 
differential pressure producing a slightly larger 
vertical temperature gradient. 

INTRODUCTION 

Surgical site infections (SSI) are infections that occur at 
or near surgical incision within 30 days of operation or 
1 year (Mangram et al. (1999)). It is the 3rd commonly 
reported nosocomial infection accounting for 10 to 40% 
of all nosocomial infections (Singh, Singla, and 
Chaudhary 2014; Salkind and Rao 2011). Globally, SSI 
rates have been found to be from 2.5% to 41.9% (Singh, 
Singla, and Chaudhary 2014; Mawalla et al. 2011; 
Suetens et al. 2013). The improvements in the 
prophylactic and therapeutic antibiotic treatments of 
surgical patients have been achieved to reduce SSIs. 
The implementation of high-efficiency particulate air 
filters (HEPA) has also been proved to be an effective 

way to reduce the SSIs by supplying clean air to the OR 
(Cao, Storås, et al. 2018; Friberg 1998). Furthermore, 
some ventilation guidelines for ORs also require the 
application of a positive pressure relative to corridors 
or anaesthesia room to suppress the invasion of 
exogenous microorganisms (Control and Prevention 
(2003)).  

However, since the SARS outbreak in 2003, some 
researchers have considered it necessary to set up 
special NPORs to treat those patients. The effect of a 
NPOR is to prevent infected patients from leaking 
airborne viruses through doors and windows and 
infecting other healthy people. Many computational 
fluid dynamic (CFD) studies have proved NPOR is a 
feasible solution (Chow et al. 2006a; Chow et al.  
2006b). Since the outbreak of the COV-19 in 2019, 
NPOR has been proposed again to help address the 
need for safe surgery for patients with Cov-19 (Chen et 
al. 2020; Li et al. 2020; Luo and Zhong 2020; Wong et 
al. 2020; Al-Benna 2021; Arora et al. 2020; Ing et al. 
2020). However, there are few experimental studies 
providing evidence on whether the conversion to 
negative pressure has any effect on OR performance. 

A recent study defines the small zone close to the 
operating site as the surgical microenvironment; the 
rest of the operating zone may be defined as the 
surgical macroenvironment (Aganovic et al. (2017)). 
This study revealed that indoor airflow patterns and 
the use of various surgical facilities play an important 
role in determining air cleanliness in the surgical 
microenvironment. Other studies have revealed a close 
relationship between the surgical microenvironment 
and the patient’s and physician’s thermal plumes. It is 
suggested that the airflow distribution in the surgical 
microenvironment may be influenced by many factors. 
This study aims to investigate the airflow distribution 
in the surgical microenvironment in the positive and 
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negative pressure OR to identify the dominant of the 
surgical microenvironment. 

METHODS 

The OR lab 

All measurements for this study are made in the 
operating room OR full-scale laboratory in the 
Department of Energy and Process Engineering, 
Norwegian University of Science and Technology 
(NTNU). The dimension of the laboratory is 8.73 m × 
7.05 m × 3.25 m (length × width × height), and the 
volume of the laboratory is 200 m3. The OR lab has 
similar layout and design with an actual OR equipped 
with a mixing ventilation system in St. Olavs Hospital 
(Cao, Nilssen, et al. (2019)). Figure 1 shows the layout 
and the design of exhausts in the lab. 

Mixing Ventilation system 

The OR lab is equipped with a mixing ventilation 
system with four diffusers (0.55 m× 0.55 m) and four 
lower-level air-exhaust outlets (0.175 m × 0.575 m), 
four higher level air-exhaust outlets (0.55 m × 0.55 m), 
as shown in Figure 1(b). Each lower exhaust grill is 
connected to a 0.6 m × 0.2 m × 0.315 m plenum box and 
each upper exhaust is connected to a 0.315 m × 0.4 m 
plenum box. The plenum box is equipped with a 
balancing damper and pressure outlets so that the 
airflow rate could be measured and controlled. A DPM 
model TT470 S (accuracy of ±2 Pa) was used for 
pressure measurements in the plenum boxes attached 
to the exhaust grills and air diffusers, which is 
converted to airflow rates. The measuring uncertainty 
with this method is 5%. The distribution of exhausted 
air between the higher and lower exhaust grills for 
each of the exhaust modules is approximately 1/3 and 
2/3 respectively. The position of diffusers and 
exhausts are shown in Figure 2. 

Experimental setup 

The indoor air temperature and air change rate have a 
great influence on the thermal plume of the human 
body and the surgical microenvironment (Feng et al. 
2020; Zhang et al. 2020). As many standards 
recommend a minimum temperature of 20 °C in the OR 
and minimum air change rate of 20 air changes per 
hour (ACH), so 20 °C and 20 ACH were chosen as the 
test condition in the study. The supply air temperature 
was 19.1 to 19.3 °C. The calorific value of all heat 
sources in the lab is shown in Table 1. According to 
ASHRAE standard (American Society of Heating and 
Engineers (2017)), the heat generated by a standing 
human at light labour is about 1.2-1.6 met, of which 1 
met is 58.2 W/s·m2. The surface area of the human 
body is about 1.8 m2, so the calorific value of the human 
body between 126 W and 168 W is reasonable. The 
heat generation of the manikin used in this experiment 
is all within this range, and the skin surface area of the 
surgeon is larger than that of the nurses, so the heat 
generation is slightly higher than the nurses. 

Table 1.  Heat generation of equipment in the lab 

Equipment Heat generation 

Operating lamp 1 111.5 W 

Operating lamp 2 140.0 W 

Head surgeon 166.8 W 

Assistant surgeon 167.7 W 

Assistant nurse 156.5 W 

Distribution nurse 153.7 W 

Measurement condition 

This measurement focused on the surgical 
microenvironment. Two horizontal planes at the 
height of 1.2 m and 1.3 m were measured in the 
surgical microenvironment which is shown in Figure 3. 
Each plane was 2 m long and 0.5 m wide, the same size 
as the operating table, and located 0.05 m and 0.15 m 
above the patient’s head. Measurement points were 

Figure 1.  The Experiment set up (a) Layout of the OR, (b) The exhaust 
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divided by a transverse spacing of 0.1 m and 
longitudinal spacing of 0.2 m, then 11 × 6 = 66 is the 
total number of measurement points in this study. The 
AirDistSys5000 enables air temperature and low air-
speed measurements at several points in spaces, as 
shown in Figure 4, and records the air turbulence 
intensity at each point. In this device, 
thermoanemometer transducers are equipped with a 
probe to track the velocity (accuracy of ±0.02 m/s) and 
temperature (accuracy of ±0.2 °C). This instrument 
supports simultaneous measurement of up to eight 
measurement points. In this study, six probes were 
used to simultaneously measure six points on the 
width of the operating table, with a distance of 0.1 m 
between each probe. After one measurement, move 
them 0.2 m along the long side of the operating table 
and repeat 11 times and then finish a measurement of 
a plane. 

Table 2.  Pressure difference of the OR room and ambient 
environment in six cases 

Case  Pressure difference (Pa) 

1 -15

2 -10

3 -5

4 5 

5 10 

6 15 

Referring to the previous research on NPOR (Chow et 
al. 2006a; Chow et al. 2006b), we selected three kinds 
of negative pressure values, namely -5 Pa, -10 Pa and -
15 Pa, and used three corresponding positive pressure 
5 Pa, 10 Pa and 15 Pa for comparison. Therefore, six 
conditions of pressure differences are designed to be 
the cases in this study shown in Table 2. In order to 
ensure the same airflow rate, the supply airflow rate of 
different cases is the same, which is 3995 m3=h. The 
different negative pressure differences can be achieved 
by adjusting the exhaust airflow rate which are, from 

Case 1 to Case 6, 4546 m3/h, 4382m3/h, 4130 m3/h, 
3860 m3/h, 3607 m3/h and 3487 m3/h, respectively. 

Figure 3.  Measurement surfaces 

Figure 4.  AirDistSys5000 

Figure 2. Layout of OR lab 
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RESULTS AND DISCUSSION 

Velocity 

In this study, the air velocity, air temperature, and 
turbulent intensity of airflow were measured in the 
surgical microenvironment every 2 seconds for 3 
minutes. At each measurement point there are 90 data, 
and the average of those values was used for each point. 
The Contourf function in MATLAB is used to present 
these measured results. The velocity distribution  

results of Case 1-6 are shown in Figure 5 in which (a) 
shows the results for a plane with a height of 1.2 m and 
(b) shows the results for a height of 1.3 m. The results
show the effect of the thermal plume originating from
the patient’s surface due to the radiation heat transfer
from the operating lamp. Another common feature in
all cases is that there is a low-velocity zone above the

left side of the head and above the left leg, where the 
airflow velocity is very low, in some cases less than 
0.08 m/s. The results for a 1.3-m high plane 
corresponds to the results for the 1.2-m high plane, but 
with a lower velocity. They have a similar velocity 
distribution, and the velocity of the 1.3 m-high plane 
turns out to be about 0.02 m/s less than that of the 1.2 
m-high plane. The pressure difference makes some
differences in the velocity distribution. Some regions
are more sensitive to pressure changes than others and
exhibit different distribution characteristics. For the
surgical site, under the condition of positive pressure
(Case 4-Case 6), the thermal plume in the upper space
dominates the airflow distribution in this area, and its
velocity is much higher than that of the surrounding
area. This phenomenon is not obvious at negative
pressure, and even at -15 Pa the centre of the plume
has shifted to other regions. On the contrary, the
velocity of the airflow above the right side of the head
is higher in the negative pressure condition and lower
in the positive pressure condition. While the other
regions were not sensitive to pressure, both the
velocity and the distribution characteristics were
similar in all cases.

Figure 5.  Results of the velocity distribution at two heights from the floor (a) 1.2 m (b) 1.3 m 
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However, although there are different phenomena 
between different cases, these differences do not show 
regular characteristic. So, it cannot be attributed to the 
difference of pressure difference. For one thing, the 
experiment was done over a few days, the weather 
condition was not exactly the same between these days. 
Different weather conditions will affect the air 
parameters outside the OR laboratory. For example, 
the change of outdoor temperature would lead to 
different wall temperatures in the OR laboratory. In 
addition, this experiment did not consider the change 
of air humidity in the laboratory. These factors need to 
be carefully examined in future studies. 

Temperature 

Figure 6 shows the temperature distribution of Case 1- 
Case 6, in which (a) shows the results of the plane at 
height of 1.2 m and (b) shows the results of the plane 
at the height of 1.3 m. The overall maximum 
temperature, which all appeared above the surgical 
site, ranging from 25 °C to 28 °C in the plane of 1.2 m, 
and 23.5-25.5 °C in the plane of 1.3 m. Since the error 
of measurement of indoor temperature is within 0.2 °C, 
the maximum temperature of the 1.3m-high plane is 

1.5-2.5 °C lower than the maximum temperature of the 
1.2 m-high plane. 

From the temperature results of the 1.2 m-high plane, 
whether positive or negative pressure, the smaller the 
pressure difference, the higher the maximum 
temperature. When the pressure difference is -15 Pa, 
the maximum temperature in the plane is the smallest, 
which is 25 °C. The maximum temperature is around 
26 °C under the pressure difference of -10 Pa and 15 Pa. 
when it comes to the pressure difference of -5 Pa and 
10 Pa, the maximum temperature is around 27 °C, 
while this figure rises to 28 °C under the pressure 
difference is 5 Pa. 

Comparing the results from two planes, the difference 
of maximum temperature between two heights is 
increasing with the decreasing of the absolute value of 
pressure difference. In the Case 1 and Case 6, the 
temperature difference between two heights is 1-1.5 °C, 
while this figure is 2 °C in the Case 2 and Case 5 and 
reaches to 3°C in Case 3 and Case 4. This value 
represents the temperature gradient in the vertical 
direction. The results show that the temperature 
gradient is only affected by the absolute value of 
pressure difference, and the positive and negative 

Figure 6. Results of the temperature distribution at two heights from the floor (a) 1.2 m (b) 1.3 m 

Healthy Buildings 2021 – Europe

- 217 -



pressure have little effect on it. It is worth noting that, 
in Case 1, there is an obvious low temperature zone on 
the right side of the head, which corresponds to the 
high-speed zone of the velocity result, indicating that 
the ventilation flow plays a very important role in this 
area. 

Turbulent intensity 

Figure 7 shows the turbulent distribution result at 

two heights, (a) is 1.2 m (b) is 1.3 m. Turbulence 
intensity is defined as follows,  

 𝑇𝑢 = 𝑒/𝑣 (1) 

In which, e is the standard error of the velocity(m/s), v 
is the mean air velocity. Turbulence intensity is a 
quantity that characterizes the development intensity 
of turbulence. 

As can be seen in Figure 7, the turbulence intensity 
varies between 15%-81%. The turbulence intensity in 
the 1.2 m plane is higher than that in the 1.3 m plane. 
In all the cases, the Peak value occurred on the upper 
left side of the leg, except Case 6, which appeared near 
the wound. This is due to the low average speed on the 

left side of the leg, less than 0.1 m/s. The maximum 
values were all above 70%, except for Case 4 and Case 
6, which were 56% and 52%, respectively. In the case 
of negative pressure, the turbulence intensity of the 1.3 
m-high plane is slightly lower than that of the 1.2 m-
high plane, but they have similar distribution
characteristics. However, under the condition of
positive pressure, the results of the plane with a height
of 1.2mand the plane with a height of 1.3 m are
different. Compared with Case 4, the value difference
of the maximum turbulence intensity at two heights is
less than 2%. In Case 5, the turbulence intensity of the
plane with a height of 1.3 m is more chaotic, with three
peak points appearing, which are not seen in other
cases. However, the peak value of Case 6 1.2 m high
plane is smaller than that of all other working
conditions, only 50%. It can be concluded that,
compared with the negative pressure difference, the
turbulence intensity in the vertical direction of the
surgical microenvironment does not decrease under
the positive pressure condition.

Figure 7.  Results of the turbulent intensity distribution at two heights from the floor (a) 1.2 m (b) 1.3 m 

Healthy Buildings 2021 – Europe

- 218 -



Smoke visualization 

To explore the airflow distribution of the surgical 
microenvironment, three cases were selected for 
smoke visualization. Figure 8 shows the smoke 
visualization results at -10 Pa. The smoke was jet out 
horizontally from 0.05 m above the patient’s chest and 
eventually reaches the area above the patient’s face to 
observe the airflow in the area above the patient’s face. 
As can be seen in Figure 8(a), when only the heating 
device of the ’patient’ was turned on (the ventilation 
system was turned off), the smoke came out of the 
chest area and spread slightly in front of the patient’s 
face until it reached the anesthesiologist. As can be 
seen in Figure 8 (b), when only the ventilation system 
was turned on, the smoke dissipates from the patient’s 
chest toward the patient’s face and deviates to the left 
before reaching the face. As shown in Figure 8 (c), 
when the ventilation system and heating device of the 
thermal manikin were turned on at the same time, the 
movement of the smoke was like that when the 
ventilation system was turned on only, but a little 
upward. This is because of the upward flow of air from 
the thermal plume. Therefore, in the area within 0.15 
m above the head, the airflow caused by ventilation is 
the main factor affecting the airflow distribution in this 
area within 0.15 m above the head. 

CONCLUSIONS 

This study experimentally investigated the airflow 
distribution of the surgical microenvironment in OR 
with mixing ventilation under 6 pressure difference 
conditions: -15 Pa, -10 Pa, -5 Pa, 5 Pa, 10 Pa, and 15 Pa. 

For the surgical site, under the condition of positive 
pressure (Case 4-Case 6), the thermal plume in the 
space 0.15 m above the surgical site dominates the 
airflow distribution in this area, and its velocity is 
much higher than that of the surrounding area. This 
phenomenon is not obvious at negative pressure, and 
even at -15 Pa the centre of the plume has shifted to 
other regions. However, these differences of the 

velocities are not significant enough and does not 
shows regular characteristic. Due to the restriction of 
some conditions, the influence of other factors cannot 
be excluded and should be studied further. 

The radiation heat transfer from the operating lamp 
heated the surgical site surface, which forms a strong 
thermal plume affecting the airflow near the wound as 
the main factor. This effect is stronger under positive 
pressure and slightly weaker under negative pressure. 
Other areas, such as the head and legs, are mainly 
affected by airflow of the room ventilation.  

Whether it is positive or negative pressure has less 
effect on the temperature distribution in the surgical 
microenvironment than the effect of absolute value of 
the pressure difference. The increase of the absolute 
value of the pressure difference reduces the vertical 
temperature gradient and the maximum temperature. 
In general, the pressure difference has a slight effect on 
the temperature distribution. Therefore, how pressure 
difference affects transport of the contaminant in the 
surgical microenvironment should be further 
investigated. Besides, the airflow rate of ventilation 
system did not change in this study. Therefore, future 
study should pay attention to the influence of 
ventilation airflow rate on the microenvironment of 
the OR when designing the ventilation system of the 
NPOR. 
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ABSTRACT 

Microbiological burden of room-air in operating 
theatres is a known risk factor for surgical site 
infections. However, it is unclear how to best evaluate 
efficacy and efficiency under routine clinical 
conditions. Moreover, there still is a lack of data to 
assess the impact on infection rates. 

To date there still is substantial discussion in the 
scientific community which ventilation system 
provides the most effective and economical 
respectively efficient control of microbial risk factors 
during surgery. This is especially important as most 
standards do not require a performance assessment of 
the operating room ventilation, but rather rely on tests 
“at rest” in empty rooms. This might be an explanation 
for the conflicting results regarding infection 
preventive effects of different OR ventilation systems 
as well as the ambiguous data for infection rates.  

Since the release of the latest version of DIN 1946-4 in 
2018 in Germany [DIN, 2018] a positioning analysis 
(worst-case scenario with the largest space 
requirement) for determining the required protected 
area in class 1a (highest standard) operating rooms is 
also mandatory. Therefore, another key point of this 
investigation was to use typical workflow scenarios to 
assess existing installations regarding the match of the 
required and the built size of the protected area. 
Positioning analyses were done together with the on-
site staff for various clinical procedures in different 
hospitals. In all cases, the positioning analysis revealed 
that required protected areas need to be significantly 
larger than provided by the existing setup. The size of 
the protected area that is actually required can only be 
determined by individual positioning analysis. Most 
existing installations of unidirectional flow systems 
(UDF) are likely to be too small. The larger protected 
areas actually require significantly larger rooms in 
order to maintain proper thermodynamics. 
Furthermore, significantly higher volumetric flow 
rates are required. Finally, the current mismatch 
between actual and necessary protected area would be 
a possible explanation for the controversial data 
situation regarding the infection preventive effects of 
UDF systems. 

Thus, we aimed to evaluate how different widely used 
qualification techniques as well as several operational 
parameters impact OR ventilation performance 
assessment. We specifically studied the desired effect 
of reducing microbiological air burden and infection 

rates under routine clinical conditions. Therefore, we 
evaluated the performance of a temperature controlled 
ventilation system (TcAF) during surgery and its 
impact on surgical site infections. This was done under 
routine clinical conditions in 10 clinical installations of 
the TcAF system Opragon (Avidicare AB, Sweden) 
during live surgeries according to the Swedish SIS TS 
39: 2015 standard. Furthermore, a retrospective 
analysis of 1,000 consecutive cases of primary total 
joint arthroplasty (hip, knee) before and 1000 after 
installation of the TcAF system was performed. 
Endpoints for clinical outcome were length of stay and 
infection rates.  

Our results show that performance testing is essential 
for a proper assessment of OR ventilation systems. 
Moreover, we demonstrated that TcAF systems are 
able to reliably and robustly ensure "ultra-clean" air 
(<10 CFU/m3) in the entire operating room 
demonstrating its capability to reduce the risk of 
airborne microbial transmission during surgery. The 
retrospective analysis of clinical patient data shows 
positive impact of TcAF on key clinical outcome 
parameters in line with previous research by Charnley 
and Lidwell. 

INTRODUCTION 

Background 

Surgical site infections (SSI) are among the most 
frequent hospital associated infections (HAI) and thus 
have long been the focus of scientific research. The 
airborne transmission of infections is an important 
mechanism in the development of infectious diseases. 
Already in the 19th century (Joseph Lister) there was 
the hypothesis that airborne microorganisms are a 
cause of postoperative wound infections. The use of 
ventilation systems is a known measure to reduce 
intraoperative microbiological contamination of room 
air. Moreover, these systems create a physiological 
room climate and remove harmful gases from the 
operating room. The relevance of an adequate 
ventilation system to reduce SSI was demonstrated as 
early as 1959 by Sir John Charnley, who showed a 
correlation between colony forming units (CFU) and 
SSI. Using a ventilation system, the CFU level was 
reduced from 600 CFU/m³ to <1 CFU/m³ reducing the 
infection rate during hip prosthesis surgery from 8.5% 
to 0.7%. [CHARNLEY, 1964; CHARNLEY; Eftekhar, 
1969] The Lidwell study from 1980 with 19 hospitals 
in three countries confirmed the connection between 
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the air and subsequent wound infections and is most 
frequently cited in all ventilation-related discussions 
[Lidwell et al., 1982]. At the same time, other studies 
[Gastmeier et al., 2012; Bischoff et al., 2017] have 
questioned the clinical benefit of unidirectional flow 
(UDF). Still there is few data available regarding 
efficacy and efficiency of different ventilation systems 
under routine clinical conditions with respect to 
minimizing airborne microbial contamination and 
subsequent SSI rates. Numerous factors influence the 
design of such systems, including the area of 
application. Therefore, ventilation technology in the 
operating room has been an important topic of 
discussion for a long time. This confronts the operators 
of health care facilities with the question of finding the 
best ventilation and air conditioning system for the 
operating room in order to achieve the goals of air 
quality, climate management and infection prevention 
effectively and economically efficiently. This decision 
is thus not easy, since a ventilated room, including all 
furnishings and persons who spend time in it, 
represents a complex thermodynamic system in which 
all subsystems influence each other. The influence or 
the benefit for infection prevention, however, is 
difficult to investigate and evaluate, not least because 
of the multifactorial genesis of infections. The 
perioperative antibiotic prophylaxis for the prevention 
of postoperative wound infections, which has been 
established as standard for many years due to 
numerous study results, makes comparative studies 
difficult. In addition, the patient's own body flora as an 
endogenous cause is the main source of postoperative 
wound infections (>50%). [P. Gastmeier, 2010] The 
evaluation of exogenous factors, which play an 
important role in the development of postoperative 
wound infections, is therefore difficult. Nevertheless, it 
is known that personnel as an exogenous source of 
pathogens (approx. 15-30%) can be a relevant cause. 
The influence of secondary airborne pathogens 
depends on the type and duration of the operation. 
However, despite the work of Charnley and Lidwell, the 
relevance is still being discussed controversly, 
especially since a differentiation from endogenous 
causes by the similar germ spectrum would be very 
difficult to achieve.  

Nevertheless, it is obvious that microbiological 
contamination of the air in the immediate vicinity of 
the operating table and instrument table by skin flakes 
carrying microorganisms from the staffs’ skin flora will 
result in direct or indirect contamination of the 
operating field (Figure 1). The extent to which this is 
relevant has not yet been conclusively clarified by 
clinical and microbiological studies. 

Figure 1: Release of skin scales into the environment 
(according to Lüderitz Krankenhaushygiene up2date 3/2008) 

In this context, surgical clothing is of particular 
importance. Adequate surgical clothing with cuffs on 
the arms and legs, as well as the insertion of the upper 
part into the trousers and the wearing of appropriate 
surgical caps can significantly reduce the release of 
skin flakes and thus an important risk factor (Figure 2). 

Figure 2: OR clothes with (right) and without (left) cuffs 

All in all, a multidimensional package of measures is 
certainly required to minimize the risks of airborne 
postoperative wound infections. Due to the increasing 
resistance to antibiotics and the continuing high 
number of postoperative wound infections, this 
certainly includes ventilation and air-conditioning 
concepts. The aim here is to minimize the number of 
microorganisms in the air, especially in the area of the 
operating field. For this purpose, convection currents 
caused by the heat of people and equipment as well as 
possible flow obstacles such as surgical lights must be 
taken into account. In order to counteract e.g. body 
convection, an air speed of approx. 0.25 m/s is 
required, as otherwise the particles contained in the air 
could rise. If the speed is too high (above 0.35 m/s), 
however, there is a feeling of draught and thus an 
impairment of the well-being of the personnel. By 
means of different technologies of permanently 
installed air handling units, an attempt is being made 
to control the air flow in the operating room similar to 
that in clean rooms of the manufacturing industry in 
order to prevent the airborne entry of particles into the 
operating field either by directed or non-directed air 
flows. In both cases high purity HEPA filtered air is 
blown into the room. However, since there are 
different temperature zones in an operating room 
depending on the number of heat sources and 
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personnel, sufficient mixing must be ensured in all 
cases. This is often not sufficiently the case with purely 
laminar flows. In sum, not all "disturbances" can be 
controlled (Figure 3). Depending on the insertion and 
removal of air into or from a room, different flow forms 
are created depending on air velocities, air 
temperature and the position of supply air outlets and 
exhaust air ducts. Still this repeatedly leads to 
controversial debates, which are also reflected in the 
different technical solutions available as well as in a 
heterogeneous set of technical standards for 
ventilation technology. The most important concepts 
are briefly outlined below. With the worldwide valid 
standard EN ISO 14644 for technical and 
pharmaceutical cleanrooms, there is currently an 
internationally uniform standard, but this does not 
apply to ventilation technology in operating rooms or 
health care facilities. Although a European 
standardization process is currently underway, there 
are still rather different regulations and specifications, 
for example, the German DIN 1946-4, the Swedish SIS-
TS 39 and the British HTM 03-01A. 

Figure 3: Interferences with ventilation systems, example low-
turbulence displacement flow (according to Lüderitz 
Krankenhaushygiene up2date 3/2008) 

UDF systems (unidirectional flow) [Behnke, 2017; 
R. Külpmann]

In order to ensure the lowest possible pollution of the 
air with particles, pollutants or microbial organisms, 
an essentially parallel unidirectional flow form is used 
that creates a protected area under the UDF outlet 
(supply air ceiling). This should be large enough to 
include not only the operating field and surgical team 
but also the instrument tables [T. Benen et al., 2013]. 
Even with a high supply air volume, often 10,000 m³/h 
depending on the size of the room and the supply air 
ceiling field, a low turbulence level of less than 5% is 
aimed for. The average flow velocity is between 0.2 and 
0.5 m/s. If possible, an air velocity of 0.35 m/s should 
not be exceeded in order to meet the climatic-
physiological comfort criteria according to EN ISO 
7730. This is not always possible. Especially in the case 
of a so-called differential flow, where is a central area 
of the supply air field with a higher flow velocity to 

ensure a better displacement effect. Furthermore, this 
usually leads to higher noise levels. Despite the use of 
differential flow, the flow directed in this way is 
susceptible to disturbing factors such as operating 
room lights, personnel and medical equipment (Figure 
4,5). 

Figure 4: Diagram UDF 

Figure 5: Example UDF system 

TMV systems (turbulent mixing ventilation) [DIN, 
2018; Behnke, 2017] 

In contrast to the UDF, here the supply air is not 
introduced over the entire surface, but through evenly 
distributed individual small air outlets at a few 
positions. It is essential to avoid areas without air 
movement. Swirl diffusers on the ceiling are used to 
generate mixed air flows as efficiently as possible. The 
mixing of the supply air with the room air is ensured 
by appropriately high flow velocities. Depending on 
the size of the operating room, an air volume of 2,400 
to 3,600 m³/h is therefore usually introduced 
turbulently and undirected into the operating room as 
supply air. Air exchange rates between 10 and 60 times 
per hour achieve the dilution effect and thus a 
reduction of the polluted room air (Figure 6,7).   

Figure 6: Diagram TMV 
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Figure 7: Example TMV system 

TcAF (Temperature Controlled Airflow) [Alsved et 
al., 2018; Buhl et al., 2016] 

The TcAF system provides on the one hand a 
protection area by displacement similar to the UDF and 
on the other hand areas with correspondingly high air 
mixing as in a TMV. This leads not least to savings in 
installation and operating costs. In this system, air 
flows into the operating room from above through 
special hemispherical outlets made of a non-flammable 
polyurethane foam (Air-Shower = air shower outlets). 
This air requires only a very small impulse due to the 
use of gravity for the outflow, which is minimized by 
the nature of the air showers. This results in a 
correspondingly directed outflow behaviour in the 
sense of a unidirectional flow. By arranging a central 
area of typically eight circularly arranged outlets, a 
protected area is generated. This is created by using 
gravity, as the air blown in is approx. 1.5 K cooler than 
the air at operating table height. This results in an air 
velocity of more than 0.25 m/s, which leads to a 
corresponding displacement flow. By installing 
separate air-showers outside the protection zone, the 
room temperature is kept constant and the remaining 
air in the room is mixed accordingly. Furthermore, 
unfavourable turbulences (rolls) outside the 
protection zone can be effectively prevented. This 
ensures optimal control of the air flows in the entire 
room (Figure 8,9). 

Figure 8: Diagram TcAF 

Figure 9: Example TcAF system (Source: Avidicare) 

All solutions show differences which are briefly 
summarized in the table in a qualitative comparison 
(Table 1). 

Table 1: technical properties of three different solutions 

Properties UDF TMV TcAF 

defined protection 
area 

yes no yes 

fast particle yes no yes 
bacterial 
contamination 
< 10 CFU/m³ 

yes no yes 

noise high low low 
feeling of draught high low low 
Increased cooling 
of the patient 

no no no 

In studies from our research group it could be shown 
that the TcAF technology achieves comparable results 
to a UDF system [Buhl et al., 2016]. Air velocity and 
temperature measurements, as well as results from 
CFD simulation and degree of protection measurement 
according to DIN 1946-4 confirm this. The system 
fulfils the requirements for the degree of protection 
according to DIN 1946-4:2008, the specifications 
according to SIS-TS 39: 2015 and also achieves ISO 
class 5 or at least GMP class B. From the CFD simulation 
there are further indications that the system is 
obviously more stable and less susceptible to 
interference introduced into the flow. This also applies 
to persons in the "protected area".  In a recent study of 
the University of Lund [Alsved et al., 2018], 
comparative investigations of three systems (UDF, 
TMV and TcAF) were carried out in one and the same 
clinic. The aim was to evaluate the systems in terms of 
air purity (CFU/m³), energy consumption and working 
environment (noise level and draught sensation) from 
the perspective of the surgical team. For this purpose, 
measurements of the microbiological load were taken 
at 3 locations (in the operating field, < 40 cm distance 
from the operating field, on the instrument table and in 
the periphery of the room) in an operating room 
during 45 orthopaedic interventions. The surgical 
team evaluated the work situation with a 
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questionnaire. As a result, it could be shown that UDF 
and TcAF but not TMV reached a value below 10 
CFU/m³ in all measurements at all measuring points. 
The values in the periphery were lowest for the TcAF 
system. The CFU concentration was not proportional to 
the air volumes of the different systems. Compared to 
the UDF solution, the energy consumption of the TcAF 
system was 28% lower and showed significantly less 
adverse effects from noise and drafts in the staff 
surveys. The authors conclude that both UDF and TcAF 
are an effective and efficient solution to minimize 
airborne microbial contamination. In contrast to full-
area UDF, the installation of other ceiling-mounted 
components (ceiling supply units, surgical lights, etc.) 
and room lights is more flexible with TcAF solutions 
than with UDF systems. 

SCIENTIFIC WORK AND RESULTS 

To further clarify the impact on bacterial air burden, 
we assessed 10 clinical installations of the 
temperature-controlled ventilation system (TcAF) 
Opragon (Avidicare AB, Sweden) during live surgery 
according to the Swedish SIS TS 39: 2015 standard [SIS, 
2015] using active air sampling (Figure 10). 
Measurements were taken at the OR table/surgical 
site, instrumentation tray and in the periphery. The 
spectrum of procedures included general surgical 
interventions and trauma/orthopaedic procedures. 
For the active air sampling the impaction method on 
blood agar plates was used (Klotz Impactor FH6, 
Figure 11). Blood agar plates were incubated 72 hours 
at 35 °C.  Colonies were counted as colony forming 
units per cubic meter of air (cfu/m³). Moreover, a 
retrospective case control study of 1,000 consecutive 
cases of primary total joint arthroplasty (hip, knee) 
before and 1,000 consecutive cases after the 
installation of an ultraclean airflow ventilation system 
(temperature controlled Airflow TcAF System Opragon 
AB, Avidicare Sweden), in the same operating room 
was performed. Clinical outcome was evaluated using 
length of stay and infection rates as endpoints. The 
proper function of the TcAF system was checked by 
intraoperative measurement using active air sampling 
(blood agar plates, Klotz Impactor FH6). 

Figure 10: Set-up for the measurement of bacterial  

air burden with the active air sampling procedure 

 (red arrows indicate the tube-tip for air sampling) 

Figure 11: Klotz Impactor FH6 for active air sampling 

The retrospective analysis of 1000 consecutive 
patients undergoing total joint replacement (hip, knee) 
in an operating room with a TcAF system compared to 
1000 consecutive cases in an operating room with 
mixing ventilation showed that TcAF was associated 
with a decrease in mean postoperative hospital stay, a 
decrease in percentage of hospital length of stay, and a 
decrease of infectious complications from 3% to 1%. 

During the intraoperative measurements there were 
on average 6 persons in the room with a median (M) 6, 
mean (MW) 6.2 and standard deviation (SD) 1.3. The 
measurements showed values of median (M) 0 cfu/m³ 
over all measuring points in the room, mean value 
(MW) 1.8 cfu/m³, standard deviation (SD) 4.5 cfu/m³. 
In detail, the following germ counts were obtained: In 
the area of the surgical field median (M) 0 cfu/m³, 
mean value (MW) 0.4 cfu/m³, standard deviation (SD) 
0.8 cfu/m³, in the range of the instrument table median 
(M) 0 cfu/m³, mean (MW) 1 cfu/m³, standard deviation
(SD) 1.9 cfu/m³ and in the periphery median (M) 2
cfu/m³, mean (MW) 4 cfu/m³, standard deviation (SD)
6.7 cfu/m³. (Figure 12)

Figure 12: Measurement results active airsampling 

For the retrospective study the measurements of the 
TcAF system were always within the limit demanded 
by the Swedish SIS TS39: 2015 requirements for 
infection sensitive surgery, which proved proper 
function of the TcAF system. Ultraclean air provided by 
the TcAF system was associated with a decrease in 
mean postoperative hospital stay from 11,0 to 8,64 
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days, a decrease in percentage of patients who stayed 
inpatient over 14 days after surgery from 7,3% to 2,2% 
and a decrease of infectious complications from 3,3% 
to 1,1%. (Figure 13) The data analysis of the disease 
histories shows that only two repeat hospitalizations 
(0,2%) were registered in the test group (ultraclean 
air) due to infectious complications after primary 
arthroplasty. Another nine patients (0,9%) with 
superficial postoperative wound infection were 
treated on an outpatient basis. Analogous values in the 
control group were eight rehospitalizations (0,8%) 
and 25 patients (2,5%) treated on an outpatient basis 
for superficial postoperative wound infection (Figure 
14). Univariate logistic regression analysis revealed 
that the use of TcAF was statistically significantly 
associated with the reduction of infectious 
complications with an OR of 0,3259 (95%CI, 0.16-0.65, 
p<0,05). 

Figure 13: Decrease in length of stay for hip and knee 
replacement by TcAF-system (orange bars) vs. conventional 
mixing ventilation (blue bars) 

Figure 14: Decrease in length postoperative infectious events 
by TcAF-system (orange bars) vs. conventional mixing 
ventilation (blue bars) 

DISCUSSION AND CONCLUSION 

Adequate ventilation technology in the operating room 
is required with regard to the control of the room 
climate (including management of thermal loads) and 
the guarantee of aspects of work safety (removal of 

toxic substances). There is still a need for clarification 
and research regarding the infection-preventive effect 
of ventilation technology. It is undisputed, however, 
that microbiological pollution of indoor air is a risk 
factor and it is desirable to keep it as low as possible. 
Since an operating theatre in operation is a complex 
thermodynamic system, all influencing factors must be 
sufficiently considered when planning an air 
conditioning system. Only then is it ensured that the 
ventilation system implemented generates a benefit 
and no harm, especially from the point of view of 
infection prevention. A poorly planned system can, at 
worst, lead to a higher microbial load in the room air 
and thus to correspondingly higher infection rates. 
This is probably also one of the main reasons why the 
studies and meta-analyses carried out to date, which 
have not taken this aspect sufficiently into account, 
have not been able to demonstrate any advantages of 
systems with a low-turbulence displacement flow. 
Nevertheless, it is precisely these UDF systems that are 
particularly "prone to failure", so that alternatives are 
required. With the Temperature Controlled Airflow 
(TcAF) such a solution seems to be available, although 
further aspects still need to be investigated. 
Requirements of the Swedish standard were met or 
significantly exceeded by the TcAF system. The median 
cfu counts for the whole room, the area around the 
surgical field and the instrument table were 0 cfu/m³. 
The temperature controlled airflow reliably and 
robustly ensures "ultra clean" air <10 cfu/m³ in the 
operating theatre and therefore is capable to reduce 
the risk of airborne microbial transmission under 
routine clinical conditions.  

In principle, it would be desirable to develop a uniform 
international standard for ventilation systems in the 
operating theatre that focuses on the goals of 
occupational and patient safety. In terms of risk 
management, it would therefore be appropriate to 
focus on the normative specifications not only in terms 
of the technical design of ventilation systems. The 
"what" should be achieved should be more important 
than the "how" it is achieved. This would also provide 
room for innovation. With EN ISO 14644 and the GMP 
guidelines, there are, in addition to the specific but 
internationally non-uniform standards for ventilation 
and air-conditioning technology, actually 
specifications that could meet these requirements. 
These include the definition of high-purity indoor air 
<10 CFU/m³ or <5 CFU/m³. Regardless of this, a 
ventilation and air-conditioning system can only work 
effectively if the appropriate conditions are in place 
and the personnel adhere to certain "rules of conduct". 
Starting, for example, with the positioning of the 
instrument tables, the correct surgical clothing, the 
opening of doors and movements in the room. It would 
therefore certainly make sense and be desirable to 
investigate the existing solutions even more precisely 
and systematically within the framework of clinical 
studies through further research work. Research into 
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fundamentally new ventilation concepts for the 
operating room also seems necessary. At present, the 
decision is ultimately up to the operator, together with 
the responsible hospital infection control department. 
The respective utilization concept current scientific 
data and information needs to be taken into account. A 
risk management based approach should be applied to 
define which ventilation and air-conditioning system 
should be used in each specific case depending on the 
clinical spectrum of interventions and operations. If 
one pays special attention to the avoidance of risk 
factors, one should choose a solution that reduces the 
microbiological load of the room air. Taking current 
publications into account, the UDF and the TcAF are 
certainly suitable for this purpose. However, the 
results presented suggest that the TcAF system could 
provide the economically most efficient and clinically 
most effective solution under routine clinical 
conditions.   
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ABSTRACT 

Surgical site infections occur due to contamination of 
the wound area by bacteria-carrying particles during 
the surgery. There are many surgery preparation 
conditions that might block the path of clean air in the 
operating room, consequently increasing the 
contamination level at the surgical zone. The main goal 
of the current study is to translate this knowledge into 
a perceivable tool for the medical staff by applying 
state-of-the-art simulation and visualization 
techniques. In this work, the results of numerical 
simulations are used to inform visualization. These 
results predict the airflow fields in the operating rooms 
equipped with mixing, laminar airflow and 
temperature-controlled airflow ventilation systems. In 
this regard, the visualization uses a virtual reality 
interface to translate the computational fluid dynamics 
simulations into usable animations. The results of this 
study help the surgical and technical staff to update 
their procedures by using the provided virtual tools. 

Keywords: Virtual reality, Ventilation systems, 
Bacteria-carrying particles, Surgical site infections 

INTRODUCTION 

The Swedish Board of Health and Welfare reported an 
annual death toll of 1500 patients due to surgical site 
infections (SSIs) in 2018, while the number of car 
accident deaths was about 500 persons in Sweden 
during the same period. These surgical site infections 
are caused due to presence of bacteria-carrying 
particles (BCPs) in the air. These particles are mainly 
released from the surgical team in the operating room 
(OR) and transported to critical regions via airflows 
(Hoffman et al. 2002). It has been reported that about 
10% of the released particles from the surgical team 
carry bacteria (Noble 1975). 

There is a demand for providing new tools to the 
surgical team to overcome this preventable health risk. 
In this regard, various ventilation strategies have been 
developed to reduce the contamination level at the 
OR's surgical zone. The three common ventilation 
systems are mixing, laminar airflow (LAF), and 

temperature-controlled (TcAF) ventilation systems. 
The mixing system reduces the BCPs level in the air 
through the dilution approach (Chen, Yu, and Lai 2006; 
Sadrizadeh et al. 2018)while the LAF ventilation 
systems supply a large volume of the clean air to the 
operating table (Chow and Yang 2005; Barbro 2012). 
TcAF ventilation is a recently developed system that 
performs based on the temperature difference 
between the central showers and ambient air 
temperature in the OR (Wang, Holmberg, and 
Sadrizadeh 2018; Alsved et al. 2017).  

Several studies have shown that various factors, 
including the number of surgical staff(Sadrizadeh and 
Holmberg 2014; Cao et al. 2017; Birgand, Saliou, and 
Lucet 2015) and their behaviour, the frequency of door 
openings(Andersson et al. 2012; Lynch et al. 2009; 
Sadrizadeh et al. 2018; Perez et al. 2018), the type of 
medical devices affect the performance of the 
ventilation systems, consequently, increases the 
concentration of the particles which inevitably carry 
bacteria. The knowledge of airflow behaviour and 
particle distribution is not easily understandable since 
the airflow field and particles are invisible. Sadrizadeh 
et al. investigated the impact of the surgeon's posture 
on the BCPs level in the OR equipped with the mixing 
ventilation system. Their results showed that the 
surgeon's bending posture blocked the clean air path, 
consequently increasing the contamination level at the 
operating table.  

The medical visualization techniques have been 
concentrated mainly on a single object, such as imaging 
from the patient body. This type of visualization 
improves the understanding of the current and past 
condition of the patient. However, there are no 
sufficient visualization tools to decrease the threshold 
for understanding the flow simulations' insights. This 
study aims to use a virtual reality interface to translate 
the computational fluid dynamics (CFD) simulations to 
an understandable animation.  The long-term aim is to 
decrease hospital-acquired infections through better-
informed decisions about medical and technical 
healthcare protocols. 
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METHODS 

Physical Model 

The simulated models' configuration is presented for 
the OR equipped with TcAF, LAF and mixing ventilation 
systems in Figure 1. The applied operating room model 
was replica of the New Karolinska Solna University 
Hospital in Sweden. The OR had size of 8.5 m (length) 
×7.7 m (width) × 3.2 m (height).  

Figure 1.  An isometric view of the OR with: a)TcAF , b)mixing 
and c) LAF ventilation systems 

The air supplied to the OR equipped with the TcAF 
ventilation system with the airflow rate of 1.55 m3/s. 

The central diffusers of the TcAF ventilation had the 
temperature of 18.5 ˚C while the surrounding diffusers 
had 1.5 ˚C temperature difference with the OR ambient 
temperature. All the supplied air diffusers had the 
surface area of 0.16 m2. In overall, there were four 
exhaust grills located at down part of two opposite 
walls in the OR using TcAF and LAF ventilation 
systems.  

The mixing ventilation system had projected area of 
8.64 m2 and supplied the clean air with flowrate of 2.0 
m3/s and temperature of 20 ˚C. There were six exhaust 
grills located on two walls in the OR using the mixing 
ventilation system, as presented in Figure 1 (b).  

The clean air supplied to OR equipped with LAF 
ventilation system with flowrate of 3.33 m3/s and 
constant temperature of 20 ˚C. The applied diffuser for 
supplying the clean air had the overall area of 10.17 
m2, as shown in Figure 1 (c).  

The operating table was located at the centre of the OR 
below the TcAF and LAF supply air showers with 
dimensions of a 2 m × 0.52 m × 0.9 m (length × width × 
height). Three equipment tables were around the 
operating table.  

In order to model the surgical personnel in the OR, ten 
manikins were considered with constant heat flux of 
50 W/m2. It was assumed that each manikin release 
the 5 CFU/s during the surgery. Two medical 
equipment were considered with constant heat flux of 
255 W/ m2 at the downside of the operating table. 
Moreover, two surgical lamps with constant heat flux 
of 250 W/ m2 were used in the ORs.  

Numerical Models 

In order to predict the airflow field in the operating 
room the Reynolds-Averaged Navier-Stokes method 
was considered. Since the indoor airflow has a 
turbulent behaviour, the Realizable k- ε turbulence 
model was applied. The governing equations of mass, 
energy and momentum were considered to simulate 
the airflow.  

To simulate the steady-state airflow field the CFD code 
ANSYS Fluent 19.2 was applied. The SIMPLE algorithm 
was used to couple the pressure and velocity. The no-
slip boundary condition was assigned to all walls and 
it was assumed that all the OR walls had the adiabatic 
boundary condition.   

In order to simulate the generated heat from the 
medical equipment and manikins, the constant heat 
flux condition was used. 

The OR geometry was divided into 4.3 million grids 
through applying the ICEM CFD. The mesh 
independence study was accomplished to guarantee 
the independency of the results with grid resolutions.  
The Lagrangian particle tracking approach with 
Discrete random walk method was used to predict 
particle distribution in the OR. The Saffman’s lift force 
was considered while other forces were negligible in 
comparison with drag force. The bacteria carrying 
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particles had the diameter of 12 µm and were released 
from the head and leg of the manikins in the ORs.  

Mapping simulation data to visual structures 

In this section, we describe the steps to selecting and 
discretizing the most relevant data from the 
simulations to the interactive visual structures in a 3D 
space in virtual reality. Our goal was to have a practical 
and manageable data set that could be interactively 
analysed in real-time in a 3D VR environment. 

As shown in Fig. 2, the first step of the process is to pre-
compute the stable fluid dynamics of the environment 
given a fixed geometry. The second step is to create a 
stochastic real-time particle transport model. We want 
to know where particles will flow given an initial 
position and velocity in the stable airflow field. The 
third step is to compute, animate and visualize the flow 
of particles in the 3D model. Next, the fourth step, is to 
provide interactive control for the animations in a 
virtual reality visualization of the model. The fifth and 
final step is to, together with domain experts, analyse 
the risk of infections for a given model. 

Figure 2. Mapping steps between CFD simulations and 3D 
immersive visualizations in VR. 

A key point in the interface between simulation and 
visualization was determining the complexity of the 
data to visualize interactively in real time. The 
restrictions included the number of data points due to 
processing and visual limitations. Too many data 
points decrease the framerate of the rendering 
pipeline to the point that noticeable artefacts nullify 
the immersive experience. Furthermore, even with 
more powerful graphics hardware, there is a limit on 
what can be analysed in a 3-dimensional immersive 
space. Cluttered volumes of data are not practical for 
analysis as most of the overviews are self-occluding, 
forcing the user to spend significant time and effort 
filtering the views. We aimed at a compromise between 
completeness of data and practical interactive views. 

1 https://www.kth.se/cs/cst/research/vicstudio  
2 https://unity.com/  
3 https://www.vive.com/eu/product/vive-pro/ 

For the handover of data, we defined a discrete number 
of points from which to release a practical amount of 
particles. We also selected a single slice of space to 
visualize the airflow as a vector field for each of the 
three ventilation conditions. 

The release points include the nose and mouth of the 
main physician and the head and feet of all the people 
in the room. The points of capture were the room 
outgoing vents for the three layouts. 

Visualization method 

Our development and testing was KTH’s Visualization 
Studio VIC1, a state-of-the-art interactive computer 
graphics and visualization laboratory. We designed the 
visualizations using User-Centered Design (Abras 
2004) and Participatory Design methods (Muller 
1993). Our primary user in the first stage of the design 
were researchers in computational fluid dynamics, 
both co-authors of this paper and their colleagues. Our 
goal was for the team of researchers to understand the 
affordances and limitations of interacting with the data 
in a 3D immersive environment using heads-up 
displays (HUDs) and controllers. While the researchers 
understood the data and visual structures, the novel 
interaction environment needed to be tested. 

We interacted on a number of low-fidelity prototypes 
and ran formative user studies until we arrived at the 
version we describe here. The studies included task-
centric think-aloud protocols (Van Someren 1994), 
direct observations, interviews and focus groups (Gill 
2008). 

We created the 3D visualization environment using the 
Unity2 game engine and we implemented the system 
on top of the HTC Vive Pro3 virtual reality platform. 

Unity is a cross-platform game engine developed by 
Unity Technologies, released in June 2005. Unity 
supports rapid graphics modelling, animation, 
interaction through a series of plugin extensions, 
including those necessary to run on mobile devices and 
VR headsets such as the HTC Vive. The engine has been 
adopted by both entertainment industries and 
academic research projects working on simulations 
and visualizations (Xu 2013).  

The HTC Vive Pro is a virtual reality (VR) headset 
developed by Vive and Valve and introduced in 2015. 
The system includes a number of components aimed at 
providing room-scale immersion in 3D VR. Users can 
walk about their physical environment for up to a few 
meters at a time. The system includes the heads-up 
display (HUD) with earphones, controllers, infrared 
towers and driving software. The HUD and the 
controllers have patterns of infrared reflectors that are 
clearly detectable by the infrared projector - camera 
towers. The position and orientation of HUD and 
controllers are continuously tracked in real-time to 
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provide a fluid and fully immersive user experience. 
Niehorster et al. (2017) provided a detailed analysis of 
the performance of the Vive applied to scientific 
research. 

The most important questions when designing 
visualizations are: 1) who are the users? 2) What is the 
data? And 3) what are the tasks? In this research the 
target users are medical and technical staff in 
operating rooms. We aim at nurses and physicians to 
understand the impact of room layout and work 
practices on air flow and, ultimately, on the risk of 
infection. We aim to understand the impacts of human 
behaviour through visualizations of activity across 
space and time similar to the work presented in 
Gomez-Zamora et al. (2019), Romero et al. (2008), and 
Romero et al (2011). Furthermore, we aim at allowing 
engineers and scientists who design and maintain 
hospital ventilation systems to both understand and 
communicate the impact of their design choices.  

In this research the data is the geometry of the room at 
key moments during operations and the CFD 
simulations of the airflow in those fixed geometries. 
This data framework includes greater details, such as 
velocity, temperature, vorticity and other details 
emergent from the simulations. 

As mentioned earlier, the high-level tasks include 
understanding and communicating the impact of room 
layout, work practices, and ventilation design on the 
risk of infection by air-borne bacteria-carrying 
particles. The low-level tasks include filtering views to 
see different layers of the airflow, dropping particles 
into the flow field to track their movement across the 
room, playing, accelerating, decelerating, pausing and 
rewinding time, highlighting regions and particles of 
interest, displacing the views in space and time, 
zooming in and out of views, and re-scaling the models 
to provides both larger overviews and more nuanced 
detailed views. Users also need to be able to read data 
from the visual structures that include measures such 
as speed and temperature of particles and be able to 
quantify particles during a period of time over a region 
of space.  

The other two main decision points in designing data 
visualizations are what visual structures to use, and 
what view transformations should be supported in 
those visual structures. These questions together with 
the three previous considerations frame the iterative 
design process. As one aspect of the visualization 
matures, others follow suit until the system matures. 
Card et al. (1999) provided a detailed account on 
designing visualizations, including the visualization 
pipeline.  

Visual structures are graphical representations of data. 
For example, bar charts represent quantities by the 
length of the bar. In this research we chose three main 
visual structures. First, the geometry of the room is 
represented by abstract synthesized 3D models of the 
objects in the room. Figure 3 shows the simplified 

visual representation so of the solid objects in a real 
operation theatre. The model includes people, tables, 
lamps, ventilation equipment, walls, ceiling and floor 
plans. The objects can be hidden or viewed, yet the 
computed flow field remains, whether or not the object 
is visible. Users can also change the translucency of the 
solid objects to get a clearer view of the air flowing 
around them. 

Figure 3. Fixed geometry of the room, objects and people. 

For the second visual structure, we use a colorized 
vector field to represent the stable air flow in the 
centre of the room, the surface dividing the room in 
two directly above the operation table. The colour of 
the vectors is determined by the temperature of the air 
at that position. The colour scale uses the Jet colour 
map, from cool particles at 20 °C in blue to warm 
particles at 27 °C in red (Fig. 4). The length of the arrow 
(vector) is determined by the velocity of air in that 
location (the origin of the vector). Finally, we animate 
a white dot traveling the length of the vector, from base 
to tip, to provide the visual illusion of flow while using 
the VR (Fig. 4). 

Figure 4. Details of the visual structure for the flow field. 

The third visual structure provides two 
representations of individual particles dropped into 
the airflow field (Fig. 6). First, we visualize the 
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individual particles as they move through space. We 
colour code the particles based on their speed, from 
red (0 m/s) to blue (32 m/s). Through the 
participatory design sessions we determined the scales 
and the mappings of all the visual structures. Finally, 
the second representation of air particles is the path 
that the particle travels from its source (the nose of the 
physician, for example) to its destination (the air ducts 
at the corners of the room). The user can view these 
paths from beginning to end and follow them closely. 
The paths are also animated by flowing a yellow-grey 
pulsating pattern down the length of the spline (path 
connected by discrete elements) (Fig. 6b).  

The final decision in the design of visualization are 
view transformations. View transformations are the 
actions a user can take through interactive software to 
change what is visible about the data. In our project 
users can increase or decrease the field of view of the 
virtual camera, move in space, by teleportation in VR 
or by moving in physical reality, in order to inspect the 
details of a rendering or to get an overview. Users can 
change the scale of the colour mappings, alter the 
translucency of visual elements, filter particles based 
on temperature and speed and control the speed and 
direction of the animation. They can resize the room to 
focus on large-scale phenomena or minute details. 
Users can also select data from different simulations of 
different ventilation systems (Fig. 5). View 
transformations change the perspective of the visual 
structure to enhance human understanding of the data 
represented by the visual structure. In fact, 
visualization is a cognitive amplification through the 
interactive exploration of data through view 
transformations of visual structures. 

RESULTS AND DISCUSSION 

In order to visualize the CFD simulations, three 
scenarios were considered in the OR equipped with 
mixing, LAF and TcAF ventilation systems. In scenario 
one, the BCPs were released from the head of surgical 
teams; scenario two represented the BCPs release from 
the leg of manikins, and scenario three showed the 
particle distribution over the operating table when the 
surgeon is bent and releasing the BCPs. By applying the 
VR techniques the BCPs movement in the OR, 
temperature distribution and streamlines of the 
airflow were visualized. Figure 5 displays the airflow 
velocity vectors and temperature distribution in the 
OR equipped with TcAF (Fig.5 (a)) and LAF (Fig.5 (b)) 
ventilation systems. The colour of the velocity vectors 
were defined based on the temperature ranges, while 
the size of the velocity vectors was adjusted based on 
the value of the velocities.  

The BCPs distribution around the surgeon is displayed 
in Figure 6. The movement of these particles was 
presented in the form of solid spheres (Fig.6 (a)) and 
streamlines (Fig.6 (b)). The colour of the animated 
particles were selected based on their velocity ranges.  

Figure 5. The airflow velocity vectors and temperature 
distribution in the OR with: a) TcAF, and b) LAF ventilation 

systems 

(a) 

(b)
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Figure 6.  The BCPs distribution around the surgeon with: a) 
spherical shape and b) streamlines 

We ran three summative evaluations of the system. 
First, we gave a lecture about computational fluid 
dynamics and the role of VR visualizations in 
understanding these simulations to a classroom of 70 
master students in information visualization on 17th 
February 2020. Second, we ran a focus group with 
academic, governmental, and industry stakeholders on 
the same day. Third, we ran a focus group with domain 
experts from the healthcare industry (Figure 7-9). 

The first summative evaluation was a live lecture using 
the virtual reality visualization of the CFD simulation 
in front of a live audience of 70 master students in the 
course DH2321 Information Visualization at KTH 
Royal Institute of Technology. For the lecture we 
prepared a set of slides explaining the users, the data, 
the tasks, the visual structures and the view 
transformations. We presented a number of images 
and videos explaining these concepts before delving 
into the interactive VR experience.  

For the interactive VR experience we decided to split 
the task of navigating the immersive visualization from 
the task of explaining the data and the patterns within. 
We duplicated the perspective of the presenter onto a 
4-meter 4K wall-sized display visible at high-
resolution detail to everyone in the room (Fig. 8). One
of the authors of the paper drove the visualization in

VR. Because this researcher had to wear the heads-up 
display (HUD), he was situationally blind to the 
audience. He could not see what the audience was 
doing, read their expressions, or communicate non-
verbally with them. For example, simple pointing 
gestures go unseen. For the task of explaining the data 
a second researcher shared the stage and spoke 
directly to the audience and to the first researcher 
driving the visualization. In order to share views for 
pointing and control, the researchers also split the 
controllers, so that both could point to regions of 
interest, both from within and from outside the VR. The 
researcher presenting the content pointed to patterns 
in the VR using the large screen. The researcher in VR 
simply pointed to objects directly in his field of view. 
The presenter outside VR communicated concepts to 
the audience and questions from them by directing the 
actions of the researcher in VR using language and 
pointing gestures with the controller. 

Figure 7. The interactive sessions for a) master students, b) 
academic, governmental, and industry stakeholders 

(a) 

(b) 

(a) 

(b)
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Figure 8. The two presenters. One in VR; one in the classroom. 

In Figure 8, the presenter on the left is in VR. The 
presenter on the right is guiding the actions of the 
presenter in VR through the control on her hand, which 
points, through the green laser, in the direction of the 
region of interest for the VR presenter. This presenter 
who is situationally blind, he can’t see her or the 
audience. The controller is the medium for 
communicating pointing gestures. The presenter on 
the left is also pointing at the screen with her hand. 

Figure 9. A student volunteer to run a user test live in front of 
the audience of other students. 

Before the lecture we also trained for one hour six 
students to ask them to volunteer to drive the 
visualization and provide a think aloud evaluation in 
front of the audience. After the presentation by the two 
researchers concluded, we ran four think aloud 
sessions. The entire exercise lasted 2 hours. 

After the lecture and user studies were over we 
discussed usability and effectiveness of the system in 
communicating patterns of airflow in operating rooms. 
We also collected a qualitative survey of the 
experience. Everyone found the system much more 
engaging than videos and images and all reported 
learning much better through the setup where people 
could ask the VR user to view a region of space and 
filter a data element and so on. The interactivity of the 
presentation experience allowed the audience to “feel 
much closer to the data and the patterns in it”. 

During the second and third summative evaluations we 
ran focus groups. In the first focus group we recruited 
eight executives from three agencies: the 
governmental funding agency of the project, FORMAS, 
the project’s collaborating hospital, Danderyd, and the 
ventilation design and deployment industrial partner 
of the project, Avidicare (Fig. 7(b)). For the second 
focus group we recruited two medical physicians and 
researchers from Danderyd Hospital.  

Similar to the experience in the classroom, we split the 
time into traditional slides describing the project, a live 
demonstration with the roles of presenting split 
between the same two researchers and a volunteer 
hands-on demonstration with participants of the focus 
group. In the focus group discussion, we identified a 
number of clear affordances and limitations with 
current technology. The clear affordances included the 
immersive first-person perspective of the outcome of 
the simulations. Air is not visible and people were truly 
shocked and intrigued by the visualization of moving 
particles. A common reaction was: “I never thought 
there could be so many particles moving all over the 
place, even while wearing surgical clothing”. The 
ability to track individual particles and particle paths 
while controlling time was a powerful mechanism to 
understand and communicate transport of 
contaminants in the air. The participants were excited 
with the possibility to train nurses and medical doctors 
to understand the impact of their practices in the 
quality of air transport with the goal of reducing the 
risk of hospital-acquired infections. 

The main limitation found in the discussions of the 
focus group was the single, static geometry. People 
wanted to be able to explore not just different 
ventilation systems scenarios, they wanted to 
investigate key moments during the operation 
procedure. A future work for our project is to detect, 
model and simulate key moments during specific 
operations in order to contain the computational cost 
of simulating entire operations, which is not a practical 
simulation as it would require thousands of hours of 
heavy calculations with supercomputers. 
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CONCLUSIONS 

This study used a virtual reality interface to produce 
understandable animations from the CFD simulations 
of the airflow and BCPs movement in the OR. The CFD 
simulations predicted the airflow fields in the OR 
equipped with the mixing, LAF and TcAF ventilation 
systems.  The 3D visualization environment was 
created by using the Unity game engine. Then, the 
interactive control for animations was provided in the 
virtual reality visualization of the model. 

Overall, three interactive sessions were accomplished 
for evaluations of the system. In this regard, the 
sessions were ran for master students in informative 
visualization, a focus group with academic, 
governmental and industry stakeholders and finally a 
group of experts from the healthcare industry. During 
the sessions, one presenter was in the VR environment 
and the other one guided the actions of the presenter 
in the VR. The participants of the sessions found the 
system more engaging than videos and images. 
Furthermore, visualizing the particles’ movement in 
the air was a powerful mechanism to understand the 
key points for reduction of the airborne contamination 
during the surgery. The participant were excited that 
the current system can help the medical team and 
nurses to have a clearer image about the impact of their 
behaviour in the OR, thus increasing the opportunity to 
reduce the infection risks caused by BCPs.  

This study plans to work on detection, modelling and 
simulating of the key moments during specific 
surgeries to make the current system more applicable 
for medical education and training.  
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ABSTRACT 

In healthcare facilities and hospital environment, it is 
essential to enable thermal comfort for occupants. 
Unstable thermal conditions in the operating room 
(OR) will influence the performance of surgical staff 
and the infection possibility of patients. In this study, 
the thermal comfort of patients and surgical staff was 
measured with two ventilation solutions at St. Olavs 
hospital ORs in Trondheim, Norway.  Research 
methods include thermal environment measurements 
during mock (imitation) surgery, a survey among 
surgical staff, and observation during a real operation. 
The results show that the mean air velocity near 
occupants in mixing ventilation (MV) OR was low (max 
0,08 m/s) and in laminar air flow (LAF) ventilation OR 
considerably higher, 0,36 m/s. In conclusion, there was 
good general thermal comfort of surgical staff in LAF 
OR, but the surgical staff felt mainly uncomfortable in 
MV OR. 

INTRODUCTION 

Background and motivation of the work 

Thermal comfort is a condition of mind that 
expresses satisfaction with the thermal environment 
and is assessed by subjective evaluation. 
“ANSI/ASHRAE standard 55-2017“. In common HVAC 
systems principal purpose, thermal comfort is the first 
aspect to provide for human „ASHRAE Handbook - 
Fundamentals (2017)“, but in hospital ORs, the main 
aim is to prevent the infection of the surgical wound by 
airborne infectious microorganisms. “Mora, English and 
Athienitis (2001)“ As a supplement, the technical HVAC 
standards state that to prevent surgical site infection 
(SSI), thermal comfort must be achieved for the patient 
and all members of the surgical staff in the operating 
room “Gaever et al. (2014)“. One general reason is that 
thermal satisfaction influences productivity and health 
of surgical staff. “Sadrizadeh and Loomans (2016)“ 
Furthermore, the American Society of PeriAnesthesia 
Nursing standard recommends controlling patient 
thermal comfort level, because it will influence the 

wellbeing of the patient – hazard of hypothermia 
“Hooper et al. (2010)“. 

R. Van Gaever et al. brought out in their study: ,,it is
not possible to achieve thermal comfort for each 
member of the surgical staff by only revising the HVAC 
standard.“ The reason is that, in OR, different people 
will have very extreme demands on thermal 
satisfaction. “Gaever et al. (2014)” 

In spite of several studies about thermal comfort in 
operating rooms, there is still lack of information. 
Therefore, the idea of this study is to collect more 
information for making the better overview about 
thermal comfort in operating rooms. 

The objective and framework of this study 

The overall objective of this study is to analyze the 
thermal comfort of surgical staff and patients in various 
operating rooms with two different ventilation 
solutions at St. Olavs hospital. To achieve the objective 
and estimate the thermal comfort levels of occupants in 
the operating room, the following tasks were 
conducted: 

1. field measurements of the indoor thermal
environment during mock surgery,

2. the survey about surgical staff sensation,
and

3. observation during real operation.

METHOD 

Two operating rooms at St. Olavs  hospital 

The investigation puts the focus on the three 
following methods in two operating rooms at St. Olavs 
hospital (Fig. 1). There are four occupant groups under 
investigation: surgeons, patient, anaesthetist and 
assistant nurses. The ventilation system of this building 
is mainly controlled by the service center and can be 
adjusted by the surgical staff in the room via three 
scenarios with different condition settings (controlled 
by sensors in the exhaust ducts): operation is ongoing, 
infection risk/cleaning, operating room prepared.  
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Figure 1. Mixing (left) and laminar air flow (right) ventilation solution OR in X hospital 

Table 1. Boundary conditions in LAF and MV OR at X hospital during field investigation in March 2019 

The humidity of airflow is not controlled due to the 
hazard of bacterial distribution. During the 
measurements, the scenario was operation is ongoing 
and the temperature was set to 23°C. The supply air 
temperature was about 22 °C. 

One operating room was with LAF ventilation and 
another with mixing ventilation solution. Mixing 
ventilation ORs area is 59.1 m2 and there are four wall-
mounted exhaust outlets and four supply diffusers on 
the ceiling. LAF ventilation OR area is 56.1 m2 and it has 
a 4x4m LAF zone on the ceiling (surrounded with 110 
cm long walls), two wall-mounted exhaust outlets near 
and six exhaust outlets on the ceiling around LAF area. 
General boundary conditions of ORs during 
measurements and observations are in Table 1. 

Field measurements 

This study includes measurements of thermal comfort 
variables in real OR at St. Olavs hospital during March 
2019 (Table 1). 

Before the measurement, a 15 min intensive mock 
surgery with 5 people has been presented. 
Experiments in MV OR has been done during three 
weekdays and in LAF OR two weekdays. Surgical lamps 
were turned on and OR doors were closed. The height 
of the operating bed was 84.5 cm, the height of surgical 
light from the floor was in MV room 2.1 m and in LAF 
ventilated room 2.15 m. 

The measurements have been done according to 
“ISO7726 (1998)”. In this study, the environment is 
heterogeneous, due to air movement and radiation 
from equipment. Regarding that and the physical 
quantities have been measured near four subjects from 
the head, abdomen, and ankle level (Table 2) with TSI 
uni-directional instrument VelociCalc Plus. 
Specifically, the air temperature measurement for 2 
minutes and air relative velocity for 1 minute. 

Besides, the velocity measurement in MV OR has 
been taken as the probe tip measuring the airflow 
vertically from ceiling to floor, because the airflow 
direction is unknown. In LAF OR, the measuring 
description is in Table 3. 

Table 2. Measuring heights from the floor for the physical 
quantities of an environment (ISO 7726) 

Location level 
of the sensors 

Sitting 
person (m) 

Standing 
person (m) 

Patient (m) 

Head 1,1 1,7 0,9 

Abdomen 0,6 1,1 0,9 

Ankle 0,1 0,1 0,9 

Table 3. Probe tip measuring direction in LAF OR 

Measuring point Probe tip measuring direction 

1 –Surgeon Under the LAF area: airflow vertically 
from ceiling to floor 2 – Patient 

3 – Anaesthetist 
Outside of LAF area: airflow horizontal 

from LAF area to person 4 - Assistant 
nurse 

Activity in 
operating room  

Date

Variables

MIXING VENTILATED OR LAF VENTILATED OR

Field experiment
Observation and 

survey Field experiment
Observation 
and survey

4th 8th 15th 27th 2th of 
April

23th 29th 21th

outdoor air temp, °C (1) -1,8 0,6 2,7 5,3 4,7 0,6 1,6 6
outdoor air RH, % (1) 78 54 49 82 44 92 93 54
room air Temp, °C (2) 23,5 23,7 24,2

NM
23,7 22,3

NM
room air RH, % (2) 15 12,8 12,1 20,9 24,3

Surface temp. of surroundings 
(average), °C (5)

20,7 20,8 22,4 22,5 22,4 21,1 21,7 NM

vapor partial pressure. kPa (3) 0,43 0,38 0,37 0,74 0,37 0,61 0,65 0,49
RH, % 15,0 12,8 12,1 26,4 13,3 20,9 24,3 17,3

pas, kPa 2,90 2,93 3,03 2,81 2,81 2,93 2,70 2,81
ta, °C 23,5 23,7 24,2 23,0 23,0 23,7 22,3 23,0

Room area, m2 59,1 56,1
Room volume, m3 171 168

Supply airflow, m3/h 3700 12850 (ca 60% recirculated)
Air change rate, ACH 21,7 22,5

(1) Forecast data from YR.no;   (2) Measured with Pegasor AQ Indoor device near wound area, at the center of room; (3) Calculated with (2) or (4); (4) data from service center of 
St.Olavs hospital for comparison; (5) Measured with Bosch PTD1 contact free device; NM – not measured
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 The VelociCalc Plus temperature sensor has been 
calibrated with the Reference Temperature Calibrator 
Model RTC-157 (accuracy ±0.04 °C) and the 
anemometer has been calibrated with TSI Flow 
Calibrator. 

There has been measured the dimensions of room 
and the surface temperature of surfaces such as walls, 
ceiling, floor, doors, and windows. Last measurements 
have been done with Bosch PTD 1 contact free device 
and the results are used to calculate the mean radiant 
temperature (Tmrt). Regarding to the standard “ISO 
7726:1998” that due to building materials high 
emissivity, there has been disregarded reflection to 
assume that all surfaces are black, so the emissivity has 
been taken as 0.95. Moreover, using previous data, 
there was calculated the operative temperature for 
every occupant. Finally, there have been measured 
overall conditions during measurements with Pegasor 
AQ Indoor device at the centre of the standing human 
(1,1 m) and it is used for the calculation of vapor partial 
pressure. 

Observations 

There have been used several observation methods 
described in Table 4, but in this paper, only these 
results are considered, what are directly related to 
PMV-PPD calculation.  

The tabulated values for observations taken from 
“ISO 8996:2004” are generalized and concern an 

„average“ individual: A man 30 years old, weighing 
70kg and 1.75 m tall (body surface area 1,8 m2); A 
woman 30 years old weighing 60 kg and 1.70 m tall 
(body surface area 1.6 m2). 

Survey 

The survey among surgical staff in both above 
mentioned OR was conducted to get knowledge about 
occupants´ real sensation in ORs thermal climate. The 
questions in the survey, corresponding to “ISO 
28802:2012” and “ISO 10551:2019”, are asked to 
answer as based on the last operation the occupants 
had. Occupants have been answered to seven 
subjective questions about thermal sensation, comfort, 
and acceptance. In addition, they have been asked to 
evaluate their work level (according to “ISO 
8996:2004” Table A.2) and clothing. 

The final mean thermal sensation level has been 
correlated with Fanger scale and the standard 
deviation (SD) has been calculated by IBM SPSS 
software. The survey has been conducted in two parts, 
one during the observation days in MV OR (at 27 of 
March and 2 of April) and in LAF OR (at 21 of March).  
The second part occurred in between 29.04-5.05.  

There were 30 participants in MV OR and 13 in LAF 
ventilated OR survey (also a clean zone nurse is 
included to extend the investigation). Altogether, 44 
filled questionnaires.   

Table 4. The methodology of observation in the operating room 

Task Object OR Source/tool Method/input

A
ct

iv
it

y
 le

v
el Surgical 

staff

MV recorded video 
according to ISO 

8996:2004 [8]

Duration aprox. 2h; after every movement end, the body segment work 
together with mean value of metabolic rate and time has been stated.LAF

Patient
MV, 
LAF

Malcolm A. Holliday et al. 
Study

averaged person, who have weight of 65 kg and body surface area 1,7 m2, due 
to this, the metabolic rate is 2400 kcal/day, what is 68,4 W/m2.

T
h

er
m

al
 c

o
m

fo
rt

 o
f 

re
al

 p
at

ie
n

t

Real 
patient

MV

Body temperature: 
hospital surgery team

Measured as bladder temperature. Three surgeries. First measuring point: 
after the patient enters the room. The measuring period: after every 0.5 hour.  

Duration: 1.5-4.5h.

Air temperature and RH: 
TinyTag near surgical 

area
Logged after every 5 minutes near surgical area.

C
lo

th
in

g Surgical 
staff and 
patient

MV, 
LAF

Material info from 
hospital and 

manufacturer

Surgical staff: surgical underwear, cap, hat, mask, socks, shoes and gloves (in 
MV OR lead apron for x-ray).  For surgeons also sterilized surgical gown. 

Patient: naked; covered with warm blanket, surgical drape and polyethylene 
film (in MV OR-s forced-air warming blanket system).

From literature
Thermal resistance of clothing is taken from the study of Anna Bogdan et al. 

(20)1 Brought out in Table VIII.

Su
rf

ac
e 

te
m

p
er

at
u

re surgeon 
forehead MV, 

LAF
infrared thermograph 

camera FLIR E602

Duration: the first 40 minutes of real surgery. The skin temperature of surgeon 
forehead has been marked down after every 1 minute.

surgical 
lights

Analysis of the thermal camera picture of surgical lights

1clothing also manufactured by barrier according to the requirements of EN ISO 9001 and EN 13795
2 The emissivity to walls, human skin and equipment has been taken 0,95.
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Figure 2. Average operative temperature and air velocity near occupants in MV (left) and LAF (right) OR 

DATA PRESENTATION 

The boundary conditions during the experiments have 
been brought out in Table 1 and during survey in Table 
5. 

Table 5. ORs conditions during the survey logged with TiniTag 
Plus 2 at St. Olavs hospital 

Field measurements in ORs 

Let’s take the operative temperature (Top) as the 
indicative value. 

In MV solution OR, during the experiments, the 
average room air temperature was around 23.6 °C.  

However, the thermal comfort conditions of 
occupants will vary in a wide range. For patients, the 
Top was 22.0° C (Figure 2), and the air velocity at the 
range 0.06-0.11 m/s (respectively, head level and 
ankle level). For surgeons, the Top was slightly below 
22.0 °C, and the air velocity was 0.0-0.09 m/s (last to 
head level). For the anaesthetist, Top was 21.4 ° C 
(Figure 2), and the air velocity is nearly zero. 

For the assistant nurse, the experiment was for one 
additional day, where the average room air 
temperature was around 24.2 °C (air temperature in 
the vicinity of assistant nurse is lower – 23.4°C). 
Operative temperature is higher (22.9°C) and not 
comparable with other occupant conditions, because 
also the mean radiant temperature was higher at this 
day. The air velocity is in the range of 0.0-0.07 m/s (last 
in abdomen level). 

In LAF solution OR during the two main experiment, 
the room air temperature was 22.3°C and 23.7°C. 
Results in Figure 2 shows that the thermal comfort 
conditions will not vary that much as in MV OR. For 
patient the Top was 22.04° C, and the air velocity at the 

range 0.03-0.3m/s (respectively, abdomen and head 
level). For surgeon, the Top was 22.16 °C, and the air 
velocity was 0.0 m/s in ankle level and about 0.30 m/s 
in the abdomen and head level. For the anaesthetist, 
the Top was 22.3 ° C, and the air velocity was 0.10 m/s 
and 0.23 m/s, respectively in head and abdomen level. 
For the assistant nurse, the Top was 22.2°C, and the air 
velocity about 0.07, 0.23 and 0.36 m/s, respectively in 
head, ankle and abdomen level.  

Observation in operating rooms 

In this paper, we will focus on the main results from 
observations. The principal was the estimation of 
activity level and clothing insulation of surgical staff 
and patients. The results for 101 and 135 minutes 
(respectively, in MV and LAF OR) lasting surgery and 
estimated clothing insulation are in Table 6. The 
highest activity level and clothing insulation is for 
surgeons and the lowest is for patients. Therefore, they 
are two extremes and the thermal comfort will be 
discordant. 

Results from survey 

 The following result present the answers received 
from surgical staff in mixing and LAF ventilation 
solution OR.  In mixing ventilation OR, only 17% of 
repliers says that the environment is comfortable, the 
other 83% says that it is slightly uncomfortable (53%), 
uncomfortable (20%), and very uncomfortable (10%). 
The thermal sensation, SD of answers and 
dissatisfaction in MV OR has been brought in Table 7 
and comparison with PMV is in Figure 3. 

 In LAF ventilation OR, about 46% of repliers says 
that the environment is comfortable, the other 54% 
says that it is slightly uncomfortable (38%), 
uncomfortable (7%) and 7% did not give the answer. 
The thermal sensation, SD of answers and 
dissatisfaction in LAF OR has been brought in Table 8, 
and the comparison with PMV is in Figure 4. 

From the questionnaire came out that in MV OR, 
two anaesthetists felt a draught or breeze near the 
chest or head, and 5 occupants from staff gently breeze 
near the chest or head. However, the thermal sensation 
was slightly warm. In LAF OR, one assistant nurse and 
one anaesthetist often felt slightly draught near the 
chest or head from ventilation. 
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Table 6. The clothing and activity level of occupants in OR 

Table 7. Occupants general thermal sensation during 
operation in MV OR (Survey) 

Table 8. Occupants general thermal sensation during 
operation in LAF OR (Survey 

The estimation of PMV level of occupants in ORs 

The PMV level for the estimation of thermal comfort 
has been calculated by using the well-known Fanger 
equation from [8]. There have been considered the 
measurement results from experiments, Tmrt, clothing 
and activity level. The calculation has been done first 
for local body parts and then the final mean PMV level 
has been correlated and the SD has been calculated by 
IBM SPSS. 

The results of MV OR have been brought out in 
Figure 3 (occupant_PMV) and the data is in Table 9 and 
the results of LAF OR have been brought out in Figure 
4 and the data is in Table 10. There should be careful 
with the conclusion of patient comfort, because the 
PMV level varies in a big interval among local body 
parts due to difference in air velocity. 

Table 9. PMV level of every occupant in MV OR (experiment) 

Figure 3. The comparison between predicted and real thermal 
comfort in MV OR 

DISCUSSION 

The objective of this study was to clarify the 
thermal comfort of four occupant groups in two 
different ventilation solution operating rooms at St. 
Olavs hospital. There has been concentrated on the 
predicted and real thermal comfort of surgical staff and 
patients using three main methods: field experiment, 
observation, and survey. 

 Wyon et al. investigated that 20.5°C is the 
comfortable operative temperature for an average staff 
member in the OR. “Wyon, Lidwell ja Williams (1968)“ 
However, Mora et al. found from the surveys, that the 
air temperature 19°C is good for the surgeon thermal 
comfort. “Mora, English and Athienitis (2001)“ 

Generally, all surgical staff in MV OR at this hospital 
will experience about 1.5-degree higher operative 
temperature than suggested and low air velocity did 
not balance the temperature. The anaesthetist and 
patient will experience local thermal comfort as well as 
general, as can see from PMV calculation and answers 
from survey. However, for surgeon and assistant nurse, 
there will be too warm. In LAF OR, the operative 
temperature is at least 1.6-degree higher than 
suggested, and the PMV calculation shows also that the 
surgeon will have a little warmer feeling, but unlike MV 
OR, in LAF OR the air velocity will balance the 
temperatures.  

The rest of all in surgical staff will feel comfortable. 
Furthermore, the answers from the survey will confirm 
it. 

Table 10. PMV level of every occupant in LAF OR (experiment) 

Figure 4. The comparison of predicted and real thermal 
comfort in LAF OR 

Occupant group
Clothing insulation, m2K/W (clo) Activity level, W/m2 (met)

LAF solution OR MV solution OR LAF solution OR MV solution OR

Surgeon 0.202 (1.3) 0.234 (1.5) 138.3 (2.38) 103.0 (1.78)

Assistant nurse 0.154 (0.99) 0.193 (1.25) 74.8 (1.29) 92.2 (1.59)

Patient 0.165 (1.06) 0.165 (1.06) 68.4 (1.18) 68.4 (1.18)

Anesthetist 0.154 (0.99) 0.193 (1.25) 90.1 (1.55) 85.0 (1.47)
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On the basis of this study, it can be suggested that 
one option to improve the thermal comfort level in OR 
at St. Olavs hospital, is to reduce the mean radiant 
temperature. Mixing ventilation OR will have many 
equipment, mostly surgical lights, what will influence 
occupants by radiant heating. There have been 
investigated also in thermal camera observation 
results, that the light surface temperature is around 
32.7-34°C in MV OR and around 31-32.9°C in LAF OR. 
This is very high, if to compare with other surfaces 
around, and even due to that, they are closer to the 
surgeon, the radiant heat to surgeon will be very high. 

Another possibility is to investigate how much it is 
possible to raise the air change rate in the mixing 
ventilated OR (as suggested by “ANSI/ASHRAE/ASHE 
Standard 170-2017“) to take out the heat gain 
produced by equipment) to be in the comfort zone and 
without enlarging the SSI. 

Anaesthetists, who has a low activity level and at 
the same time, feel slightly draught from the 
ventilation, should wear warmer clothing. The 
problem is mainly in LAF OR, because the air velocity 
is larger. 

As can see from Figure 3 and Figure 4, that even if the 
PMV calculation could be similar to the real sensation, 
then the percentage of dissatisfaction is totally 
different, perhaps due to local discomfort. Therefore, 
there is not the right to do fundamental conclusions 
and further investigations should be on local thermal 
comfort, instead of calculating the PMV level. About 
survey, the best is to investigate the environment, 
conducting the field survey with asking questions 
about thermal comfort at the precise moment and on a 
particular body part. 

CONCLUSION 

The challenging around thermal comfort in the 
operating room is in its beginning, but to reach 
somewhere, there is a need to collect the information 
constantly. This study has been focusing on the thermal 
comfort of the surgical staff and patients in OR. The two 
research questions were what is predicted and what 
will be the real thermal sensation in OR. However, the 
investigation is conducted in real OR environment and 
there has been used three methods: experimental 
measurements to measure the variables influencing 
the thermal comfort; observation to estimate the 
metabolic rate and clothing thermal resistance; and the 
real sensation of surgical staff has been discovered 
through the survey in two ORs. The study will be 
therefore a good overview of the actual conditions in 
OR. 

 The conclusion over calculations and survey shows 
that in OR conditions, the PMV is similar to real 
sensation, but the percentage of dissatisfaction is 
totally different, perhaps due to local discomfort. Also, 
thermal comfort conditions in OR will vary in a wide 
range:  

1. In mixing ventilation OR, the surgeon and
assistant nurse will experience the environment as 
slightly warm or warm, the anaesthetist as neutral. 
From survey came out that the assistant nurses and 
surgeons will have substantial dissatisfaction about 
the thermal environment in MV OR. The conditions for 
the patient seem to be comfortable, but need more 
investigation, because of the patient actual wellbeing – 
we do not know about actual local comfort. 

2. In LAF OR, the operative temperature is similar
to all occupants, and the air velocity has a bigger 
impact as it is higher and will achieve cooling effect or 
may cause slight draught. For the anaesthetist and 
assistant nurses, the environment is comfortable, for 
the surgeons, it is slightly warm. The patient will 
experience slightly cool climate in LAF OR. 

The gap of thermal sensation is significantly caused 
by different clothing and activity levels of occupants. 
Surgeon, who is wearing several layers of clothing 
(1.3/1.5 clo), is doing hard and active movements (ca 2 
met) during surgery. At the same, time the 
anaesthetist, who is wearing just one layer of clothing 
(0.99/1.25 clo), is mainly sitting/standing (ca 1.5 met). 
The patient has a little higher clothing level, but 
smaller activity, so one could be the most critical case. 
In this study has been investigated the thermal comfort 
of the patient through observation of body and air 
temperature, but this is not enough to investigate 
patient total thermal comfort in OR. 

To investigate the thermal comfort aspect as the 
mean radiant temperature, it will be interesting to 
examine the equipment effect in OR. As found out, the 
surgical light will affect surgeons’ thermal comfort, but 
there is also many other equipment that will produce 
heat. 

Overall, this is challenging to adjust the 
temperature in the operating room, but it is not 
impossible. For future work, the authors suggest 
investigating how low the air temperature could be 
and how it can improve the clothing thermal insulation 
of the patient and anaesthetist, that they still meet 
thermal comfort and will be in the normothermia 
condition. 
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ABSTRACT 

Through the last 10 years, it has been an increasing 
occurrence and activity of moisture-dependent insects 
in modern buildings. Grey silverfish (Ctenolepisma 
longicaudata) is the most common species, but it is also 
an increasing number of cases of silverfish (Lepisma 
saccharina) and Ctenolepisma calva (Mattsson 2018). 
Furthermore, several psocid species (Psocoptera), 
which is well-known for living in microclimatically 
humid constructions (>60% RH) feeding on mould 
fungi, is commonly found in modern buildings in 
frequency and number that is traditionally not found in 
older buildings (>30 years). The populations of these 
insects also survive for several years in the modern 
buildings. This shows that there are persistent humid 
areas in constructions where they have suitable hot-
spots and access to suitable food. The humidity is due 
to residual building moisture and the moisture levels 
in such places are so high that there is a basis for 
growth for several species, such as Aspergillus 
penicilloides and A. versicolor. It is known that both 
mould spores and insect excrements can be allergenic.  

Our results show that there is a clear pattern in the 
abnormal occurrence of mold in dust and air in 
buildings where there are plenty of moisture-
demanding insects. Thus, does the occurrence of these 
insects represent a clear risk for a negative indoor 
climate exposure. 

INTRODUCTION 

The species Ctenolepisma longicaudata (often called 
grey silverfish, giant silverfish and long-tailed 
silverfish) was first described in South Africa in 1905 
(Lindsay 1940) and has for a long time been found in 
countries with a warm climate, such as Australia 
(Lindsay 1940) and South-Africa (Heeg 1967). 
Through the last 20 years, observations of this species 
have been reported in several countries in northern 
Europe (Goodard et al. 2016, Lock 2007, Mannerkoski 
et al. 2010, Pape & Wahlstedt 2002, Schoelitsz & 
Brooks 2014). The species were observed for the first 
time in Norway in 2004 (Mattsson 2014, 2018). During 

the first years, the insect was only observed on rare 
occasions, but from 2013 the occurrence increased 
significantly (Mattsson 2018). Grey silverfish has in 
few years become a major pest organism in both 
Norwegian private homes and commercial buildings 
like offices, hotels, schools, shops, archives, and 
museums (Mattsson 2018b, 2018c). Currently, the 
grey silverfish is the most common insect species 
causing pest problems in Norway regarding the 
number of reported cases (Aak et al. 2018). 

Two other silverfish-species, Lepisma saccharina and 
Ctenolepisma calva, has also proven to have an 
increased occurrence in Norwegian buildings through 
the latest years (Mattsson 2018a, 2018b). 

Psocoptera is an order of insects with just over 80 
registered species in the Nordic countries (Svensson & 
Hall 2010). Outdoors, they live in humid environments, 
often in dense bottom vegetation. According to the 
species database in Norway and Sweden, ten of the 
Nordic psocid species have been reported to have been 
found indoors in Norway (Svensson & Hall 2010). 
Several of these species were found repeatedly in 
Mycoteam's surveys of over 70,000 glue traps from 
more than 600 Norwegian buildings (see Mattsson 
2018b). The results there shows that psocids mainly 
survive in basements, secondary floor coverings, 
carpets on damp concrete floors and similar places 
where there are stable humid conditions. 20-30 years 
ago, it was common to find psocids in new buildings ½ 
- 1 year after construction. As materials and structures
gradually dried out when the building was taken into
use and heated, the necessary moisture supply for the
insects disappeared and when the relative humidity
came below approx. 60% died quickly (Norwegian
Institute of Public Health 2006, Mattsson 2018b).

Local moisture problems in modern Norwegian homes 
are in many cases related to residual building moisture 
in diffusion-tight constructions (Mattsson 2018c). 
Both modelling of humidity due to building physics and 
actual moisture measurements has shown that 
residual moisture can remain in the modern structures 
for many years after completion (Mattsson 2018b, 
SINTEF Community 2020).  
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Results from glue trap monitoring of more than 600 
Norwegian buildings show that it is common to find 
psocids and other moisture dependent insects such as 
grey silverfish and silverfish in the areas of buildings 
that has a risk for residual moisture (Mattsson 2018b). 
The moisture dependent insects can for some period 
survive in dry conditions, but they need persistent high 
relative humidity above at least 60% RH for survival 
(Lindsey 1940, Heeg 1967a). At higher humidity values 
they have even better conditions both for survival and 
formation (Svensson & Hall 2010).  

However, humidity is not enough for survival, proper 
nutrition must be available. Silverfish species can 
digest house dust and gain suitable nutrition from dust, 
but more nutritious food is even better. The main food 
source for psocids that occur indoors is mould spores 
(Norwegian National Institute for Public Health, 2006). 
In the wild, psocids mainly feed on decaying plant 
matter, lichen, algae, and fungi (Svensson & Hall 2010). 

It is known that the presence of insects can affect the 
indoor air quality due to airborne fragments and 
excrement. In addition, the presence of mould in the 
excrements can lead to an extra load to the extent that 
these particles become airborne (Norwegian Institute 
of Public Health 2015). 

In terms of health, it is well known that insect 
excrements can be allergenic. In addition, there is also 
published medical literature that shows that there is a 
clear connection between exposure of fragments from 
both grey silverfish, silverfish and psocids, and asthma 
/ allergy reactions (Baldo & Panzni 1988, Barletta et al. 
2005, Boquete et al. 2008, Fukutoma et al. 2012). 

During monitoring and survey of grey silverfish, we 
have repeatedly been told that residents experienced 
increased asthma and allergy related health problems 
in homes where it was detected occurrence of many 
moisture-dependent insects (Mattsson 2018b). We 
have not had the opportunity to carry out any health 
examinations in these cases, so we do not have any 
direct clarification of the specific health problems. 
However, we have carried out various investigations 
and sampling of mould to clarify whether there were 
signs of the occurrence of established mould damage 
and a negative impact on the indoor climate in these 
randomly selected homes. 

MATERIAL & METHODS 

Site description 

Mycoteam provides mapping of insect populations for 
private, commercial, and governmental buildings. The 
results presented in this paper is taken from glue trap 
mappings conducted between 2017 and 2021. Mapped 
sites include dwellings, townhouses, and apartments. 
Based on an initial survey of moisture dependent 
insects indoors from approx. 600 buildings, we have 
carried out an extended moisture survey of 74 homes 
where the presence of moisture dependent insects, 
mainly grey silverfish but also psocids, has been 

detected. The homes surveyed have been of different 
types, both detached houses and apartments. 

The measurements have been made into constructions 
with suspected critical moisture values due to residual 
building moisture. 

Glue trap mappings 

The glue trap mappings were done in buildings where 
the inhabitants had observed insects (mainly grey 
silverfish) to document the size and extent of the insect 
population that was present. Therefore, the focus for 
most of the mappings presented in this study were the 
grey silverfish. The regular silverfish, L. saccharina, 
was registered when observed in the glue traps. 
Occurrence of psocid species was not initially 
systematically recorded, so they have not been 
included in the total study. The occurrence of moisture 
dependent insects, including psocids species were 
performed in six cases with a total of 286 5-6 years old 
apartments and detached houses. 

Glue traps were evenly distributed in the building, and 
it was used approx. 1 glue trap per 2 m2 of floor area. A 
Trapping index (TI) was calculated for all the mapped 
buildings and dwellings, and for individual floors 
within a building when possible. The Trapping Index is 
calculated with this formula: 

TI = No. of individuals / No. of traps used / No. of days 
traps were exposed * m2 equivalent (400)  

Mould survey 
Sampling has been adapted to what was appropriate 
in the building in question. Samples of moulds were 
taken in 73 buildings, while in one case extensive 
mould growth was observed on an indoor wall.  
Sampling methods included were sampling of 
material, dust samples extracted with tape 
(Mycotape), air sampling (Bioair and MicroBio) and 
DNA samples (Mycotape2). In 84 % (n = 58) of cases, 
visual observation of mould growth and one or 
several sampling techniques were used.  

Mycotape2 is used for analysis of dust deposited on a 
horizontal surface. Sampling is intended as an indoor 
climate control as deposited dust must be assumed to 
have been in the indoor air. Identification and 
quantification of DNA from fungi in general, and 
selected moulds and actinobacteria is done by qPCR 
(quantitative polymerase chain reaction). DNA 
analysis of the dust is performed to assess the presence 
of fungi and certain bacteria (Streptomycetes). The 
method used identifies and quantifies various bacteria 
and fungi in the indoor environment, including species 
that are good indicators of moisture damage and 
growth of moulds in structures. The method is adapted 
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to northern European conditions. Quantities and types 
of fungi in the dust are used in the assessment. 

The assessment is based on a four-part scale that 
indicate deviations from what is expected. The scale is 
based on degrees of damage from the Norwegian 
Standard, Condition Analysis for Buildings, NS3424. 
The background for the assessment is based on 
Mycoteam's experience (Table 1). 

Table 1. Overview of measures and consequences. 

Degree of 
deviation 

Deviation Consequ
ences 

Measures 

0 Normal None None 

1 Small 
deviation 

Small Can be assessed 

2 Medium 
deviation 

Medium Should be 
considered 

3 Large 
deviation 

Large Measures must be 
taken 

In this article we have combined results categorized as 
“normal” and “small deviation” in one group.  

RESULTS 

Occurrence of moisture dependent insects 

In our glue trap mappings of in total 598 buildings and 
dwellings, the grey silverfish was present in 527. In 87 
sites, both the grey silverfish and the regular silverfish 
were present (tab 2).  

Table 2. Occurrence of silverfish and grey silverfish in 598 
examined homes. 

No. of sites 

Grey silverfish present 527 

Silverfish present 151 

Both present 87 

Only grey silverfish  440 

Only silverfish 64 

In buildings where the glue trap mappings covered 
several floors (n=283), the trapping index (TI) were 
higher in the lowest floor in 230 (81 %) of the mapped 
buildings (fig 1). The lowest floor had a significantly 
higher trapping index than the floor above (Wilcoxon 
Signed Rank Test, p<0,05). The same pattern was 
observed for silverfish, where 23 of 26 buildings had a 
bigger trapping index on the lowest floor compared 

with the floor above (fig 2) (Wilcoxon Signed Rank 
Test, p<0,05).  

Figure 1. Trapping index for grey silverfish (C. longicaudata) 
on the bottom floor and the floor above. 

Figure 2. Trapping index for silverfish (L. saccharina) on the 
bottom floor and the floor above.  

A survey of 286 apartments and detached houses 
showed that moisture dependent insects can be very 
frequently if the microclimatic conditions are 
favorable. In many of the examined homes both grey 
silverfish and psocids were common (tab 3). 

Table 3. Results from survey of moisture dependent insects 
in 286 homes. 

Building 
type 

Age 

(years) 

No. of 
home
s 

Grey 
silverfish 

(% of total 
units) 

Moisture 
dependent 
species 

(5 of total 
units) 

Apartment 
block 

5 53 53% 91% 
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Apartment 
block 

6 50 96% Not 
analysed 

Apartment 
block 

5 52 69% 95% 

Detached 
houses 

5 54 74% 100% 

Detached 
houses 

5 20 86% 100% 

Detached 
houses 

3 57 84% 97% 

Mould survey 

In our follow-up inspection of 74 different homes 
(detached houses, terraced houses, block of flats), we 
have seen that in 18 (24%) of the cases there was no or 
little occurrence of deviating of mould-DNA values in 
the samples. In 17 (23%) of the homes there was a 
medium deviation and in 39 (53%) a large deviation of 
quantities and / or types of mould fungi (fig. 4).  

Figure 4. Results from mould sampling and observation of 
mould growth in 74 homes with documented occurrence of 
moisture-dependent insects. 
An illustration on these results is shown from six 
similar buildings with extensive occurrence of grey 
silverfish and psocoid species. The analysis revealed 
that it was large deviations of mould-DNA in three 
buildings and medium deviations in the other three 
(tab 5). 

DNA analysis of psocids from other homes has shown 
a clearly different occurrence of mould species - both 
in terms of species and quantities (tab 4). There were 
typical mould species such as that is well known for 
growth at moisture problems indoors. 

Table 4. Example on mould-DNA in psocid individs that was 
catched on gluetrap in a modern dwelling. Green = small 
deviation, yellow = medium deviation and red = large 
deviation compared with a “normal” building. 
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Streptomyces sp. 

Cladosporium sphaerospermum 

Cladosporium cladosporioides 
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Mucor sp., Rhizopus sp. 
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Cladosporium herbarum 

DNA all fungi 

DNA-profile overall assessment 

Healthy Buildings 2021 – Europe

- 248 -



DISCUSSION 

Distribution of insects 

As the glue trap mappings have been done in buildings 
where the owner or inhabitant has observed insects 
and hired Mycoteam to document the population, the 
large share of buildings with an occurrence of either 
grey silverfish or silverfish is to be expected. In fact, 
only in 7 of the 598 mapped buildings, neither species 
were registered. 

We did not carry out a systematic registration of psocid 
species in the beginning when we analysed glue traps. 
Eventually, when we discovered that there was a 
regular occurrence of psocids in the glue traps, they 
were also included in the analysis results. We have now 
seen that psocids have a similarly frequent occurrence 
in buildings as grey silverfish and they also occur in the 
same areas. Ecological studies on a laboratory 
population of the psocid Liposcelis bostrychophila 
showed that humidity levels beneath 60 % relative 
humidity is critical to their survival, and the optimal 
relative humidity is about 80 % (Wang et al. 1999). 
Occurrence implies by that reason important 
information about microclimatic conditions in 
adjacent areas and constructions (Baz & Monserrat 
1999, Kort 1990). 

Although moisture dependent species like the grey 
silverfish and silverfish to varying degrees can be 
found for a short time in different rooms and floors in 
connection with search for suitable food and possible 
microclimatically favourable habitats, they are 
dependent on having a hotspot in permanently humid 
environments. By that reason there is greater activity 
of these individuals close to these places. 

Our data from mappings in buildings with more than 
one story clearly shows that populations tend to be 
bigger in the lower floors. This is expected since the 
diffusion-tight constructions with residual building 
moisture is found at least in the lowest floor, such as 
concrete floor on the ground and concrete floor 
dividers higher in multistore apartment buildings. 

Mould as food source for insects 

Grey silverfish can among other nutrition sources feed 
on mould fungi (Lindsey 1940).  

Psocids are known to feed on fungi in the wild 
(Svensson & Hall 2010). The species Liposcelis 
bostrychophila has been described as a major 
household pest of farinaceous products in several 
countries (Turner, 1986), and one can rear psocids in a 
lab without adding fungi or yeast to the diet (see for 
example Opit & Turner 2009). However, Green & 

Turner (2005) showed that L. bostrychophila preferred 
a diet with yeast added to it and says that “This provides 
evidence that booklice are associated with substrates 
contaminated with saprophytic organisms and fungi 
because they are attracted to these areas.” In addition, a 
diet consisting of wheat and brewer’s yeast produced 
significantly higher population numbers for three 
Liposcelis species compared to other diets (Nayak & 
Collins, 2001). In our glue trap mappings, we did not 
see any pattern regarding the occurrence of psocids 
and areas such as kitchens or other rooms one expects 
to find starchy foods or farinaceous products. On the 
other hand, the psocids had the same occurrence 
pattern as the silverfish species (Mattsson 2018b). 

Our analyses of intestinal contents on grey silverfish 
and psocids show clearly that they had a significant 
occurrence of several mould species. The detected 
mould species does not occur in dry buildings but are 
typically found in moisture damage indoors (Mattsson 
2004, Mattsson et al, 2014). 

Ecological studies of the Psocid species Liposcelis 
brunnea, L. rufa, L. pearmani, and Lepinotus reticulatus 
confirm that they are dependent of persistent high 
relative humidity above 60-65% relative humidity 
(Rees & Walker 1990). Several of these species have 
been detected in glue traps while monitoring grey 
silverfish in Norway. Psocids that lives indoors except 
for those who feed on farinaceous products, is known 
for a specific requirement for mould fungi as nutrition 
(Svensson & Hall 2010). Thus, the frequent occurrence 
of psocids strongly indicates occurrence of hidden 
mould growth in adjacent structures. 

Mould, insects, and indoor air quality 

The extensive mapping of moisture-dependent insects 
in the form of glue trap capture and microclimatic 
moisture surveys has clearly shown that they survive 
and multiply in connection with constructions that 
have a persistent relative humidity above at least 60% 
relative humidity. We have also seen that there can 
often be even higher moisture values from 75-80% RH 
and higher. Under such moisture conditions, there are 
favourable growth conditions for several mould 
species. In addition, it is likely that there may have 
been even higher moisture values during the 
construction phase and the first time afterwards in 
connection with a drying phase (Mattsson 2018b). It is 
possible that mould growth may also have occurred 
during this time. 

In a normal, dry building, there is no growth basis for 
mould fungi. Therefore, unnormal amounts or types of 
mould are not expected when sampling in room air or 
deposited dust in such buildings. At sampling of mould 
fungi, it must always be considered that mould spores 
in samples may have come in from outdoor air, from 
local sources such as soil in flowerpots, mouldy fruit as 
well as from established mould damages in 
constructions. These spores can occur in both the air 
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and deposited on surfaces. Species composition and 
extent of detected spores must therefore be assessed 
in relation to probable origin in each individual case. In 
our investigations, we have assessed proven values in 
relation to whether they have an origin in established 
mould damages or accidental occurrence.  

In our follow-up inspection of 74 different homes 
(detached houses, terraced houses, block of flats), we 
have seen that in 18 (24%) of the cases there was no or 
little occurrence of deviating of mould values in the 
samples. In remaining 56 (74%) homes there was a 
medium or large deviation of quantities and / or types 
of mould fungi. This is a clearly deviating result in 
relation to the expected result if the origin of the mould 
from outdoor air or natural local sources. This clearly 
indicates that the source of the detected quantities and 
types of moulds is due to a spread from local areas with 
growth of mould fungi in adjacent structures. 

Commonly found species, such as A. penicilloides and A. 
versicolor grows typically in areas with normal room 
temperature (20-25 °C) and a relative humidity of 78-
85%. Such conditions are normally found under water 
barriers on concrete floors and adjacent parts of 
partitions and outer walls (Mattsson & Austigard 2014, 
Mattsson 2018c). Because these are areas that are not 
visible on normal inspection, any mould damage in 
such places will not be detected without destructive 
examinations. The consequence of this is that such 
mould damages remain undetected. 

The examined buildings were relatively new (< 20 
years old). They had all detected occurrence of 
moisture dependent insects, but no visible sign of 
moisture problems or mould damages. This should 
mean that one does not expect any deviating values of 
mould fungi in samples from there. Despite this, our 
analysis shows an unexpected deviations of mould 
spores and fragments in buildings with moisture 
dependent insects.  

We have not done any evaluation of possible health 
effect of the detected amounts of mould, but we 
consider it likely that this may have a negative effect on 
the indoor climate. 

The actual presence of the insects shows that there is a 
persistent moisture load in the constructions. They are 
thus a symptom of an underlying moisture problem 
that may include other issues such as the growth of 
mould and any physical and chemical effects on 
materials. Our recommendation is thus that the 
presence of moisture-dependent insects should be 
considered in indoor climate assessments. At the same 
time, the insects can be used as a possible warning sign 
that there are critical conditions regarding moisture 
and mould that should be investigated and possibly 
repaired to ensure a good indoor climate in the 
building. 

In addition, it is well known that insect faeces can be 
allergenic (Baldo & Panzani 1988). There is also 
scientifically published medical literature that shows 

that there is a clear connection between exposure of 
fragments from both grey silverfish, silverfish and 
psocids and allergic reactions (Baz A, Monserrat VJ, 
1999, Barletta et al. 2005, Boquete et al. 2008). 

Building physics 

The findings show that the grey silverfish and psocids 
have a more abundant occurrence in some parts of the 
building. Since the species has specific requirements to 
ecological conditions (Lindsey 1949, Heeg 1967a and 
1967b, Kort 1990), and it is in the same area where 
most of the insect activity has been detected in our 
surveys (Mattsson 2018b). This occurrence helps us to 
interpret and understand minute details in humidity 
and temperature that otherwise can be challenging to 
understand (Mattsson 2018). This has also been 
described by Ntanos & Van Snick (2011), who discuss 
the importance of understanding the microclimate to 
predict risk for biodeterioration and understand the 
causes for established damage. Doyle et al. (2007) 
combines the characteristics of building physics and 
the actual collections that are stored in the building to 
define risk zones for various levels of risk for insect 
damage.  

CONCLUSIONS 

• Extensive occurrence of moisture-dependent
insects in buildings shows that it is favorable
moisture conditions in certain constructions in
modern buildings.

• Analysis have shown clear deviation of mould-DNA
in accumulated dust in buildings with many
moisture-dependent insects.

• Although the presence of moisture-dependent
insects does not directly say anything about the
indoor air quality regarding mould fungi, one
should be aware of the risk of this connection.
Thus, one should be extra aware of the danger of a
negative impact on the indoor air quality in cases
of a rich occurrence of moisture-dependent insects
in homes.

• To clarify whether there is a specific problem in
such buildings, local investigations and
assessments must be made.
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Figure 5. DNA-analysis of mould fungi in dust samples taken with Mycotape2 in six homes. Green colour represent small 
deviation, yellow = medium deviation and red = large deviation. 
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ABSTRACT 

During the last decades, the presence of moulds in the 
indoor environment has raised concern regarding 
their potential adverse health effects. The genera 
Aspergillus, Cladosporium, Penicillium, Alternaria and 
yeasts, the most common fungi found indoors, include 
species with a high allergenic and toxic potential. 
Identification of these moulds is generally performed 
by microscopy. However, this method rarely enables 
identification to the species level. In order to increase 
the accuracy of identification, MALDI-TOF MS analysis 
can be performed. In this study, 104 fungal air and dust 
isolates from 27 dwellings in Brussels were identified 
by both microscopy and MALDI-TOF MS analysis. A 
comparison of results obtained with both methods 
indicates an increased precision in identifications with 
MALDI-TOF MS analysis, emphasizing its highly added 
value to the standard microscopic analysis in routine 
practice. 

INTRODUCTION 

The quality of indoor air has become a subject of great 
interest as people are spending most of their time 
indoors (Cincinelli & Martellini, 2017). Biological 
pollutants such as moulds however can affect this air 
quality and can cause adverse health effects as fungal 
particles such as spores but also smaller fragments 
such as secondary metabolites (mycotoxins, allergens, 
fungal volatile organic compounds, …) can induce 
allergic, toxic or infectious effects (Fréalle et al., 2017). 
The genera Aspergillus, Cladosporium, Penicillium, 
Alternaria and yeasts are the most common fungi 
found indoors (Moldoveanu, 2015). A selected number 
of species within these genera have a high allergenic 
potential and can produce a significant amount of 
mycotoxins, capable to provoke adverse health effects 
in humans like allergic sinusitis, allergic rhinitis, 
allergic asthma, atopic dermatitis, mycotoxicose or 
hypersensitivity pneumonitis. In addition, some 
species within these genera are also capable of causing 
invasive infections such as candidiasis or invasive 
aspergillosis (Fromme et al., 2016; Fukutomi & 
Taniguchi, 2015; Mousavi et al., 2016; Simon-Nobbe et 
al., 2008). In the case of immunocompromised 
patients, the presence of these species indoors can 

represent an enormous health threat. Besides the 
specificity of action and pathologies related to some 
specific moulds, the patient’s health background has to 
be taken into account as well while investigating 
adverse health effects that can be caused by mould 
problems indoors (Janbon et al., 2019) 

As health effects caused by moulds can be dose-
response related (Mendell & Kumagai, 2016), the 
quantification of the loads of the different mould 
species indoors is important. The latter also allows to 
compare the mould species diversity and their 
quantities indoors with the situation outdoors, being 
required in order to asses a potential indoor air mould 
contamination. Therefore, a reference sample of the 
outdoor environment, defining the mould species 
diversity and their quantities outdoors is always 
necessary (ANSES, 2016). 

Regarding this and the ability of certain mould species 
to cause specific symptoms and illnesses, it is 
necessary to seek for fast and accurate tools, enabling 
an identification to the species level in order to guide 
general practitioners in their search for the underlying 
cause of a health problem. 

Identification of moulds found in the indoor 
environment is generally performed by microscopy. 
This standard method has, however, some limitations 
as it needs mycologists with high expertise while 
identification is often limited to the genus level (Fréalle 
et al., 2017; Vesper, 2010). Molecular methods can 
offer relief (Fréalle et al., 2017). However, DNA based 
analysis techniques such as polymerase chain 
reactions are limited in the panel of species they can 
identify and multi-locus gene sequencing (the “gold 
standard” for the identification of filamentous fungi) is 
very expensive, time consuming and prone to 
environmental contamination. An alternative method 
is matrix-assisted laser desorption/ionization time-of-
flight mass spectrometry (MALDI-TOF MS), offering 
the advantage of being fast, easy to perform and cost-
effective (Becker et al., 2014; Hendrickx, 2017). This 
analysis method has been used since the beginning of 
this century for the identification of bacteria, yeasts 
and moulds (Hendrickx, 2017). The principle of 
MALDI-TOF MS is based on the ionisation of fungal 
proteins by a laser, followed by the creation of a 
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spectrum, representing a species specific protein 
fingerprint. This spectrum is compared to a database of 
reference spectra and the similarity between the 
spectra is expressed in the form of a reliability index 
(“logscore”) (Alanio et al., 2011; Cassagne et al., 2011; 
Hendrickx, 2017). 

In order to increase the accuracy of identification, 
MALDI-TOF MS can be an added value to microscopy. 
The results of both microscopic and MALDI-TOF MS 
analyses will be compared to highlight the added value 
of MALDI-TOF MS to the identification of moulds and 
to validate the accuracy of the microscopic 
identifications. 

METHODS 

In collaboration with Brussels Environment 
RCIB/CRIPI (Regional Intervention Cell for Indoor 
Pollution), Sciensano’s (Brussels, Belgium) Indoor 
Mycology unit performs measurements of fungal 
contaminations in Brussels dwellings in order to assess 
a link between a potential indoor air pollution and 
people’s health problems. RCIB/CRIPI processes 
surveys in dwellings, sampling indoor air, dust, settled 
dust on furniture and visible contaminated surfaces in 
various rooms, especially those where the patient 
spends a noticeable amount of time. In addition, the 
outdoor air is always sampled as a reference. 

Air and dust samples used for this research were 
collected by the RCIB/CRIPI team between 28 May 
2019 and 01 December 2020 during investigations in 
27 dwellings in Brussels. The air was sampled by a 
RCS+ impactor (volume of 80L). Air samples were 
incubated for 5 days at 25°C and grown on HS culture 
media (Rose Bengal agar + chloramphenicol). The dust 
was sampled by a vacuum cleaner containing a filter 
(filter « 3M filtrete » MC/US/diam 57 mm/PB). Dust 
samples were resuspended into a solution of Tween 
80% and then poured in two culture media: MC (Malt 
extract agar + chloramphenicol) to search for 
hydrophilic moulds and M40Y+NaCl (Malt extrac agar 
+ chloramphenicol + sodium salt) to search for
xerophilic moulds. They were then incubated for 7
days at 25°C. After incubation and counting of the
colonies for each sample, morphological identifications
were performed for all the colonies grown on the
culture media. The identifications were performed by
observation of the macroscopic and microscopic
characteristics of the colonies grown on the media.

For the colonies that could not be identified 
microscopically or in the cases where identification to 
the genus level or species complex level was not 
sufficient, a complementary MALDI-TOF MS analysis 
was performed.  

In order to perform MALDI-TOF MS analysis, 
subcultures of 104 colonies were grown on SC culture 
medium (sabouraud chloramphenicol agar) by 
incubation during 3 to 4 days at 25°C. Samples were 
prepared and analysed following the method 

described for MALDI-TOF MS analysis in Becker et al. 
(2015), except from the identification with DNA 
analysis that was not performed in our study. 

The obtained spectra were compared with the in-
house created reference database containing over 
1700 strains of the BCCM/IHEM fungal collection 
(https://msi.happy-dev.fr/login/). Logscore values 
were provided to express the similarity between the 
obtained spectra and the reference spectra from the 
database. Logscores are used to indicate that according 
to the manufacturer, a logscore <1.7 corresponds to an 
unreliable identification, a logscore between 1.7 and 
1.99 indicates acceptable genus identification while a 
logscore equal to or above 2.0 indicates acceptable 
species level identification (Becker, 2014). 

RESULTS 

A total of 104 isolates including 18 yeasts and 86 
filamentous fungi were analysed. 

Microscopic analysis indicated 18 isolates as yeast 
species and allowed identification to the genus level for 
47 of all the isolates analysed. Only 34 isolates could be 
identified to the species complex level. Four moulds 
could not be identified by microscopy and one was 
indicated as sterile mycelia. No isolate was identified to 
species level. 

Analysis by MALDI-TOF MS identified 100 of the 104 
isolates with a logscore > 1,7. Out of the 100 isolates, 
94 were identified to the species level with a logscore 
> 2,0. For 6 isolates, identification was limited to the
genus/section level with a logscore between 1,7 and
2,0. Only 4 isolates  could not be identified by MALDI-
TOF MS analysis.

The results of the identifications by both methods can 
be found in Table 1. 

Compared to microscopic analysis, MALDI-TOF MS 
resulted in a more precise identification for 100 
isolates (96%). Of the 65 isolates identified to the 
genus level or as belonging to yeasts and of the 34 
isolates identified to the species complex level with 
microscopy, 58 and 29 respectively were confirmed as 
correctly identified when compared to the results 
obtained by MALDI-TOF MS analysis. The 29 correct 
microscopic identifications to the species complex 
level included 15 Cladosporium isolates (10 
Cladosporium herbarum gr., 4 Cladosporium 
cladosporioides gr. and 1 Cladosporium 
sphaerospermum gr.) and 14 Aspergillus isolates (5 
Aspergillus versicolor gr., 3 Aspergillus fumigatus gr., 3 
Aspergillus flavus gr., 1 Aspergillus glaucus gr., 1 
Aspergillus niger gr., 1 Aspergillus restrictus gr.) 
Microscopic identification of the 32 Penicillium isolates 
was limited to the genus level whereas yeasts were 
only referred to as "yeast species". In contrast, MALDI-
TOF MS indicated a diversity of 10 different Penicillium 
species and 6 different yeasts species. Two isolates 
identified microscopically as yeasts could not be 
identified by MALDI-TOF MS (Table 1).  
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Of the 4 isolates that could not be identified by 
microscopy, MALDI-TOF MS analysis identified 3 
isolates to the species level (Hormographiella 
verticillata, Exophiala sideris and Plectosphaerella 
cucumerina) and 1 to the genus level 
(Parengyodontium species) (Table 1). MALDI-TOF MS 
analysis indicated 5 microscopic misidentifications to 
the species complex level. Two isolates identified as 
Cladosporium sphaerospermum gr. by microscopy were 
identified by MALDI-TOF MS as Cladosporium 
delicatulum and Cladosporium europaeum, both 
members of the Cladosporium cladosporioides species 
complex. Another isolate microscopically identified as 
Cladosporium herbarum gr. was identified as 
Cladosporium westerdijkiae (Cladosporium 
cladosporioides gr.) with MALDI-TOF MS. Within the 
genus Aspergillus, 2 microscopic identifications proved 
wrong with MALDI-TOF MS: an Aspergillus ochraceus 
gr. isolate turned out to be Aspergillus flavus and an 
isolate of Aspergillus flavus gr. was identified as 
Aspergillus persii (Aspergillus ochraceus gr.) (Table 1).  

In addition, 1 microscopically identified Alternaria 
isolate was identified as Pseudopithomyces species 
with MALDI-TOF MS analysis. One isolate identified as 
Paecilomyces species with the microscope was 
Taloromyces wortmanii according to MALDI-TOF MS 
and 2 Acremonium isolates were identified as 
Acrodontium crateriforme and Calcarisporium species 
with MALDI-TOF MS (Table 1).  

DISCUSSION

A comparison between identifications performed by 
microscopic analysis and MALDI-TOF MS analysis 
highlights their difference in accuracy of identification. 
Microscopic analysis did not allow an identification to 
the genus level for none of the yeast isolates analysed 
and almost half of all microscopic identifications in this 
study were limited to an identification to the genus 
level. Less than one third of the isolates could be 
identified to the species complex level by microscopy. 
These findings highlight the difficulty of species 
differentiation within genera and within species 
complexes based on morphological characteristics. 
Indeed, species within most genera of moulds are often 
hard to differentiate, especially when it comes to 
specific structures such as spores (Vesper, 2010). 
Moreover, Penicillium isolates can hardly be identified 
to the species level and yeasts cannot be further 
identified by the standard microscopic method 
(Barton, 2010; Reboux et al., 2019), as indicated by the 
results in our study.  

In contrast, MALDI-TOF MS analysis allowed for 
identification to the species level for most of the 
isolates (90%) analysed. The latter method enabled 
insight into the diversity of Penicillium found in the 
sampled dwellings. Over 65% of all Penicillium isolates 
identified by MALDI-TOF MS analysis appear to belong 
to P. chrysogenum, P. brevicompactum, P. crustosum 
and P. rubens with P. chrysogenum accounting for more 

than one third of all identifications, the latter being 
consistent with the study of Reboux et al. (2019). 
Indeed, P. chrysogenum is often put forward as the 
most common Penicillium species found in dwellings 
and is considered as an important cause of allergic 
reactions. In addition, together with P. 
brevicompactum, it is capable of producing numerous 
mycotoxins (Fromme et al., 2016; Reboux et al., 2019; 
Simon-Nobbe et al., 2008). In accordance with the 
results for Penicillium species, MALDI-TOF MS analysis 
also demonstrated a wide diversity of yeast species 
found in the indoor environment of Brussels dwellings 
analysed in this study. Rhodotorula mucilaginosa was 
the most present, followed by Naganishia diffluens, 
Debaryomyces hansenii and Saccharomyces cerevisiae, 
the latter three being equally present. Of them, 
Saccharomyces cerevisiae can be implicated in allergic 
reactions such as atopic dermatitis and Rhodotorula 
mucilaginosa is also able to produce allergens (Simon-
Nobbe et al., 2008). Naganishia diffluens can be an 
exacerbating factor in atopic dermatitis (Zhang et al., 
2011) while Debaryomyces hansenii seems to be rarely 
associated with health problems in humans 
(Fitzpatrick & Butler, 2010). 

In addition to the few species specific microscopic 
identifications, several microscopic misidentifications 
occurred as well, i.e. between A. flavus and A. ochraceus, 
and between the species complexes of C. herbarum, C 
cladosporioides and C. sphaerospermum. Moreover, as 
for Penicillium, some Aspergillus and Cladosporium 
isolates could not be identified further than the genus 
level by microscopy.  

Cladosporium herbarum gr. and C. cladosporioides gr. 
accounted for over 90% of all Cladosporium isolates 
analysed in this study. These results are in accordance 
with the findings of Segers et al. (2015), who identified 
C. sphaerospermum gr. as the less frequent
Cladosporium species complex found in indoor air.
Three isolates of the species complex Cladosporium
cladosporioides were microscopically misidentified,
one with the species complex Cladosporium herbarum
and two with Cladosporium sphaerospermum gr.
Although all three species complexes are known to
produce allergenic proteins (Fromme et al., 2016;
Fukutomi & Tanigushi, 2015), their relative presence
is often not equal in indoor and outdoor environments,
especially not in poorly ventilated houses (Segers et al.,
2015). Therefore, an accurate identification of
Cladosporium to the species level is very important in
order to trace for a potential indoor contamination.

Considering Aspergillus, as both allergic and toxic 
reactions are mainly caused by A. fumigatus, A. flavus, 
A. niger and A versicolor (Fromme et al., 2016,
Fukutomi & Tanigushi, 2015; Reboux et al., 2010;
Simon-Nobbe et al., 2008), an accurate identification to
the species level is of high importance for this genus as
well.
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Table 1. Identifications of the isolates by MALDI-TOF MS versus microscopy, including origin of isolates

Only a few environmental isolates (4%) could not be 
identified by MALDI-TOF MS analysis, which could be 
explained by the dominance of spectra from clinical 
isolates and the lack of environmental isolates in the 
current MALDI-TOF MS databases (including our in-
house database). However, in order to strengthen this 
identification tool, our in-house database is currently 

being expanded with spectra of environmental isolates 
(using DNA extraction and sequencing).  

The results in our study demonstrate the enormous 
capacity of MALDI-TOF MS in identifying fungal air and 
dust isolates to the species level. In contrast to 
morphological observations, MALDI-TOF MS is an 
automated tool, yielding results with a high objectivity 
level. In addition, the accuracy of MALDI-TOF MS is 

Genus / species complex 
MALDI-TOF MS identification 

(number of isolates) 
Microscopic identification 

(number of isolates) 
Isolate 
origin 

Penicillium 

Penicillium species 

Penicillium chrysogenum (10), Penicillium brevicompactum 
(4) Penicillium crustosum (4), Penicillium rubens (3), Penicillium

frequentans (2), Penicillium fellutanum (2), Penicillium 
bialowiezense (2), Penicillium griseofulvum (1), Penicillium olsonii 

(1), Penicillium species (section aspergilloides) (1), Penicillium 
species (brevicompactum gr.?) (1) 

Penicillium species (31) Indoor air 

Penicillium polonicum (1) Penicillium species (1) Dust 
Cladosporium 

Cladosporium herbarum gr. 

Cladosporium allicinum (8) 
Cladosporium herbarum gr. (7), 

Cladosporium species (1) 
Indoor air 

Cladosporium aggregatocicatricatum (2) Cladosporium herbarum gr. (2) Indoor air 

Cladosporium ramotenellum (2) 
Cladosporium herbarum gr. (1), 

Cladosporium species (1) 
Indoor air 

Cladosporium 
cladosporioides gr. 

Cladosporium westerdijkiae (1) Cladosporium herbarum gr. (1) Indoor air 
Cladosporium inversicolor (1) Cladosporium species (1) Indoor air 

Cladosporium delicatulum (3) 
Cladosporium cladosporioides gr. (2), 

Cladosporium sphaerospermum gr. (1) 
Indoor air 

Cladosporium cladosporioides (1) Cladosporium cladosporioides gr. (1) Indoor air 
Cladosporium pseudocladosporioides (1) Cladosporium cladosporioides gr. (1) Indoor air 

Cladosporium europaeum (1) Cladosporium sphaerospermum gr. (1) Indoor air 

Cladosporium 
sphaerospermum gr. 

Cladosporium halotolerans (1) Cladosporium species (1) Indoor air 
Cladosporium sphaerospermum (1) Cladosporium sphaerospermum gr. (1) Indoor air 

Aspergillus 
Aspergillus fumigatus gr. Aspergillus fumigatus (3) Aspergillus fumigatus gr. (3) Indoor air 
Aspergillus versicolor gr. Aspergillus creber (3), Aspergillus sidowii (2) Aspergillus versicolor gr. (5) Indoor air 

Aspergillus flavus gr. Aspergillus flavus (4) 
Aspergillus flavus gr. (3), Aspergillus 

ochraceus gr. (1) 
Indoor air 

Aspergillus niger gr. Aspergillus tubingensis (3) 
Aspergillus niger gr.(1), Aspergillus 

species (2) 
Indoor air 

Aspergillus glaucus gr. Aspergillus pseudoglaucus (2) 
Aspergillus glaucus gr. (1), Aspergillus 

species (1) 
Indoor air 

Aspergillus ochraceus gr. Aspergillus persii (1) Aspergillus flavus gr. (1) Indoor air 

Aspergillus nidulans gr. Aspergillus nidulans (1) Aspergillus species (1) Indoor air 

Aspergillus restrictus gr. Aspergillus restrictus (1) Aspergillus restrictus gr. (1) Dust 

Aspergillus species (section nidulantes) (1) Aspergillus species (1) Indoor air 

Yeasts 
Rhodotorula mucilaginosa (4), Debaryomyces hansenii (3), 

Saccharomyces cerevisiae (3),  Naganishia diffluens (3), Candida 
parapsilosis (1), Starmerella etchellsii (1) 

Yeast species (15) Dust 

Rhodotorula mucilaginosa (1) Yeast species (1) Indoor air 
Other species 

Pseudopithomyces species (1) Alternaria species (1) Indoor air 
Hormographiella verticillata (Caprinellus domesticus) (1) Not identified (1) Indoor air 

Exophiala sideris (1) Not identified (1) Dust 
Plectosphaerella cucumerina (1) Not identified (1) Indoor air 

Taloromyces wortmanii (1) Paecilomyces species (1) Indoor air 
Botrytis cinerea (1) Botrytis species (1) Indoor air 

Parengyodontium species (1) Not identified (1) Indoor air 
Acrodontium crateriforme (1) Acremonium species (1) Indoor air 

Calcarisporium species (1) Acremonium species (1) Indoor air 

Not identified (4) 
Sterile mycelia (1), Penicillium species 

(1), yeast species (2) 
Indoor air 
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increased here by applying our in-house created 
reference database, containing only highly controlled 
fungal strains from the BCCM/IHEM collection, both 
ISO9001 certified and ISO17025 accredited (Becker et 
al., 2014; 2015). These findings make MALDI-TOF MS a 
highly added value to microscopy in the identification 
of fungal isolates in routine analyses in our lab. 

CONCLUSION 

 The comparison of species diversity indoors versus
outdoors can help to guide general practitioners in
their search for the underlying cause of a health
problem.

 A comparison between identifications of fungal
isolates performed by microscopic analysis and
MALDI-TOF MS analysis highlights the higher
accuracy of the latter.

 The automated and objective MALDI-TOF MS tool
can be a highly added value to the time-consuming
standard microscopic analysis in routine practice
aiming to identify moulds from dwellings.

 MALDI-TOF MS databases, being mostly built on
spectra from clinical isolates, should be extended by
including environmental isolates in order to
strengthen the identification tool.
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ABSTRACT	
Within	 the	 last	 decade,	 fungal	 infestations	 have	
emerged	 in	 Danish	museum	 repositories	 challenging	
museum	staff's	health	and	heritage	preservation.	The	
growth	 is	 unexpected,	 as	 most	 repositories	 are	
climate-controlled,	 according	 to	 the	 international	
guidelines	 for	 heritage	 collections.	 This	 pilot	 study	
aims	 to	 enlighten	unexpected	 fungal	 growth	 in	 three	
climate-controlled	 repositories.	 The	 environmental	
conditions	 were	 assessed	 with	 measurements	 of	
relative	 humidity	 (RH),	 temperature,	 and	 material	
moisture	 content	 (MC),	 showing	 no	 evidence	 of	
elevated	 moisture.	 Morphological	 and	 molecular	
identification	showed	the	growth	of	A.	halophilicus,	A.	
domesticus,	A.	 magnivesiculatus	 and	A.	 vitricola;	 four	
xerophilic	 fungi	 able	 to	 grow	 at	 low	 water	 activity.	
Except	for	these	species,	none	of	the	detected	airborne	
species	gave	rise	to	growth.	The	growth	of	xerophilic	
fungi	 is	 inexplicable	 but	 may	 be	 associated	 with	 a	
revision	of	the	international	environmental	guidelines	
for	heritage	 collections	expanding	 the	RH	range.	The	
study	questions	if	the	revision	adequately	prevents	the	
risk	of	fungal	growth	to	ensure	heritage	preservation	
and	the	occupational	health	of	the	museum	staff.			

INTRODUCTION	
Museums	have	a	leading	role	in	preserving	the	tangible	
and	 intangible	 heritage	 of	 extinct	 nature	 and	 human	
cultures	 for	 posterity	 and	 communicating	 history	 to	
people	 and	 society.	 To	 meet	 this	 obligation,	 most	
heritage	collections	are	stored	in	museum	repositories	
serving	 as	 documentation	 of	 history	 from	 ancient	 to	
present	 and	 as	 sources	 for	 future	 research	 and	
dissemination	(ASHRAE,	2019;	Elkin	and	Norris	2019).	
Fungal	 infestations	 have	 become	 an	 increasing	
problem	in	heritage	collections	in	museums,	galleries,	
and	 archives	 (Ranalli	 et	 al.	 2009,	 Sterflinger,	 2010;	
Sterflinger	&	Piñar,	2013).	In	Denmark,	the	growth	is	
unexpected	 since	 the	 relative	humidity	 (RH)	 in	most	
repositories	 is	 controlled	 according	 to	 international	
environmental	 guidelines	 for	 preserving	 heritage	
collections	(ASHRAE,	2019;	Kerschner,	2013).		
The	environmental	guidelines	for	heritage	collections	
have	been	an	ongoing	discussion	among	conservators	
and	 conservation	 scientists	 for	 more	 than	 30	 years.	
Based	on	Garry	Thomson's	work	"The	Museum		

Environment"	 (Thomson	 et	 al.,	 1978,	 1986),	 and	
interpretations	 of	 research	 on	 the	 ageing	 of	
hygroscopic	 materials,	 the	 consensus	 has	 been	 to	
maintain	RH	strictly	controlled	in	the	range	of	50	±	5%	
RH	and	20-21	±	2oC	(reviewed	by	Atkinson,	2014).	In	
the	 last	 decade,	 the	 heritage	 society	 has	 argued	 that	
these	 strict	 setpoint	 values	 should	 be	 expanded	 to	
values	less	energy-intensive	(Ashley-Smith	et	al.,	2013;	
ASHRAE,	 2019;	 Atkinson,	 2014;	 Bickersteth,	 2014;	
Staniforth,	 2014).	 The	 discussions	 have	 led	 to	 an	
agreement	on	keeping	the	temperature	(T)	in	the	range	
of	15-25oC	and	RH	in	the	range	of	40-60%	(Bickersteth,	
2014;	Kerschner,	2013).	The	2019	ASHRAE	Handbook	
advise	RH	35-65%	with	no	limits	of	T	supported	by	the	
British	 Standard	 (ASHRAE,	 2019;	 British	 Standard,	
2012),	while	The	European	Standards	do	not	define	RH	
and	 T	 more	 precisely	 than	 "high"	 and	 "low"	 levels	
(European	Standard,	2010;	European	Standard,	2013;	
European	 Standard,	 2018).	 Revising	 the	 guidelines	
provides	 more	 sustainable	 storage	 of	 heritage	
collections	 by	 reducing	 the	 energy	 consumption,	 the	
carbon	footprint	and	the	cost.	However,	 it	 is	not	well	
researched	whether	the	revision	increases	the	risk	of	
fungal	growth	in	the	heritage	collections.		
When	fungal	growth	develops	in	heritage	collections,	it	
challenges	our	perception	of	healthy	buildings	and	the	
preservation	 of	 cultural	 heritage.	 Fungal	 growth	
deteriorates	materials	and,	thereby,	heritage	artefacts	
(Caneva	 et	 al.,	 2009;	 Ranalli	 et	 al.,	 2009;	 Sterflinger,	
2010;	 Sterflinger	 &	 Piñar,	 2013).	 In	 addition,	 fungal	
growth	 poses	 a	 human	 health	 hazard	 (Afshari	 et	 al.,	
2009,	 Borchers	 et	 al.,	 2017;	 Nevalainen	 et	 al.,	 2015;	
Rudert	 &	 Portnoy,	 2017)	 and	 may	 affect	 the	
occupational	 health	 among	 the	 museum	 staff.	
Therefore,	preventive	conservation	by	controlling	and	
monitoring	 the	 environmental	 conditions	 to	 avoid	
fungal	growth	is	of	the	highest	importance.	
In	 this	 pilot	 study,	 we	 examined	 the	 environmental	
conditions,	 the	 fungi	 present	 in	 dust	 and	 the	 fungi	
causing	growth	on	heritage	artefacts	 in	 three	Danish	
museum	repositories	 climate-controlled	 according	 to	
the	environmental	guidelines	for	heritage	collections.	
The	aim	was	to	enlighten	inexplicable	fungal	growth	in	
the	 three	 repositories	 to	 assess	 if	 the	 preventive	
conservation	 strategies	 sufficiently	 ensured	 healthy	
buildings	 supporting	 heritage	 preservation	 and	 the	
health	of	museum	staff.		
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METHODS	

Selection	of	study	sites	
The	three	museum	repositories	(R1-R3)	were	selected	
based	on	 three	main	criteria:	1)	 the	storage	 facilities	
should	 be	 climate	 controlled	 according	 to	 the	
international	 environmental	 guidelines	 for	 heritage	
collection,	 2)	 the	 collections	 should	 include	 heritage	
artefacts	with	fungal	growth,	and	3)	the	museum	staff	
should	have	reported	work-related	health	nuisance.		

Risk	assessment	of	occupational	health	
Examination	of	the	repositories	was	conducted	after	a	
risk	assessment	of	occupational	health.	Personal	safety	
equipment	was	chosen	based	on	 the	risk	assessment	
according	to	the	Danish	work	environment	legislation,	
and	the	equipment	was	used	during	the	fieldwork.		

Examination	
The	 examination	 included	 1)	 outdoor	 and	 indoor	
building	inspection	of	the	storage	facilities	and	photo	
documentation,	2)	acquiring	data	loggings	of	RH	and	T	
from	 the	 museums,	 3)	 measurement	 of	 RH,	 T,	 and	
material	moisture	 content	 (MC),	 4)	 inspection	 of	 the	
heritage	 collection	 for	 fungal	 growth	 and	 photo	
documentation,	and	5)	fungal	examination	conducted	
with	 air	 sampling,	 and	 surface	 sampling	 on	 heritage	
artefacts	followed	by	morphological	identification	and	
DNA	sequencing	of	selected	fungal	isolates.		

Measurement	of	RH,	T	and	material	moisture	
Three	 measurements	 were	 carried	 out	 at	 each	
measuring	 point.	 Measurements	 of	 RH	 and	 T	 were	
conducted	with	an	Elsec	765	Environmental	Monitor	
according	 to	 the	 manufacturer's	 instructions.	
Measurement	of	MC	 in	building	 structures:	 the	 floor,	
the	ceiling,	and	the	walls,	were	conducted	with	Gann	
Moisture	Measuring	Hydromette	compact	B	according	
to	 the	 manufacturer's	 instructions	 specifying	 MC	 in	
selected	building	materials	as	1)	dry,	2)	risk	and	3)	wet.	
Measurements	 of	 surface	 temperature	 on	 selected	
heritage	artefacts,	the	floor,	the	ceiling,	and	the	walls	
were	 conducted	with	 Testo	 835-H1	 IR	 thermometer	
with	an	inbuild	moisture	meter.		

Fungal	surface	sampling	and	morphological	ID	
Nine	 heritage	 artefacts	 with	 visible	 fungal	 colonies	
were	 selected	 at	 the	 museums.	 The	 artefacts	 were	
made	 in	 three	different	materials:	pinewood,	 leather,	
and	wool.	Fungal	particles	were	sampled	from	colonies	
on	 the	 heritage	 artefacts	 with	 sterile	 rayon	 swabs	
(Sarstedt	 tube	 applicator).	 The	 nine	 swabs	 were	
inoculated	 on	 agar	with	 different	 aw:	 V8®	Vegetable	
Juice	Agar	(V8),	Dichloran	18%	Glycerol	Agar	(DG18),	
and	Malt	Yeast	50%	Glucose	Agar	(MY50G)	(Samson	et	
al.,	2019).	The	V8	and	DG18	plates	were	incubated	for	
seven	days	at	25oC	in	darkness.	The	MY50G	plates	were	
incubated	 for	 21	 days	 at	 25oC	 in	 darkness.	 The	
appearing	 colonies	 were	 transferred	 to	 fresh	 agar	
plates	with	streak	inoculation	and	incubated	for	7	and	

21	 days	 at	 25oC	 in	 darkness.	 Further	 isolation	 was	
conducted	with	 three-point	 inoculation	 on	 the	 agars	
suggested	 for	 the	morphological	 ID	 of	 the	 species	 in	
question	(Sklenář	et	al.,	2017;	Samson	et	al.,	2019).	The	
isolated	 fungal	 species	were	 identified	 visually	 at	 40	
and	 400x	 magnification,	 according	 to	 Sklenář	 et	 al.,	
2017;	Samson	et	al.,	2019,	Samson	et	al.,	2014.		

Fungal	air	sampling	and	morphological	ID	
Air	 sampling	 was	 conducted	 outdoor	 and	 indoor	 in	
three	areas	in	the	repositories	by	MAS	100	ECO	for	one	
minute	 on	V8-agar,	DG18-agar	 and	MY50G-agar.	 The	
indoor	air	sampling	was	conducted	after	air	circulation	
making	 the	 deposited	 dust	 on	 surfaces	 airborne	 to	
simulate	activity	(Schrock	et	al.,	2011).	The	agar	plates	
were	 incubated,	 isolated	and	 identified	similar	to	the	
surface	samples.		

Fungal	identification	with	DNA	sequencing	
The	 morphological	 ID	 of	 surface	 samples	 was	
confirmed	by	DNA	sequencing.	DNA	was	purified	from	
single	colonies	growing	on	agar	plates	using	a	Fast	DNA	
Spin	 Kit	 for	 Soil	 (MP	 Biomedicals,	 USA).	 PCR	
amplification	of	fungal	DNA	regions	was	conducted	by	
use	of	a	Taq	DNA	Polymerase	Kit	(Ampliqon,	Denmark)	
according	 to	 the	manufacturer's	manual.	 To	obtain	 a	
good	separation	of	 the	xerophilic	species,	calmodulin	
primers	(cdm5/cdm6)	were	used	in	PCR	amplification	
(Sklenář	 et	 al.,	 2017).	 A	 single	 isolate	 gave	 no	 PCR	
product	with	cdm5	/	cdm6,	and	ITS	primers	were	used.	
DNA	 fragments	 were	 sequenced	 by	 use	 of	 a	 BigDye	
Terminator	v.1.1	Cycle	Sequencing	Kit	(Thermo	Fisher,	
USA)	and	by	 the	use	of	a	SeqStudio	Genetic	Analyser	
from	Applied	 Biosystems	 (Thermo	 Fisher,	 USA).	 The	
sequences	 obtained	 were	 analysed	 using	 the	 EMBL-
EBI	 homepage	 BLAST	 service	 (ebi.ac.uk).	 The	
ClustalX2	program	was	used	for	sequence	alignments.		

RESULTS	

Description	of	study	sites	
The	 museum	 repositories	 belonged	 to	 three	 Danish	
cultural	 history	 museums	 in	 the	 region	 of	 Zealand.	
Repository	 1	 and	 2	 were	 established	 in	 two	 rebuilt	
warehouse	facilities	thermally	highly	insulated	to	keep	
a	stable	indoor	climate	(fig.	1).	Repository	3	was	built	
as	 a	 museum	 repository	 based	 on	 a	 sustainable	
museum	storage	concept	(Christensen	et	al.,	2016).	

Fig	1.	Repository	1	established	in	a	rebuilt	warehouse	facility	
highly	thermally	insulated	to	keep	a	stable	indoor	climate	
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The	 collections	 included	 several	 hundred	 thousand	
historical	 and	 archaeological	 artefacts	 documenting	
Danish	history	and	prehistory.	The	heritage	artefacts	
consisted	 of	 a	 wide	 range	 of	 organic	 and	 inorganic	
materials	 in	 different	 states	 of	 preservation.	 Small	
museum	artefacts	were	packed	in	museum	boxes	and	
paper-based	 packing	 materials	 with	 low	 acidity,	 as	
recommended	for	storage	of	heritage	collections,	while	
large	 artefacts	 were	 freely	 shelved	 (fig.	 2).	 Interior,	
such	as	shelving,	was	made	of	painted	steel.	

Outdoor	and	indoor	building	inspection	
Outdoor	 and	 indoor	 building	 inspections	 showed	 no	
evidence	of	damages	on	the	building	envelope,	causing	
propagating	 water.	 There	 was	 also	 no	 evidence	 of	
structural	faults	in	the	building	constructions,	causing	
elevated	moisture	in	building	structures.	
The	three	museums	were	striving	to	comply	with	the	
international	 environmental	 guidelines	 for	 heritage	
collections,	 with	 RH	 fluctuating	 between	 40–60%	
annually.	Desiccant	dehumidifiers	controlled	RH,	with	
setpoint	 values	 at	50-55%	RH.	The	 temperature	was	
passively	 controlled	 through	 a	 highly	 insulated	
building	envelope.		

Fig	2.		Repository	1	appeared	in	a	good	order	
The	data	loggings	of	RH	and	T	conducted	as	a	part	of	
the	preventive	conservation	strategies	at	the	museums	
showed	 that	 the	 dehumidifiers	managed	 to	 keep	 RH	
slowly	 fluctuating	 between	 52-63%	 RH	 during	 six	
months,	while	T	fluctuated	between	10oC	and	23oC	in	
the	same	period	(fig.	3-5).	

Fig	3.	Six	months	variations	of	RH	and	T	in	repository	1	

Fig	4.	Six	months	variations	of	RH	and	T	in	repository	2	

Fig	5.	Six	months	variations	of	RH	and	T	in	repository	3	
In	 addition,	 RH	 and	 T	were	measured	 on	 the	 day	 of	
examination	 (table	 1).	 The	measurements	 supported	
the	data-loggings	of	RH	and	T.	
Table	1.		RH	and	temperature	on	the	day	of	examination	

Repository	1	 Repository	2	 Repository	3	
	RH$$$$$	(%)	 56	 58	 52	
	T& 	(oC)	 18	 16	 19	

Measurement	of	RH,	T	and	material	moisture	
Measurements	 MC	 in	 the	 floor,	 the	 ceiling,	 and	 the	
walls	 showed	 no	 elevated	moisture	 levels	 indicating	
intrusive	moisture	(table	2).		
Table	2.		Material	moisture	on	the	day	of	examination	in	

museum	repository	R1-R3	
	R1	MC$$$$$		 R2	MC$$$$$	 R3	MC$$$$$	

Floor	(concrete)	 Dry	 Dry	 Dry	
Ceiling	(gypsum	board)	 Dry	 Dry	 Dry	
Wall	north	(gypsum	board)	 Dry	 Dry	 Dry	
Wall	south	(gypsum	board)	 Dry	 Dry	 Dry	
Wall	east	(gypsum	board)	 Dry	 Dry	 Dry	
Wall	west	(gypsum	board)	 Dry	 Dry	 Dry	

Measurements	of	surface	temperature	on	the	heritage	
artefacts,	the	floor,	the	ceiling,	and	the	walls	(table	2)	
showed	no	evidence	of	microclimate	when	RH	and	T	
were	compared	to	the	water	vapour	chart.	The	surface	
temperature	was	 slightly	 lower	 on	 the	 floor	 and	 the	
north-facing	and	west-facing	walls	than	on	the	ceiling,	
east-facing	and	south-facing	walls,	while	 the	heritage	
artefacts	had	the	same	temperature	as	the	air	(table	3).	
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Table	3.		Measurements	of	surface	temperature	on	the	day	of	
examination	in	museum	repository	R1-R3	

R1	T& 	
(oC)	

R2	T& 	
(oC)	

R3	T& 	
(oC)	

Floor	(concrete)	 13	 11	 13	
Ceiling	(gypsum	board)	 22	 19	 23	
Wall	north	(gypsum	board)	 16	 14	 16	
Wall	south	(gypsum	board)	 21	 18	 21	
Wall	east	(gypsum	board)	 19	 17	 19	
Wall	west	(gypsum	board)	 17	 15	 17	
Heritage	artefact	pine	wood	 18	 16	 19	
Heritage	artefact	leather	 18	 16	 19	
Heritage	artefact	wool	 18	 16	 19	

Morphological	ID	of	fungal	isolates	from	artefacts	
Inspection	of	the	three	museum	repositories	and	their	
stored	heritage	 collections	 showed	no	 fungal	 growth	
concerning	 building	 structures	 and	 interiors.	 The	
fungal	 growth	was	 solely	 associated	with	 the	 stored	
heritage	artefacts	and	appeared	as	distinct	hyaline	and	
white	 colonies	 on	 artefacts	 (fig.	 6-8).	 It	was	 not	 just	
artefacts	 made	 of	 organic	 materials	 such	 as	 wood,	
leather	 and	 textile	 that	 showed	 growth,	 but	 also	
artefacts	made	in	inorganic	material	such	as	cast	iron	
and	ceramics	(fig.	6).	The	growth	was	not	widespread	
throughout	the	museum	repositories;	the	growth	was	
most	 sparse	 in	 repository	 3,	 concentrated	 to	 few	
artefacts,	while	repository	1	and	2	showed	heavier	but	
still	sporadic	growth.		

Fig	6.	A	prehistoric	urn	with	fungal	growth	(repository	1)	

Fig	7.	A	bicycle	leather	case	with	fungal	growth	(repository	2)		

Fig	8.	A	wooden	tool	with	fungal	growth	(repository	3)	
Cultivation	and	morphological	identification	of	surface	
samples	from	fungal	colonies	on	the	museum	artefacts	
showed	 no	 growth	 on	 V8	 and	 DG18	 agar	 (table	 4).	
Growth	solely	developed	on	MY50G	characterised	by	
low	 aw.	 The	 fungal	 colonies	 were	 morphologically	
identified	 to	 the	 xerophilic	 fungal	 species	 A.	
halophilicus	and	unidentified	Aspergillus	sp.	(table	4).		

Table	4.		Fungal	isolates	from	nine	heritage	artefacts	in	
museum	repository	R1-R3	identified	morphologically			

Museum	 V8	 DG18	 MY50G	
R1	 Wood	 - -	 A.	halophilicus

Aspergillus	sp.
Leather	 - -	 A.	halophilicus

Aspergillus	sp.
Wool	 - -	 A.	halophilicus

R2	 Wood	 - -	 A.	halophilicus
Aspergillus	sp.

Leather	 - -	 A.	halophilicus
Aspergillus	sp

Wool	 - -	 A.	halophilicus
Aspergillus	sp.

R3	 Wood	 - -	 A.	halophilicus
Wood	 - -	 A.	halophilicus
Leather	 - -	 A.	halophilicus

Morphological	ID	of	fungal	isolates	from	air	
Cultivation	 and	 morphological	 identification	 of	 air	
samples	from	the	three	museum	repositories	showed	
the	presence	 of	 28	different	 fungal	 species	 (table	 5).	
There	was	an	overlap	of	species	in	the	three	museum	
repositories.	Of	the	28	species,	two	are	classified	as	risk	
group	2	that	can	cause	human	disease	and	might	be	a	
hazard	 to	 workers,	 15	 species	 are	 classified	 as	 risk	
group	1	that	are	unlikely	to	cause	human	disease	(IFA,	
2021),	and	11	species	are	unclassified	(table	5).			

ID	of	isolates	from	artefacts	by	DNA	sequencing	
DNA	sequencing	was	conducted	on	pure	fungal	isolates	
from	 the	 nine	 examined	 heritage	 artefacts	 (table	 6).	
The	 DNA	 sequencing	 confirmed	 the	 morphological	
identification	of	A.	halophilicus,	 causing	growth	 in	all	
three	museum	repositories.	Besides,	A.	domesticus,	A.	
magnivesiculatus	and	A.	vitricola	were	 identified.	The	
three	 species	 were	 not	 identified	 to	 species	 level	
morphologically.	
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Table	5.		Fungal	isolates	from	air	samples	in	three	museum	
repositories	(R1-R3)	identified	morphologically	and	their	risk	

class	in	relation	to	health	hazard	(IFA,	2021)		
Fungal	species	 Risk	

class	
R	1	 R	2	 R	3	

Aspergillus	sp	 - P P	 P	
A.	calidoustus 2	 P	
A.	candidus 1	 P	
A.	domesticus - P P	
A.	halophilicus - P P	 P	
A.	magnivesiculatus - P

A.	montevidensis -	 P	
A.	nidulans 1	 P	
A.	niger 2	 P	
A.	ruber -	 P	
A.	versicolor 1	 P	 P	 P	
A.	vitricola - P P	
Penicilium	sp.	 - P P	 P	
P.	brevicompactum 1	 P	 P	 P	
P.	buchwaldii - P

P.	citreonigrum 1	 P	
P.	chrysogenum 1	 P	 P	 P	
P.	corylophilum 1	 P	
P.	crustosum 1	 P	
P.	thomii -	 P	
Alternaria	sp.	 1	 P	 P	 P	
Botrytis	cinerea	 1	 P	
Botrysporium	sp.	 - P

Cladosporium	sp.	 1	 P	 P	 P	
Chaetomium	globosum	 1	 P	 P	 P	
Engyodontium	album	 1	 P	
Epicoccum	nigrum	 1	 P	
Mucor	circinelloides		 1	 P	

Table	6.		Fungal	isolates	from	nine	heritage	artefacts	in	three	
museum	repositories	identified	with	DNA	sequencing		
Museum	 Material	 Similarity	

R1	 Wood	 A.	halophilicus
A.	domesticus
A.	vitricola

100	%	
100	%	
100	%	

Leather	 A.	halophilicus 100	%	
Wool	 A.	halophilicus

A.	magnivesiculatus
100	%	
100	%	

R2	 Wood	 A.	halophilicus
A.	domesticus

100	%	
100	%	

Leather	 A.	halophilicus
A.	vitricola

100	%	
100	%	

Wool	 A.	halophilicus
A.	domesticus

100	%	
100	%	

R3	 Wood	 A.	halophilicus 100	%	
Wood	 A.	halophilicus 100	%	
Leather	 A.	halophilicus 100	%	

DISCUSSION	
In	this	study,	we	documented	growth	of	A.	halophilicus,	
A. domesticus,	A.	magnivesiculatus,	and	A.	 vitricola	 on
heritage	 artefacts	 in	 three	 climate-controlled	 Danish
museum	repositories.	We	also	showed	that	air	samples
detected	 more	 fungal	 species	 than	 surface	 samples
from	 colonies	 on	 artefacts	 and	 that	 there	 was	 an
overlap	of	species	in	the	three	museum	repositories.
The	 airborne	 fungi	 were	 species	 primarily	 found	 in	
indoor	environments	such	as	domestic	homes	(Samson	
et	al.,	2019).	The	 fungal	species	originated	 from	dust	
layers	 on	 the	 interior	 and	 building	 structures	which	
became	airborne	with	air	circulation	before	sampling.	
However,	 A.	 halophilicus,	 A.	 domesticus,	 A.	
magnivesiculatus,	 and	 A.	 vitricola,	 growing	 on	 the	
museum	 artefacts,	 also	 contributed	 to	 the	 airborne	
fungi.	Except	for	the	four	xerophilic	species,	none	of	the	
detected	airborne	species	gave	rise	to	fungal	growth	in	
the	repositories.		
It	 was	 surprising	 that	 the	 fungi	 growing	 on	 the	
museum	 artefacts	 were	 all	 xerophilic	 fungal	 species	
from	Aspergillus	Section	Restricti,	which	can	grow	on	
substrates	 with	 low	 aw	 and	 other	 extreme	
environments	 (Sklenář	 et	 al.,	 2017).	When	 fungi	 can	
grow	 on	 substrates	 with	 low	 aw,	 it	 is	 equivalent	 to	
growth	at	 low	RH.	Museum	repositories	may	provide	
this	 environment,	 as	 they	 are	 usually	 climate-
controlled	within	RH	40-60%.		
An	ever-present	joker,	when	working	with	fungi,	is	that	
you	find	what	you	are	looking	for.	When	fungal	infested	
museum	 repositories	 are	 examined,	 the	 dominating	
methods	are	surface	sampling	followed	by	cultivation	
and	morphological	/	molecular	identification,	as	in	the	
study	 of	 domestic	 environments	 (Mazzoli,	 2018).	 In	
housing,	though,	fungal	growth	is	primarily	caused	by	
damp	indoor	environments	or	water	damages,	which	
is	a	different	premise	than	climate-controlled	museum	
repositories.	 In	 this	 study,	 an	 agar	 with	 a	 low	 aw	
(MY50G)	was	 included,	making	 it	possible	to	 identify	
the	xerophilic	fungi	growing	on	the	museum	artefacts.	
If	this	agar	had	not	been	included,	the	xerophilic	fungi	
would	have	been	non-detected.	
When	fungal	growth	develops	in	heritage	collections,	it	
affects	 not	 only	 heritage	 preservation;	 it	 may	 also	
affect	the	health	of	museum	staff.	Fungal	growth	acts	
as	 a	 pollutant,	 releasing	 physical	 and	 chemical	
substances	 suspected	 of	 adversely	 affecting	 human	
health	 (Afshari	 et	 al.,	 2009;	 Borchers	 et	 al.,	 2017;	
Nevalainen	et	al.,	2015;	Rudert	&	Portnoy,	2017).		
In	 this	 study,	 two	of	28	species,	A.	 calidoustus	and	A.	
niger,	were	classified	as	risk	group	2	according	to	the	
German	classification	of	biological	agents	in	relation	to	
health	hazard	 (IFA,	 2021).	 Fungi	 in	 risk	 group	2	 can	
cause	 human	 disease	 and	 might	 be	 a	 hazard	 to	
workers.	A.	calidoustus	and	A.	niger	were	detected	from	
the	airborne	dust	in	the	repositories	and	did	not	give	
rise	to	growth	in	the	repositories.		
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Of	 the	 remaining	 26	 species	 isolated	 from	 dust,	 15	
species	 were	 classified	 in	 risk	 group	 1,	 including	
biological	 agents	 that	 were	 unlikely	 to	 cause	 human	
disease,	and	11	species	were	unclassified,	including	the	
four	 xerophilic	 species	 growing	 on	 the	 museum	
artefacts.		
When	 the	 hazard	 of	 specific	 fungi	 has	 not	 been	
classified	and	there,	in	general,	are	no	limit	values	for	
fungi	with	regard	to	occupational	health	(Afshari	et	al.,	
2009),	 risk	 assessment	 of	 potential	 human	 exposure	
during	 work	 is	 complicated.	 In	 addition,	 there	 is	 no	
clear	 consensus	 on	 which	 risk-class	 specific	 fungal	
species	 are	 belonging	 to	 internationally,	 as	 the	
classification	of	biological	agents	depends	on	national	
regulations.	However,	studies	on	fungal	contamination	
in	 museums	 show	 that	 museum	 workers	 may	 be	 at	
greater	 risk	 of	 developing	 health	 symptoms	 and	
disease	when	 they	are	exposed	 to	 fungi	during	work	
(Gutarowska	et	al.,	2015;	Skora	et	al.,	2017;	Skora	et	al.,	
2015;	Wiszniewska	et	al.,	2009,	2010).	Therefore,	the	
detected	 fungal	 species	 pose	 a	 potential	 risk	 to	 the	
occupational	 health	 of	 museum	 staff	 at	 the	 three	
museums.			
A	 more	 accurate	 risk	 assessment	 of	 the	 fungal	
exposure	 during	 work	 requires	 other	 and	 more	
analyses,	including	measurements	of	concentrations	of	
the	 airborne	 fungi	 during	 the	 handling	 of	 fungal	
infested	 museum	 artefacts	 and	 more	 in-depth	
knowledge	of	the	hazard	of	the	present	species.				
In	 this	 study,	 air-circulation	 was	 conducted	 with	 a	
standardised	 method	 before	 sampling	 with	 a	
stationary	microbial	air	sampler.	The	intention	was	to	
enlighten	 the	 fungal	 composition	 in	 three	 climate-
controlled	 museum	 repositories,	 considered	 healthy	
buildings	 according	 to	 the	 environmental	 guidelines	
for	heritage	collections.	The	study	completely	changed	
the	perception	of	the	museum	repositories	as	healthy	
buildings.	 The	 growth	 of	 xerophilic	 fungi	 poses	 a	
hazard	 to	both	 the	preservation	of	heritage	 artefacts	
and	occupational	health.		
When	a	museum	collection	poses	a	health	hazard,	the	
accessibility	 to	 the	 heritage	 artefacts	 is	 significantly	
reduced,	and	the	value	for	research	and	dissemination	
of	 knowledge	 through	 exhibition	 and	 education	 is	
diminished.	 These	 consequences	 threaten	 the	 very	
purpose	 of	 museums,	 where	 preservation,	 research	
and	 dissemination	 of	 knowledge	 are	 essential	
cornerstones.	 Therefore,	 preventive	 conservation	
strategies	 to	 avoid	 fungal	 growth	 is	 of	 the	 highest	
importance.	
The	study	documented	the	growth	of	xerophilic	fungi	
but	did	not	clarify	the	cause.	The	three	museums	were	
striving	 to	 comply	 with	 the	 international	
environmental	guidelines	for	heritage	collections	and	
have	been	storing	museum	artefacts	 for	more	 than	a	
decade	 without	 problems	 with	 fungal	 growth.	 The	
fungal	 growth	was	 only	 associated	with	 the	 heritage	
artefacts.	 There	 was	 no	 growth	 on	 surfaces	 with	

suspected	 elevated	 aw	 such	 as	 close	 to	 the	 floor,	 the	
outer	walls	and	other	colder	zones.	
Based	on	measurements	of	RH,	T,	and	MC,	 it	was	not	
surprising	that	solely	xerophilic	fungi	were	causing	the	
growth.	 The	 environmental	 conditions	 were	 not	
lucrative	 for	 the	growth	of	 the	most	 common	 indoor	
fungal	species.	No	one	knows	precisely	when	the	fungal	
infestations	 in	 the	 three	 museum	 repositories	
occurred,	 as	 the	 data-loggings	 of	 RH	 and	 T	 have	 not	
been	 conducted	 continuously	 throughout	 the	 years	
due	to	technical	challenges.	However,	periods	without	
monitoring	RH	and	T	were	very	short.	According	to	the	
museums,	 there	 had	 been	 no	 evidence	 of	 intruding	
moisture	 giving	 rise	 to	 elevated	 RH.	 Although	 there	
was	 no	 evidence	 of	 microclimate	 supporting	 fungal	
growth,	 aw	 on	 surfaces	 has	 been	 adequate	 for	
xerophilic	 fungi	 germination.	 Data-loggings	 showed	
short-term	periods	with	RH	up	to	63%.	The	question	is,	
how	much	moisture	 is	 too	much	moisture	 regarding	
germination	of	xerophilic	fungi?	
The	effect	of	RH	and	aw	on	the	germination	of	xerophilic	
fungal	 spores	 are	 not	 well	 researched.	 In	 general,	
germination	of	fungal	spores	can	occur	if	RH	and	aw	are	
briefly	 raised.	 Subsequently,	most	 fungi	 can	 grow	 at	
lower	 aw	 (Deacon,	 2009,	 Ponizovskaya	 et	 al.,	 2011).	
The	 growth	 of	 xerophilic	 fungi	 in	 the	 three	museum	
repositories	has	occurred	in	parallel	with	the	revision	
of	 the	 guidelines	 for	 environmental	 conditions	 for	
heritage	collections	and	the	global	climate	changes.	If	
there	 is	 a	 causal	 relationship,	 it	 has	 not	 yet	 been	
studied.		
Within	 the	 last	 decade,	many	 Danish	museums	 have	
implemented	the	revised	environmental	guidelines	for	
heritage	 collections.	 Maintaining	 a	 strict	 museum	
environment	 concerning	 RH	 and	 temperature	 is	
energy-consuming	 and	 not	 adjusted	 to	 the	 fact	 that	
museums	 worldwide	 are	 located	 in	 very	 different	
climatic	 zones.	 Revising	 the	 guidelines	 supports	 a	
desire	to	reduce	the	carbon	footprint	and	obtain	more	
sustainable	 storage	of	heritage	 collections.	 In	 theory,	
an	upper	limit	at	60	%	RH	should	not	increase	the	risk	
of	fungal	growth,	as	the	guidelines	for	environmental	
conditions	for	heritage	collections	defines	the	limit	of	
growth	to	70%	RH	(ASHRAE,	2019;	Caple,	2011;	Elkin	
et	al.,	2019;	EN:16893,	2018).	However,	it	has	not	been	
studied	 if	 the	 revision	 could	 increase	 the	 risk	 of	
xerophilic	 fungal	 growth	 before	 it	 was	 accepted	 and	
implemented.	 This	 study	 indicates	 that	 this	 could	 be	
the	case.		
The	growth	of	xerophilic	fungi	is	not	only	observed	in	
Danish	museum	 repositories.	Within	 the	 last	 decade	
growth	of	xerophilic	fungi	has	been	reported	in	several	
cultural	heritage	studies	(Katja	Sterflinger	et	al.,	2018;	
Liu	 et	 al.,	 2018,	 Piñar	 et	 al.,	 2016).	 In	 particular,	
libraries	and	archives	have	been	reporting	xerophilic	
fungal	growth	(Micheluz	et	al.,	2015,	2018;	Polo	et	al.,	
2017),	 while	 studies	 in	 museum	 repositories	 are	
sparse.		
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The	 global	 climate	 changes	 are,	 in	 Denmark,	
manifested	in	more	precipitation	and	cloudbursts.	The	
climate	 changes	 may	 place	 greater	 demands	 on	
museum	 repositories	 in	 terms	 of	 density	 and	
dehumidification	 if	 a	 stable	 and	 preventive	 indoor	
climate	 is	 to	 be	 maintained.	 The	 examined	 storage	
buildings	are	dimensioned	before	awareness	of	climate	
changes	 and	 could	 be	 undersized	 to	 withstand	 the	
changing	 outdoor	 climate.	 When	 the	 limits	 of	
germination	 and	 growth	 of	 xerophilic	 fungi	 are	 not	
well	 defined,	 it	 is	 hard	 to	 recommend	 specific	
environmental	conditions	preventing	these	fungi.		

CONCLUSION	
This	pilot	study	aimed	to	enlighten	unexpected	fungal	
growth	in	three	Danish	museum	repositories	climate-
controlled	 according	 to	 the	 international	
environmental	guidelines	for	heritage	collections.	
The	 study	 surprisingly	 showed	 the	 growth	 of	 A.	
halophilicus,	A.	domesticus,	A.	magnivesiculatus	and	A.	
vitricola,	 four	 xerophilic	 fungal	 species	 from	 the	
Aspergillus	 Section	 Restricti,	 characterised	 by	 the	
ability	 to	 grow	 on	 substrates	 with	 low	 aw.	 Museum	
repositories	 may	 provide	 this	 environment,	 as	 they	
usually	 are	 climate-controlled	 regarding	 RH.	 The	
growth	 of	 xerophilic	 fungi	may	 be	 associated	with	 a	
revision	of	 the	environmental	guidelines	 for	heritage	
collections,	 museum	 repositories	 that	 cannot	
withstand	the	global	climate	changes,	or	both.		
Xerophilic	fungi	in	museum	repositories	challenge	our	
perception	 of	 healthy	 buildings	 and	 the	 preventive	
conservation	 strategies	 used	 to	 ensure	 cultural	
heritage	preservation.	Larger	studies	of	the	prevalence	
of	xerophilic	fungi	in	museum	repositories	can	provide	
a	more	comprehensive	understanding	of	the	causative	
factors	 and	 qualify	 the	 preventive	 conservation	
strategies	museums	must	initiate	to	avoid	the	growth	
of	 xerophilic	 fungi	 in	 heritage	 collections.	 Global	
climate	change	is	a	reality.	The	risks	it	causes	must	be	
included	 in	 the	preventive	 conservation	 strategies	of	
museums	 to	 ensure	 healthy	 museum	 repositories	
supporting	 heritage	 preservation	 and	 occupational	
health	of	museum	staff.	
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ABSTRACT 

This contribution explores the performance of a user-
centric radiant cooling approach. In comparison to 
conventional radiant cooling solutions, this approach i) 
positions radiant panels in close proximity to 
occupants, and ii) allows for panel surfaces 
temperatures below dew point and thus for potential 
surface condensation, which is dealt with via 
integrated water collection devices. The user-centric 
radiant panels were tested in a laboratory setting. 
Prototypical panels were installed in two mock-up 
office rooms. Twenty-eight participants evaluated 
thermal comfort (including radiant asymmetry and 
local thermal discomfort) for eight scenarios, including 
multiple panel surface temperatures as well as 
different ambient air temperatures. The results 
provide insights into the potential and limits of the 
proposed approach. Specifically, the findings pertain to 
panel surface temperatures, which are necessary to 
provide thermally comfortable conditions, as well as to 
surface condensation and radiant asymmetry. 

INTRODUCTION 

The cooling demand of buildings has rapidly increased 
within the last decades. Contributing factors to this 
development are rising temperatures caused by 
climate change and urban heat islands (IEA 2018). 
Given the negative consequences of these phenomena, 
there is a need for innovative cooling solutions that are 
energy efficient and provide building users with 
thermal comfort. Radiant cooling systems have been 
suggested to address both of these requirements (Rhee 
and Kim 2015). Nonetheless, the application of 
conventional radiant cooling systems must take a 
number of challenges into consideration, including 
water vapour condensation risk and interface with 
ventilation systems (Rhee and Kim 2015, Rhee et al. 
2017, Tang et al. 2016). This makes the 
implementation of conventional radiant cooling 
systems difficult, especially in hot and humid climatic 
conditions involving high moisture concentrations in 
ambient air. 

In this context, the present contribution focuses on a 
previously presented concept, namely the user-centric 
radiant cooling panels (Mahdavi and Teufl 2020). This 
cooling strategy addresses the aforementioned 
challenges by: i) placing vertical radiant cooling 
elements in proximity to occupants (we refer to this 
approach as “user-centric”), and ii) allowing 

condensation to occur, which is dealt with via 
integrated drainage elements. Due to these 
adaptations, the system is compatible with natural 
ventilation even in locations with a high-moisture 
ambient air. Specifically, lower panel surface 
temperatures can be maintained, increasing thus the 
cooling capacity. However, despite these advantages, 
radiant cooling systems are sometimes criticised to 
cause local thermal discomfort and radiant asymmetry. 

In this context, this contribution addresses not only the 
overall thermal comfort implications of the user-
centric panels but also their effects on local thermal 
discomfort. To this end, we report on a preliminary 
empirical investigation of the performance of 
prototypical user-centric radiant cooling elements 
(Teufl et al. 2021a). The cooling panels were installed 
in two mock-up office units of a laboratory. The 
participants of the experiment were seated at a 
workstation close to one of the radiant cooling panels 
and were requested to evaluate thermal comfort. 
Thereby, different settings were tested with regard to 
panel surface temperature (ranging from 30 °C down 
to 10 °C) and ambient air temperature (28 and 30 °C). 
The ambient relative humidity was kept at a constant 
level of 45%. 

Ambient conditions, including radiant asymmetry, 
were recorded. Participants' subjective comfort 
evaluations were compared with respective 
measurements and calculations. 

A CASE STUDY 

Approach 

The performance of the aforementioned user-centric 
radiant cooling elements was tested in a laboratory 
setting. The aim of this empirical study was to analyse 
the cooling panels' potential for thermal comfort 
provision. The main focus of this paper is to explore the 
panels' effects on general and local thermal comfort. 

The experiments were conducted in the autumn of 
2020. Prototypical radiant cooling panels (made of 
prefabricated elements) were installed in two mock-up 
office rooms of our Department's laboratory in Vienna, 
Austria. The volume of each office room is 28.7 m3. 
Chilled water that can be circulated through the panels 
was provided by a water chiller. A container was 
integrated underneath the vertical cooling panels to 
collect potential surface condensation. Furthermore, 
heating devices and humidifiers were installed in each 
office unit to maintain target ambient air temperatures 
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and humidity levels. The floor plan of the two 
identically equipped office units is shown in Figure 1. 
Figure 2 illustrates the dimensions of the radiant 
cooling panel. The experimental setup in one of the 
rooms is depicted in Figure 3. Twenty-eight 
participants were involved in this study. Note that, due 
to the small number of participants, the findings are 
not suggested to represent statistically significant 
results. Rather, the objective was to gain a preliminary 
impression of the user-centric cooling panels' 
performance. 

Two-thirds of the participants were female and one 
third male (mean age: 31 ± 12). Since this study 
focuses on summer conditions, all participants were 
dressed in summer clothing (clo-value: 0.56 ± 0.05). In 
the course of this study, each person participated in 
two 135-minute sessions (see Figure 4). In between 
these sessions, participants made a break outside of 
the office unit. During the first session, the ambient air 
temperature in the office room was kept at 28 ± 0.3 °C 
and the relative humidity at 45 ± 2 %. While the 
relative humidity level was not changed for the second 
session, the ambient air temperature was increased to 
30 ± 0.3 °C. Each of the two sessions consists of four 
parts. In each part, different panel surface 
temperatures were maintained. The first part of each 
session represents a base case. In these cases, the 
target surface temperature of the radiant element was 
equal to the ambient air temperature (28°C in Session 
1 and 30°C in Session 2). Afterwards the panel surface 
temperature was stepwise reduced. The target 
temperatures were 19, 14, and 10 °C. Given specific 
panel surface and enclosure temperature values, the 
cooling power of the radiant panel can be estimated 
based on radiation exchange computation. At an 
ambient air temperature of 30°C and a panel surface 
temperature of 10°C the cooling power (per square 
meter panel area)  was estimated to be roughly 100 W. 

In the course of this study, every person participated in 
eight different scenarios. Table 1 shows an overview of 
these scenarios. A detailed timeline of the experiments 
is shown in Figure 4.During the experiments, 
participants were seated in one of the office rooms next 
to a cooling panel (see Figure 2 and 3). Participants 
conducted different tasks on a computer. At the start of 
the experiment, they were asked to a fill a 
questionnaire to provide general background 
information (Q0 in Figure 4). At the end of each 
scenario, they completed further questionnaires in 
which they evaluated the thermal conditions within 
the office units (Q1 to Q8 in Figure 4). These 
questionnaires included the thermal sensation vote 
(TSV, 7-point scale), thermal comfort vote (TCV, 6-
point scale), and thermal acceptability vote (TAV, 6-
point scale). Moreover, participants evaluated the air 
quality, air movement, and if they perceived any local 
thermal discomfort. The latter aspect was evaluated 
for multiple body parts, including the head, upper 
body, right and left arm, as well as right and left foot. 

Table 2 includes a selection of questions in more detail. 
The assigned numeric values for each answer are 
presented as well. 

Figure 1. Floor plan of the mock-up office rooms in the 
laboratory space (dimensions in meter) 

Figure 2. Floor plan (up) and elevation view (down) of the 
experimental setup including positions (marked as x) of the 

radiant temperature asymmetry measurements (ions in 
meter) 

Figure 3. Experimental setup in Room A 
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Table 1. Evaluated scenarios of the case study 

Table 2. Selection of main questions and corresponding evaluation scales 

How would you evaluate thermal conditions right now in this room? 

hot warm slightly warm neutral slightly cool cool cold 

3 2 1 0 -1 -2 -3 

Do you find the thermal environment at this moment acceptable? 

completely 
unacceptable 

unacceptable 
just 

unacceptable 
just 

acceptable 
acceptable 

completely 
acceptable 

1 2 3 4 5 6 

Are you currently thermally comfortable? 

very 
uncomfortable 

uncomfortable 
slightly 

uncomfortable 
slightly 

comfortable 
comfortable 

very 
comfortable 

1 2 3 4 5 6 

Do you feel local thermal discomfort? (This question was asked for head, upper body, right arm, left arm, right foot and left foot.) 

no slight moderate strong 

0 1 2 3 

Figure 4. Timeline of the experiment 

During the experiments, parameters such as the 
ambient air temperature, relative humidity, and air 
flow speed were measured at the workstation in one-
minute intervals. Further indoor environmental 
parameters (the CO2 concentration, ambient air 
temperature, and relative humidity) were measured in 
two other locations in the office unit. Moreover, the 
panels' surface temperature was measured at six 
positions. The term "mean panel surface temperature" 
as used in this paper denotes the mean value of the 
temperature at these six positions. 
The radiant temperature asymmetry was assessed in a 
separate experimental investigation in accordance 
with ISO 7726 (2001). This was done for all scenarios 
in which the radiant cooling panel was activated (see 
Table 1). The radiant temperature asymmetry was 
obtained for different measurement positions, 
including at three different distances from the radiant 
cooling panel, namely 55 cm, 85 cm (position of the 
occupant), and 115 cm (see Figure 2). All 

measurements were conducted at a height of 110 cm, 
which corresponds to the assumed default position of 
a seated persons’ head (ISO 7726:2001).  

Results 

Figures 5 to 14 show the outcome of the experimental 
investigation. More specifically, they present the 
distributions of participants' subjective evaluation of 
thermal sensation (Figures 5 and 6), thermal comfort 
(Figures 7 and 8), and thermal acceptability (Figures 9 
and 10). To facilitate a more convenient comparison of 
these distributions, they are shown in these figures in 
terms of respective fitted curves. Thereby, the outcome 
is shown for all eight scenarios, including the ambient 
air temperatures 28°C and 30°C as well as the four 
different panel surface temperatures. The numeric 
values of the x-axis refer to scale steps entailed in 
Table 2. 
Table 3 shows the measured radiant temperature 
asymmetry values for multiple panel surface 

Ambient air 

temperature [°C]

Mean panel surface 

temperature [°C]
28 19 14 10 30 19 14 10

Q0       Q1 Q2 Q3 Q4 Q5 Q6 Q7 Q8

time [min]

Questionnaire

Session 1 Session 2

28

break

30

30 65 100 135 30 65 100 13500

Scenarios S1 S2 S3 S4 S5 S6 S7 S8 

Mean panel surface 
temperature [°C] 

28 19 14 10 30 19 14 10 

Dew point [°C] 14.9 16.8 

Air temperature [°C] 28 30 

Relative humidity [%] 45 
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temperatures (19, 14, and 10 °C) and ambient air 
temperatures of 28 and 30°C. These results were found 
to match well with calculated radiant temperature 
asymmetry values based on view factors and pertinent 
surface temperatures. Specifically, the difference 

between measurements and calculations was found to 
be 0.3 ±0.3 K.  
Figure 11 to 14 show participants' perceived local 
thermal discomfort (as relevant to participants’ arms). 
The evaluation regarding the head, upper body, and 
feet are summarized in Table 4.  

Figure 5. Frequency of participants' thermal sensation votes 
at an ambient air temperature of 28°C 

Figure 7. Frequency of participants' thermal comfort votes at 
an ambient air temperature of 28°C 

Figure 9. Frequency of participants' thermal acceptability 
votes at an ambient air temperature of 28°C 

Figure 6. Frequency of participants' thermal sensation votes 
at an ambient air temperature of 30°C 

Figure 8. Frequency of participants' thermal comfort votes at 
an ambient air temperature of 30°C 

Figure 10. Frequency of participants' thermal acceptability 
votes at an ambient air temperature of 30°C 

Table 3. Radiant temperature asymmetry ∆tpr (in kelvin) for multiple scenarios 

Distance to panel [cm] 
Scenarios 

S2 S3 S4 S6 S7 S8 

55 3.3 4.9 7.0 3.5 5.0 7.1 

85 1.5 2.6 3.9 2.2 2.9 4.1 

115 1.2 1.7 2.4 1.3 1.8 2.7 
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Figure 11. Participants' evaluation of local thermal 
discomfort (arm close to the panel) at an ambient air 

temperature of 28°C 

Figure 13. Participants' evaluation of local thermal 
discomfort (arm away from the panel) at an ambient air 

temperature of 28°C 

Figure 12. Participants' evaluation of local thermal 
discomfort (arm close to the panel) at an ambient air 

temperature of 30°C 

Figure 14. Participants' evaluation of local thermal 
discomfort (arm away from the panel) at an ambient air 

temperature of 30°C 

Table 4. Frequency of participants' local thermal discomfort votes (head, upper body, and feet) in percent for the four different 
panel surface temperatures at an ambient air temperature of 28 and 30°C 

Panel surface temperature 

28/30°C 
(S1 and S5) 

19°C 
(S2 and S6) 

14°C 
(S3 and S7) 

10°C 
(S4 and S8) 

Vote n
o
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Head 77 13 9 2 73 13 11 4 71 11 13 5 75 14 5 5 

Upper Body 82 11 7 0 75 16 7 2 75 16 7 2 82 14 2 2 

Foot (close 
to panel) 

89 9 2 0 88 9 4 0 77 16 7 0 80 16 4 0 

Foot (away 
from panel) 

89 7 4 0 88 9 4 0 82 14 4 0 80 14 5 0 
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Discussion 

The aim of this study was to gain a first impression of 
the user-centric cooling panels' performance with 
regard to thermal comfort. As mentioned before, only 
a small number of people participated in this 
experimental investigation. Nonetheless, this 
preliminary study can reveal general tendencies and 
present a first impression of the cooling panels' 
performance under specific conditions. 

The results of the study show that the user-centric 
radiant cooling panels can influence occupants' 
thermal sensation. This is clearly noticeable at an 
ambient air temperature of 28°C (see Figure 5, 
scenarios S1 to S4). In the base case (scenario S1), in 
which the panel's surface temperature was equal to the 
ambient air temperature, the mean thermal sensation 
vote of all participants is +1.1. By reducing the panel 
surface temperature, the mean thermal sensation of 
participants shifted closer to 0, which corresponds to a 
thermal sensation of “neutral” (+0.4, +0.2, and -0.1 at a 
panel surface temperature of 19, 14, and 10°C, 
respectively). At an ambient air temperature of 30°C 
(see Figure 6, scenarios S5 to S8) this effect is also 
visible but less pronounced. Generally speaking, a 
notable thermal comfort improvement can be 
observed mainly at a less extreme ambient air 
temperature (28°C, scenarios S1-S4), and a rather low 
panel surface temperature. At higher temperatures, 
the radiant panels could be supported by the 
incorporation of additional convective cooling 
solutions such as fans. 

When it comes to participants' evaluation of thermal 
comfort (see Figures 7 and 8) and thermal 
acceptability (see Figures 9 and 10), a lower panel 
surface temperature did not reveal a clear 
improvement. At an ambient air temperature of 30°C, 
thermal comfort and thermal acceptability were rated 
slightly better once the panel surface temperature was 
reduce to 10°C (see Figure 8 and 10, scenario S8). 
However, at an ambient air temperature of 28°C, a 
lower panel surface temperature did not reveal an 
improvement. A reason for this outcome might be 
perceived local thermal discomfort. In this context, it is 
noticeable that at an ambient air temperature of 28°C 
slightly more participants perceived thermal 
discomfort at their arms, in comparison to the 
scenarios with an air temperature of 30°C (see Figures 
11 to 14). 

Participant's evaluation of local thermal discomfort 
shows that the majority did not perceive local thermal 
discomfort during the tested scenarios. Specifically 
interesting for assessing the influence of the user-
centric radiant panels on local thermal discomfort are 
participants' evaluations of the arm and foot close to 
the panel in comparison to the ones further away. In 
case of the arms, the results show that a lower panel 
surface temperature results in more participants 
perceiving local thermal discomfort. Furthermore, as 

expected, a comparison of the evaluation of the arm 
close to the panel to the one further away showed that 
more participants perceived local thermal discomfort 
at the arm in close proximity to the cooling element. 
Nonetheless, as mentioned before, the majority of 
participants did not perceive local thermal discomfort, 
even at the arm close to the radiant panel. 

Concerning local discomfort regarding feet, a rather 
small difference can be discerned between the 
evaluations of the foot next to the panel and the one 
further away. A reason for this outcome can be the fact 
that nearly all participants were wearing trousers and 
closed shoes, covering their legs and feet. 

The assessment of the radiant temperature asymmetry 
revealed rather low values for all scenarios. Even in 
case of scenario S8 (30°C air temperature and 10°C 
mean panel surface temperature) the radiant 
temperature asymmetry is 4.1 K at the occupants’ 
seating position (85 cm from the panel). This results in 
a PD (percentage dissatisfied) of less than 1% (ISO 
7730:2006). 

The present treatment did not include air flow 
velocities in close proximity to the radiant cooling 
panel and their potential influence on occupants’ 
thermal comfort. However, this issue was addressed in 
a separate study (Teufl et al. 2021b). Thereby,  no risk 
of draft discomfort at the occupants seating position 
was detected. 

CONCLUSION 

This paper focused on an alternative radiant cooling 
approach, which allows lower surfaces temperatures 
than conventional solutions by i) using vertical panels 
close to a user and ii) incorporating drainage systems 
for potential surface condensation (Mahdavi and Teufl 
2020). 
Prototypical radiant cooling panels were installed in a 
laboratory. A small number of people participated in an 
experimental investigation and evaluated thermal 
comfort (including radiant asymmetry and local 
thermal discomfort) for eight different scenarios 
comprising different ambient air and panel surface 
temperatures. 
The outcome of this study points both to the potential 
and – in certain situations – to the limitations of the 
proposed approach. A notable improvement of 
participants’ thermal sensation due to the chilled user-
centric panels was mainly visible at an ambient air 
temperature of 28°C (scenarios S1-S4). This effect was 
still present but less pronounced at an ambient air 
temperature of 30°C (scenarios S5-S8). This suggests 
that the proposed alternative radiant cooling approach 
may be less effective at extremely high ambient air 
temperatures. In such cases, additional convective 
cooling solutions involving for instance, ceiling or 
desktop fans can supplement radiant panels toward 
provision of sufficient cooling performance levels. 
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Concerning local thermal discomfort, the results 
suggest that a slightly larger number of participants 
perceived local thermal discomfort at the arm region in 
close proximity to the cooling element in comparison 
to the arm further away. Moreover, it is noticeable that 
lower panel surface temperatures resulted in more 
participants perceiving local discomfort. Nonetheless, 
it has to be mentioned that the majority of participants 
did not perceive local thermal discomfort at their arms 
and feet, even in situations with rather low panel 
surface temperatures. Moreover, the assessment of the 
radiant temperature asymmetry did not reveal any 
potentially negative aspect regarding the functionality 
of the proposed radiant cooling approach. 
In the course of future studies, we intend to further 
investigate, in more detail, the performance and 
effectiveness of user-centric radiant cooling panels. 
This shall include the inclusion of a larger and more 
representative number of participants. Furthermore, 
the energy saving potential of the user-centric panels 
(as compared to other space cooling solutions) will be 
explored. 
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ABSTRACT 

Combined Convection-Radiation Air Conditioning 
System using Building Structure combines the 
advantages of TABS and convection air conditioning. In 
ordinary TABS, pipes are buried in the frame, but here 
pipes are laid on the lower (ceiling) surface of the floor 
slab. Also, jets from a Convection-enhancing Spot fan 
are sprayed toward the ceiling surface, promoting 
convection on the frame surface. This airflow promotes 
timely heat dissipation stored in the frame, and a 
micro-airflow environment can be formed in the living 
area. This paper aimed to verify thermal comfort and 
proper operation.  Subjects were given simulated work 
of low to high metabolic rate, and were asked to report 
the thermal sensation and comfort in a micro-airflow 
environment. It was confirmed that comfort could be 
maintained even at a temperature higher than the 
general air-conditioning temperature, and an 
appropriate operating method according to the 
metabolic rate was elucidated. 

INTRODUCTION 

In order to create a sustainable society, energy-
saving is being promoted in buildings by adopting 
various technologies such as improvement of building 
envelopes performance, introduction of high-efficiency 
equipment, and use of renewable energy. In recent 
years, building evaluation systems that focus on 
human health and comfort, such as those with the 
WELL Building Standard certification, have also been 
attracting attention, and there is a growing demand for 
a comfortable and healthy indoor environment. 

Against this background, TABS (Thermo-Active 
Building Systems) is drawing attention as an air 
conditioning system that achieves both energy savings 
and comfort. TABS has the advantages of being able to 
use low-valued energy (low-exergy approach), 
maintain a stable indoor thermal environment, and 
contribute to load leveling through proper operation. 
On the other hand, there are problems that response to 
the temporal fluctuation of heat load and uneven 
distribution of space is low, and that the frame weight 
is expected to increase as the frame thickness must be 
increased to bury the pipe. 

The authors have developed a Combined 
Convection-Radiation Air Conditioning System using 
Building Structure (C-R System) that incorporates the 
TABS mechanism. In addition to the merits of TABS, 
this system aims also to achieve responsiveness, which 
is the advantage of convection air conditioning. 

In this paper, subject experiment was conducted 
with the aim of verifying the appropriate operating 
method of this air conditioning system according and 
thermal comfort to  the metabolic rate of residents. 

OUTLINE OF THE AIR CONDITIONING SYSTEM 

 Figure 1 shows an outline of the air conditioning 
system, and Figure 2 shows the contact-type radiation 
fins. Since summer in Japan is hot and humid, it is 
necessary to consider an appropriate humidity 
treatment method in order to adopt a radiant air 
conditioning system. The system configuration was a 
latent heat-sensible heat separation air conditioning 
system  that adopted radiant air conditioning using 
floor slabs, and a latent heat treatment air conditioner. 

A corrugated aluminum fin (Contact-type Radiation 
fin, hereinafter referred to as Radiation fin) is installed 

Figure 1.  Outline of air conditioning system 

Figure 2. Contact-type radiation fins 

Contact-type Radiation fin
Convection-enhancing

Spot Fan

Contact-type Radiation fin (Wall Surface)

Dehumidifier Air Handling Unit

Office Area

Heat Conduction

Heat Convection

Heat Radiation

Heat Conduction

Heat Conduction

Concrete Slab

OA Floor

Water Pipe

Contact-type Radiation fin

Heat sink
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so as to contact under the slab to store heat in the slab 
and dissipate heat to the living room. Since the slab 
surface is also cooled when water is supplied, the area 
where the amount of building materials used for the 
Radiation fin at least contributes to radiant air 
conditioning can be increased. Furthermore, under the 
slab, a convection-enhancing spot fan (hereinafter 
referred to as a Spot fan ) that creates an air flow on the 
ceiling surface was built in. The jet from the Spot fan 
blows toward the ceiling, and after reaching the side of 
the flow beam through the Radiation fin and the ceiling 
surface, it descends to the living area. The Spot fan 
promotes convection on the ceiling surface to improve 
responsiveness to heat load fluctuations. In addition, 
by not embedding the pipes in the slab, the amount of 
concrete in the pipe burial part was reduced and the 
frame weight load was also reduced. By adjusting the 
rotation speed of the Spot fan so that the airflow in the 
living area does not become excessively fast, and 
operating it at the timing according to the resident’s 
needs, the system can generate the airflow only in the 
required area. 

METHOD 

Facilities for experiments 

Figure 3 shows an overview of the facility to be 
tested, and Figure 4 shows the outline of verification 
target area. This facility is a training facility for 
practical training in building equipment management 
work. The new C-R System is installed in the training 
room. In the training room, training with practical 
skills is conducted in addition to classroom lectures, 
and the amount of metabolism of building users varies 
depending on the training content. Therefore, in the 
subject experiment, the authors decided to verify the 
operating method that can maintain comfort while the 
amount of metabolism changes. The subject 
experiment was conducted using a specific area in the 
building. 

Figure 3. Overview of the facility to be tested 

The space for the subject experiment has a ceiling 
height of 3.65 m, and the ceiling is finished with 
concrete slabs and beams. As shown in Figure 2, an 
aluminum Radiation fin is placed on the ceiling surface, 
and air conditioning is performed by supplying cold or 
hot water to it. An air outlet was also provided in the 

center of the floor of the verification target area to 
supply temperature-controlled outside air so that good 
air quality could be maintained. 

Thermal environment measurement 

Figure 4 also shows thermal environment 
measurement points. Various measurement points 
were set in order to grasp the temperature distribution 
and airflow environment in the space around the 
subject in detail. The measurement points were 96 air 
temperature points, 4 airflow velocity points, 13 
ceiling / beam surface temperature points, 13 floor 
surface temperature points, 1 relative humidity point, 
and 1 PMV point. The measurement points at each 
location were arranged so as not to restrict the 
behavior of the subject during the subject experiment. 

Subject experiment procedure 

Figure 5 shows the measurement location of the 
subject, Figure 6 shows the measurement scene, Table 
1 shows psychological and physiological measurement 
items, and Figure 7 shows the physiological data 
measurement position. Four seats were set up in the 
verification target area, and a maximum of three 
subjects were allowed to stay at the same time. A 
thermal manikin was seated in the remaining seat, and 
the equivalent whole body temperature, sensible heat 
loss, and skin surface temperature were measured in 
parallel with the measurements of the subjects. The 
subjects were 12 healthy men and women in their 
twenties, and the amount of clothing was standardized 
to about 0.5 clo (0.511 clo, 0.554 clo in 2 clo value 
measurements). 

Figure 4. Outline of verification target area 

Figure 5. Measurement location        Figure 6. Measurement 

       of the subject       scene 
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Table 1.  Psychological / Physiological measurement items 

Psychological 
measurement items 

Personal attributes, Life background, Health, 
Thermal sensation, Comfort sensation, 

Acceptance of thermal environment 

Physiological 
measurement items 

Skin surface temperature, Sweat rate, 

Heart rate,  Pulse rate, Activity intensity, 
LF/HF 

Figure 7. Physiological data measurement position  

 Table 2 shows the experimental cases, and Figure 8 
shows the experimental schedule. The experimental 
cases consisted of a steady case in which the subject 
continued the same simulated work, and an unsteady 
case in which the simulated work was changed during 
the experiment. Before the start of the experiment, a 
time for acclimatization to the thermal environment 
was provided, and the subjects were allowed to stay at 
rest for 30 minutes in the acclimatization area. Then 
they were moved to the verification area, and the 
simulated work set in each case was carried out. In the 
simulated work, typing (equivalent to 1.1 met) and 
step exercise on a stepladder (equivalent to 2.1 met) 
were imposed for 60 minutes in the steady case, and 
typing, standing file organization (equivalent to 1.4 
met), and step exercise on a stepladder (equivalent to 
1.7 met) were imposed for 90 minutes in the unsteady 
case. The metabolic rate of step exercise on the 
stepladder in the steady and unsteady cases was 
adjusted by determining the number of ascents / 
descents (times / minute) from the relational 
expression between ascent / descent and energy 
metabolism proposed by Hirakawa. 

As thermal environment conditions, the air 
conditioning temperature was set to 26°C and 27°C, 
and the air conditioning was controlled so that the 
relative humidity was 50%. The Spot fan was changed 
in three stages; stop / weak / strong, depending on the 
experimental case. 

A report regarding thermal sensation and thermal 
comfort was requested at the following points of time; 
after 15 minutes of staying in the acclimatization area, 
immediately after moving to the verification target 
area, and every 10 minutes after moving. 

The air conditioning temperature of 27°C is higher 
than the general air conditioning design temperature 
(= 26°C) in Japan. A productivity test was imposed at 
27°C excluding Steady case 3 and 4 to confirm that a 
thermal environment that did not reduce productivity 
was maintained. (Steady case 3 and 4 were not tested 
because the simulated work was to ascend and 
descend the stepladder). In the productivity test, 3-

digit addition problems were solved as quickly as 
possible for five minutes at three or four times, i.e., 
during the acclimatization period, during the 
experiment and immediately after the experiment. 

Table 2. Experimental cases 

Case 
Spot fan 

operation 

Simulated work 

(Estimated metabolic rate) 

Environmental 

Condition 

Steady 

1 Stop 
Typing (1.1[met]) Room 

temperature 

:26°C,27°C 

±0.5°C 

Relative 
humidity 

:37 - 55% 

2 Weak 

3 Weak Step exercise on a step ladder 
(2.1[met]) 4 Strong 

Unsteady 

1 Weak Typing (1.1met) 

File sorting in the standing 
position (1.4met) 

Step exercise on a step ladder 
(1.7met) 

2 Strong 

Figure 8. Experimental Schedule 

RESULTS 

Thermal environment 

 Figure 9 shows the airflow measurement results, 
and Table 3 shows the average airflow velocity in the 
living area. When the fan was stopped, the average 
airflow velocity in the living area was 0.02-0.03 m/s, 
which was a quiet environment. As the operating 
conditions were changed from weak to strong, the 
average wind speed increased and the variation 
increased. The average wind speed was 0.16 m/s in 
weak operation and 0.26 m/s in strong operation, and 
a micro-airflow environment of 0.5 m/s or less, which 
is the indoor environment recommended by “Act of 
Maintenance of Sanitation in Buildings (Japanese law)”, 
could be created. 

Figure 9. Airflow velocity during subject experiments 

Table 3.  Average air flow velocity in the living area 

Spot fan operation Stop Weak Strong 

Average air velocity 0.02 m/s 0.16m/s 0.26m/s 

Sweat rate Heart rate
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Figure 10 shows the results of vertical temperature 
distribution measurement. The temperature of the 
measurement points directly above the floor outlet 
tended to be low in the range of FL+100-600, but the 
temperature of the other measurement points was 
within the range of the air conditioning set 
temperature of ± 0.5°C. A similar trend in the 
temperature distribution was confirmed under the 
condition of 27°C. The ceiling surface temperature 
was cooled by the Radiation fin by maintaining water 
supply for a certain period of time, and when it was 
stable, it was around 24°C. 

Figure 10. Vertical temperature distribution under 26°C 
conditions 

Total equivalent temperature / equivalent 
temperature for each body segment 

 Figures 11 and 12 show the results of measuring the 
total equivalent temperature and that for each body 
segment using the thermal manikin. The average air 
temperature of FL+1100 and PMV is also shown.   
When the fan was operating, it was confirmed that the 
total equivalent temperature measured with the 
thermal manikin tended to be lower than the air 
temperature. The PMV was on the warm side, except 
for Steady case 2 and Unsteady case 2 under 26°C 
conditions. As for the equivalent temperature for each 
body segment, especially the upper body tended to be 
low. 

Figure 11. Total equivalent temperature by thermal manikin 

Figure 12. Equivalent temperature on each body segment 
under 27°C conditions 

Thermal sensation votes / thermal comfort votes 

Figure 13 shows the votes of thermal sensation and 
thermal comfort under 26°C conditions. Under the 
steady condition for the same metabolic rate, the 
number of votes on the cool side increased when the 
fan was stronger. In Steady case 2, the number of votes 
on the cool side was more than 50%, and the feeling of 
comfort was slightly lower than in Steady case 1. In 
Steady case 4, votes on the cool side were about 65%, 
and those on the comfortable side increased from 
28.6% in Steady case 3 to 80.9%. Comparing Steady 
case 2 and Steady case 3 in which the fan operates in 
the same condition, votes on the warm side increased 
from 11.9% to 33.3%, and those on the comfortable 
side decreased from 54.8% to 4.8% in Steady case 3 
with a high metabolic rate. Regarding the unsteady 

Figure 13. Votes of thermal sensation and thermal comfort  

under 26°C conditions 

Figure 14. Votes of thermal sensation and thermal comfort  

under 27°C conditions 
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condition, the number of votes on the comfortable side 
was maintained, but those on the comfortable side 
tended to decrease as the metabolic rate increased. 

Figure 14 shows the votes of thermal sensation and 
thermal comfort under 27°C conditions. Similar to 
26°C, the number of votes on the cool side increased as 
the fan became stronger. In Steady case 1 and 2 with a 
low metabolic rate, votes on the comfortable side were 
50% or more, but in Steady case 3 and 4 with high 
metabolic rates, votes on the comfortable side were 
less than 30%, while those on the dissatisfied side were 
over 30%. Under unsteady conditions, the comfort side 
was maintained at more than 50%, and good comfort 
was obtained despite the 27°C temperature. 

Productivity 

 Figure 15 shows the rate of change in the correct 
answer rate of the productivity test. It was confirmed 
that the average correct answer rate of all subjects 
could be maintained without decreasing over time in 
Steady case 1 and 2, Unsteady case 1 and 2. 

   Figure 16 shows a comparison of a correct answer 
rate depending on airflow. It was found that many 
subjects had higher correct answer rates when there 
was stronger airflow. 

Figure 15. Rate of change in the correct answer rate of 
productivity test 

Figure 16. Comparison of a correct answer rate depending on 
airflow 

Physiological data 

Figure 17 shows the results of skin surface 
temperature and sweat rate. As an example of a typical 
physiological response, the measurement results of 
one male subject at 26°C are shown. In Steady case 1-4, 
in which steady simulation work was performed, the 
skin surface temperature was lower and sweat rate 
was greater at higher metabolic rates (Steady case 3 
and 4). In a comparison between Steady case 2 and 
Steady case 3, the difference in sweating in the chest 
area was small, but sweating in the right wrist was 
about three times greater in Steady case 3. On the other 
hand, under unsteady conditions, sweating was less 
and the skin surface temperature tended to be slightly 

lower during strong fan operation than during weak 
operation. 

Figure 17. Skin surface temperature and sweat rate 

Relationship between physiological data and 
psychological data 

Figure 18 shows the relationship between LF/HF 
and subjective votes. For physiological data, the focus 
was on LF/HF, which is used as a stress index, and the  

(a) Thermal sensation

(b)Thermal comfort

(c)Sweat rate 

Figure 18. Relationship between LF/HF and subjective votes 
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relationship with psychological data obtained by 
subjective votes. All results were at a temperature 
condition of 26°C. 

LF/HF was derived by frequency analysis of pulse 
wave interval  (PPI) acquired by a wearable device. For 
data cleansing, values with a PPI of 450 msec or less 
and 1,250 msec or more were excluded as outliers. In 
addition, PPI was replaced with continuous data by 
spline interpolation, and resampling was performed. 
The total amount of power spectra in the frequency 
band of 0.04-0.15 Hz derived by frequency analysis 
was defined as LF, the total amount of 0.15-0.40 Hz was 
defined as HF, and their ratios were defined as LF/HF. 
The frequency analysis was performed every 300 
seconds for the calculation interval and every 60 
seconds for the analysis cycle, and the output data was 
shown as a box plot classified according to the report 
result. It is said that LF reflects both sympathetic and 
parasympathetic activity, and HF reflects 
parasympathetic activity. Therefore, it was thought 
that the larger LF/HF, the more dominant the 
sympathetic nerve is, indicating the stress state. 

The hotter is the feeling of warmth or coolness, and 
the more sweating is felt, the higher becomes LF/HF. 
On the other hand, the stronger is the feeling of comfort, 
the smaller is LF/HF. 

DISCUSSION 

Thermal environment 

 The airflow was larger in FL+1100 than in FL+500 
because the Spot fan generated a downward flow from 
the upper part of the space. It was inferred that this air 
conditioning system generates an environment in 
which the upper body is more easily cooled by the air 
flow. The average airflow velocity was as small as 0.3 
m/s even at FL+1100 during strong fan operation, but 
the maximum value was up to 0.57 m/s, so it is thought 
that the subject could occasionally feel the airflow 
fluctuation. 

    Regarding temperature distribution, the 
temperature was almost the same in the range of FL±0 
to FL+1700, which is thought for the living area. When 
the feeling of warmth/coolness was different for each 
part of the body, it was presumed that the airflow was 
the cause. 

Total equivalent temperature / equivalent 
temperature for each body segment 

 The total equivalent temperature tended to be lower 
than the air temperature due to operation of the Spot 
fan. It was expected that the airflow would shift the 
feeling of thermal sensation to the cooler side. The 
reason why the equivalent temperature did not 
decrease uniformly by the fan was thought to be that 
the airflow velocity was small and was easily affected 
by the disturbance due to the measurement in the 
actual building. 

   The equivalent temperature for each body segment 
tends to be lower in the upper body than that in the 
lower body., thus, it was found that the downward flow 
from the upper body contributes to cooling of the 
upper body. 

Thermal sensation votes / thermal comfort votes 

 Comparing comfort in Steady case 1 and 2 at 26°C, it 
was slightly higher when the Spot fan was stopped. In 
Steady case 2, the number of votes on the cool side 
increased, suggesting that the environment was 
slightly cooler than the neutral thermal state, and that 
comfort could be maintained even at an air 
conditioning temperature higher than 26°C. On the 
other hand, even at high metabolic rates, good comfort 
and a thermal sensation could be maintained by 
operating the Spot fan strongly. It was found that the 
Spot fan can create a good thermal environment in 
response to fluctuations in the metabolic rate. 

In Steady case 2 at 27°C, the same comfort as at 26°C 
could be maintained. It was considered that when the 
metabolic rate was low, by operating the Spot fan at 
27°C, it was possible to operate with energy-saving 
while still maintaining comfort. In addition, the heat 
stored in the frame could be dissipated by the airflow 
generated on the ceiling surface during the time when 
people were staying in the area, which could contribute 
to load leveling. On the other hand, when the metabolic 
rate was high, good comfort could not be maintained 
even if the fan was operated. When work with a high 
metabolic rate is expected, it was considered desirable 
to operate at 26°C. 

Productivity 

 An air conditioner temperature of 27°C is higher 
than the general cooling temperature set in Japan. 
Therefore, even if the thermal sensation and comfort 
can be properly maintained, there was a concern that 
thermal stress could occur without subjects knowing, 
and productivity would decline. However, productivity 
test results showed that it was possible to maintain a 
certain level without loss of productivity. In addition, 
the number of subjects whose correct answer rate was 
high due to the airflow, increased. This suggested that 
maintaining an appropriate thermal environment with 
a Spot fan may have a positive effect on productivity. 

Physiological data 

 It was considered that the skin surface temperature 
decreased due to increase of sweating, and the increase 
of transpiration on the skin surface at high metabolic 
rates. Under unsteady conditions, sweating under the 
strong fan operating condition was less than that under 
the weak fan operating condition. Hence, sweating was 
evidently suppressed by the cooling effect of the air 
flow. 
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Relationship between physiological data and 
psychological data 

 LF/HF is an index to confirm which of the autonomic 
nerves, the sympathetic nerve or the parasympathetic 
nerve, is dominant. The fact that LF/HF was larger 
when subjects reported “hotter” in the thermal 
sensation vote, was considered to indicate that the 
sympathetic nerve was dominant due to heat stress. On 
the other hand, it is said that the sweat glands become 
more active when the sympathetic nerve becomes 
dominant, and the same trend was confirmed in this 
measurement. 

   Regarding relationship with thermal comfort vote, it 
was found that the more comfortable the vote, the 
smaller the LF/HF value and the parasympathetic 
nerve tended to dominate. Since LF/HF is physiological 
data that can be easily acquired with a wearable device, 
this suggested that it may be a useful index for 
evaluating the thermal sensation and thermal comfort. 

    In this verification, only cooling conditions were 
examined, so the behavior of LF/HF when thermal 
stress occurred on the cool side during heating could 
not be confirmed. In addition, it is generally recognized 
that LF/HF is not a highly reliable metrics, and the 
relationship between physical stress such as physical 
activity and mental stress is unclear. In the future, the 
authors would like to examine whether LF/HF can be 
used as an evaluation index of thermal stress by 
evaluating the relationship with psychological data 
under heating conditions. It was also considered 
necessary to verify the effects of physical stress and 
reliability. 

CONCLUTIONS 

 In this paper, a subject experiment was conducted 
for the purpose of verifying the thermal comfort and 
appropriate operating method of the C-R System 
introduced in a training facility. 

    It was found that the C-R system can create a good 
thermal environment according to the metabolic rate 
by controlling the rotation speed of the Spot fan. At the 
air-conditioning temperature of 26°C, good comfort 
could be maintained over a wide metabolic range of 1.1 
to 2.1 met. On the other hand, at low metabolic rates, 
comfort can be maintained well even at 27°C, and it is 
thought that both energy-saving and comfort can be 
achieved. 

    The authors believe that the results of this paper can 
provide useful data for designing air conditioning 
control methods that match changes in metabolic rate. 
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ABSTRACT 

The net Zero Energy Building (ZEB) aims to promote a 
productive working environment with high occupant 
satisfaction while minimizing energy input. Personal 
air-conditioning is a technology which can 
significantly contribute to ZEB. In this paper, we 
evaluate the improvement to occupant satisfaction 
from the use of a personalized thermal conditioning 
chair (TCC). In our results: (i) The TCC can change the 
equivalent temperature by –0.7 to 1.2°C. (ii) Users 
controlled the TCCs according to their thermal 
comfort. Users chose cooling mode mainly in summer 
and heating mode in winter according to 
environmental changes in the ZEB office. (iii) The TCC 
was controlled to maintain the user’s preferred 
thermal environment. This resulted in the 
surrounding temperature of each user during TCC 
operation to vary. (iv) The thermal comfort survey 
from users converged to “neutral”. This shows that 
users felt improved comfort from the ability to control 
their own thermal environment.  

INTRODUCTION 

Personal air-conditioning is a tool for controlling an 
occupant’s individual thermal environment, allowing 
the autonomous ability to adapt to their personal 
surroundings. The concept is used when selecting 
clothes according to climate. People in Japan have a 
history of changing furniture and furnishings each 
season to keep their environment comfortable, and 
personal air-conditioning copies this objective. 

There are multiple studies on the effects of personal 
air conditioning. Tsuzuki et al. evaluated the 
equivalent temperature of each of the non-isothermal 
personal air-conditioning (TAM, PEM, ClimaDesk) 
using a thermal mannequin. Sudo et al. pointed out 
that the effect of conventional personal air -
conditioning is that thermal neutrality can be 
obtained quickly. However, it is pointed out that the 
following problems. 1) forgetting to turn off 
frequently occurs, 2) it is difficult to change the layout, 
3) the strength and direction of the airflow are not
sufficiently controlled, and 4) the desk space is
restricted. Lee et al. Have proposed an isothermal
personal air-conditioning mounted on a desk. As a

result, it has been shown that autonomous air volume 
adjustment by the users has improved the feeling of 
comfort. Yanai et al. introduced personal air 
conditioning using partitions in practical offices, and 
observed and analyzed the usage status. Many 
workers adjust the air volume in response to changes 
in metabolic rate. Therefore, it has pointed out that 
adjustment function is necessary for personal air -
conditioning. Vesely et al. conducted a literature 
search on multiple existing personal air-conditionings. 
Those could reduce the set temperature of the air-
conditioning from 1 °C to 4 °C. Therefore energy 
saving effect of air-conditioning was estimated up to 
40% or more. 

Personal air-conditioning can contribute to Net Zero 
Energy Buildings (ZEBs) by minimizing ambient air-
conditioning and alleviating the need for its 
adjustment by allowing occupants to control their 
personal environment. For example, an office that 
achieved ZEB with high occupant satisfaction from the 
introduction of personal air conditioning was 
reported. 

Based on these previous studies, we have developed a 
thermal conditioning chair (TCC) which is equipped 
with cooling and heating functions. Its performance 
was evaluated using a thermal manikin, and then 
installed at a ZEB office site, in which we observed 
how the TCCs were operated by users. In this paper, 
we describe the effect on the equivalent temperature 
and improved satisfaction for the user.  

Cooling mode Heating mode 

Figure1. The Thermal Conditioning Chair (TCC) 

Switchable 
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1. OUTLINE OF THE TCC

The TCC is shown in Figure 1. It has 2 modes, a 
cooling mode and a heating mode. In the cooling mode, 
it is possible to promote heat transfer from a human 
body by isothermal airflow. The airflow from the air 
outlet on the sides of the seat cools the upper body, in 
particular the armpits and front chest. The suction 
airflow inside the seat promotes heat transfer from 
the back thigh which is in contact with the seat. The 
wind direction can be adjusted by 60° by rotating the 
wind direction plate at the tip of the air outlet. 

In heating mode, the heater inside the seat surface 
heats the back thigh and the buttocks. A thermistor is 
used for the safety circuit. The power is cut off when 
overheated. 

Table 1 shows the specifications of the TCC. The 
output in cooling mode can be adjusted in the range of 
10 to 19 m3/h. The output of the heating mode can be 
adjusted from 30 to 200 W/m2. It has capability to 
transmit the operating status by Bluetooth for 
communication with other building equipment. 

A rechargeable lithium-ion battery is mounted as the 
power source. The operable time under the maximum 
output from fully charged state is 10 hours in cooling 
mode and 6 hours in heating mode. A switch attached 
to the chair allows switching between cooling and 
heating modes and adjustment of output in 5 steps. 

2. EVALUATION TEST

2.1 Test of wind-speed and direction 

As shown in Figure 2, the wind direction and speed 
close to the thermal manikin in cooling mode were 
measured with a three-dimensional ultrasonic 
anemometer (WA-590, Kaijo Co., Ltd.). The thermal 
manikin was operated in "Comfort mode". 

Figure 3 shows the results of the wind direction and 
speed test. The wind speed closest to the outlet is 
about 10 m/s. An upward airflow of 1.9 m/s was 
observed near the upper arm of the armpit. The wind 
speed was 0.7 m/s on the front chest. Normally, the 
natural convection flow velocity due to heat 
generation from the human body is 0.1 to 0.2 m/s.  
Therefore, it was confirmed that convection near the 
human body was promoted by air flow from the TCC. 

The body surface area of the upper arm and chest is 
about 20% of the whole of the body. By reference to 
previous studies on wind speed and convective heat 
transfer coefficient, the convective heat transfer 
coefficient of the whole body is approximately 
doubled by the TCC’s produced air flow, indicating the 
effect of promoted heat transfer from the human body. 

2.2 Equivalent temperature of thermal manikin 

The cooling and heating effects in cooling and heating 
modes of the TCC were evaluated in the equivalent 
temperature measured by the thermal manikin. The 
equivalent temperature is the temperature at which 

the amount of sensible heat transfer is equivalent 
under certain clothing level and thermal environment. 
The equivalent temperature calculation method is 
conformed to the standard of the Architectural 
Institute of Japan. The experimental conditions are 
shown in Table 2. The thermal manikin was fixed in a 
sitting position on the TCC. Both modes were 
measured for 1 hour in operating and non-operating 

Table1. Specification of TCC 

Figure2. Thermal 
manikin experiment

Figure3. Wind-speed around 
a human body

(m/s) 

Blowing mode Heating mode
Room temperature 28 °C 20 °C
Clothing level of the thermal manikin 0.5 clo. 1.0 clo.

Table2. Conditions of the thermal manikin’s experiments 
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Figure4. Equivalent temperature of whole body

Blowing mode Input power) 5W,  Air volume) 10 - 19 CMH

Heating mode Input power) 7W,  Output) 30 - 200 W/m2

ICT uploading operational data by Bluetooth

Power sorce Rechargeable Li battery (48 Wh)

Usable time
In blowing mode) 10 hour. -

In heating mode) 6 hour. -

Operability
2 modes, 5 output levels switchable

Air direction controllable
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states. The equivalent temperature for the operating 
state of the TCC was calculated from that in the non-
operating state.  

The amount of heat transfer from the thermal manikin 
in cooling mode and equivalent temperature are 
shown in the upper part of Figure 4. The amount of 
heat transfer at the back thigh, head, forearm, upper 
arm, and chest was 1.1 to 1.3 times that in non-
operating state. The amount of heat transfer 
throughout the body increased by 8%. 

The equivalent temperature at these body locations 
were 25 to 27°C. This was lower than the room 
temperature of 28°C. The equivalent temperature of 
the entire body was 27.3°C, which was 0.7°C lower 
than the room temperature. This cooling effect in this 
condition is equivalent to reducing the clothing level 
by about 0.2 clo. In other words, it has the effect of 
reducing thermal resistance by an amount similar to 
undressing a thin shirt. 

The lower part of Figure 4 shows the amount of heat 
transfer and the equivalent temperature in heating 
mode. The amount of heat transfer to the back thigh, 
which is in contact with the seat surface, was about 
30% of that when not in operation. The amount of 
heat transfer from the entire body decreased by 6%. 

The equivalent temperature of the back thigh was 
about 14°C higher than room temperature,  while the 
equivalent temperature of the entire body was 1.4°C 
higher. In terms of clothing level, this is the same 
effect as an increase of 0.1 clo. In other words, use of 
the TCC had the same effect as changing from thin to 
thick trousers. 

3. INSTALLING THE TCC IN THE ZEB OFFICE

3.1 Outline of the ZEB office 

The TCC was installed in the ZEB office (Figure 5). 
Table 3 shows the outline of the building. Constructed 
in 2019, the three-story reinforced concrete office 
building has a total floor area of 1,181 m2. The main 
air-conditioning system is a variable refrigerant 
system. The sub air-conditioning system is equipped 
with a skeleton radiant heating system. It can switch 
heat sources between an underground borehole and a 
geothermal heat pump according to the season. In 
addition, solar power generation is installed. Both the 
design values and the actual operation values 
(October 2019 to September 2020) have achieved 
ZEB requirements. 

As shown in Figure 6, TCCs were provided to 6 males 
(m1 to m6) and 2 females (f1, f2) in room-1 and 
room-2 on the 2nd floor, aged from 30 to 59 years old. 
5 of them were executives (see Table 4). The 
operational data of the TCC from November 2019 to 
September 2020 was analyzed. However, participants 
who had a significantly short seating time or were 
transferred during the analysis period were excluded. 

3.2 Indoor temp. and humidity in each season 

Figure 7 shows the indoor temperature and humidity 
on representative days for the mid-season, summer, 
and winter. Looking at the mid-season period 
(November 12, 2019), the temperature in room-1 was 
22 to 25°C during business hours (9:00 to 18:00), and 
20 to 23°C in room-2. The difference between rooms 
was due to the air-conditioning machine operating in 
room-1 and not in room-2. The accuracy of the 
temperature sensor is ± 0.3 ° C and relative humidity 
sensor is ± 3%. 

In the winter period (December 20, 2019), both room-
1 and room-2 remained at 20 to 24°C. In the morning, 
room-2 did not reach the set temperature of 22°C. In 
the afternoon, the set temperature was exceeded 
reaching 23 to 24°C due to sunlight. Relative humidity 
remained between 40 and 50%. 

Table3. Outline of the building 
Figure5. The ZEB office 

Figure 6. Layout of the TCC users 
(f1, f2: female, m1-m6: male)

ID sex. age. manager. ID sex. age. manager.
f1 female 30~39 m3 male 50~59 ✓
f2 female 30~39 ✓ m4 male 50~59 ✓

m1 male 50~59 ✓ m5 male 30~39
m2 male 50~59 m6 male 40~49 ✓

Table 4. Attributes of TCC users 
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In the summer period (August 26, 2020), the 
temperature was 26 to 27°C and the relative humidity 
was 50 to 60% during business hours. There was a 
temporary increase in humidity when occupants 
opened the windows at night (20:00 to 8:00 the next 
day) and every 2 hours due to the pandemic. 

3.3 TCC results from seating time in each season 

Figure 8 shows the seating time of each month and 
the operating time in cooling and heating modes. 
Seating times ranged from 3 to 82 hours, with an 
average of 37 hours. Seating time varied for each 
person depending on job type. Users’ seating times 
differed from month to month according to the 
frequency of client and business meetings. Since the 
total monthly business hours are about 160 hours (20 
business days × 8 business hours), it can be said that 
about 25% of business hours were generally seated. 

Looking at the mid-season period (November 2019), 
user m4 worked for 5 hours in cooling mode, and f1 
and f2 worked for 7 to 13 hours in heating mode. 
Although both users f1 and m4 were present in room-
2 they worked in different modes. It is presumed that 
m4, who had a short seating time, had a higher 
metabolic rate due to job activities in the office 
compared to f1, who had a long seating time, 
resulting in individual differences. 

In the winter period (December 2019), all of the users 
analyzed worked in heating mode for 0.3 to 31 hours. 
In one case, a female operated the TCC until the set 
temperature was reached, showing that each person 
evaluated the thermal environment and directly 
adjusted the temperature. In addition, some periods 
for f1 was found operating in cooling mode. Since her 
seating time was shorter than in other months, it is 
possible that her metabolic rate was higher and 
necessitated cooling mode. 

In the summer period (August 2020), each user's 
cooling mode operating time was observed to be 5 to 
76 hours with an operating rate of 44 to 99%, higher 
than other periods. This is because indoor 
temperature and humidity increased due to outside 
air introduced by the opening of windows. 

3.4 TCC operating rate for each room temperature 

Figure 9 shows the frequency distribution of the 
exposed rate of each user and operating rate of the 
TCC in each temperature range. Looking at the 
exposed temperature of each user, a tendency for 
temperatures near the set temperature (22°C in 
winter and 27°C in summer) to be higher than others 
can be seen. However, the exposed temperature was 
in the range 17 to 32°C, deviating from the set 
temperature by about -5 to 5°C. This was due to the 
suspension of air conditioning during overtime, non-
air conditioning operation during the interim period, 
and ventilation from window opening. 

Looking at the operating rate of the TCC, the lowest 
values is at 23 to 26° C. The temperatures at which the 

operating rate was minimum differed for each person, 
around 23°C for f1, f2, and m4 and 26°C for m2 and 
m5. It is considered that these individual differences 
are attributable to thermal environment preference 
for each person. 
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Individual differences can also be seen. For f2, a low 
operating rate of 0.3 or less appears at 22 to 24°C.  A 
medium operating rate from 0.4 to 0.8 can be seen at 
19 to 21°C and 26 to 27°C. High operating rate 1.0 is 
seen at 19°C or lower and 28°C or higher. Users m2 
and m5 show similar tendencies to f2. The 
temperature for low operation rates was 26 to 27° C, 
and 22 to 25°C and 28 to 30°C for medium operation 
rates. For f1, no low operation rate was observed, 
medium operating rate occurred at 20 to 23°C, and 
high operating rate at other temperatures. For m4, the 
absence of operation below 23°C indicated heating 
was not required. 

The results suggest the following reaction by users 
according to the exposed temperature. At 
temperatures with low operation rates, the TCC is not 
operated because thermal discomfort was not sensed. 
At temperatures with medium operation rates, 
thermal discomfort was not noticeable normally but 
became gradually noticeable during temporary 
increases in metabolic rate, leading to the operating 
rate increasing. At temperatures with high operation 
rates, thermal discomfort was present, leading to 
constant operation. Hence, autonomous control was 
observed among users. 

Even if the room temperature deviates from the set 
temperature, it can be formed a comfortable thermal 
environment by controlling the TCC’s function 
autonomously by users. ZEB is required to minimize 
input energy and to suppress the air-conditioning 
power. Under this situation, the TCC is effective. 

3.5 Effect on thermal sensation vote of TCC users 

Figure 10 shows the thermal sensation vote of users 
and non-users of the TCCs in the 1st year (November 
2019) and 2nd year (November 2020). In the 1st year, 
both users and non-users reported thermal comfort 
outside neutral (“slightly cold” to ”very cold”). In the 
2nd year, all of the users’ surveys showed neutral 
declarations.  

The users described some of their opinions as follows: 

"I don't need to worry about the heat and cold. The 
TCC plays a role in bridging the difference in thermal 
comfort."  

"I think the frequency of changing the set temperature 
of the air-conditioning machine has decreased."  

From these results, it is suggested that the users 
learned how to use the TCC according to their level of 
thermal comfort. They received an expanded range of 
comfortable thermal conditions owing to the 
adjustments allowed by the TCC, and hence expressed 
satisfactory experiences. 

CONCLUSION 

In this paper, the performance test results of the TCC 
and the operational results after installation in the 
ZEB office are described.  

(1) The equivalent temperature evaluated using a
thermal manikin decreased by 0.7°C in cooling mode
and increased by 1.2°C in heating mode.

(2) In the operational results of the ZEB office in each
season, the TCCs were used in cooling mode in
summer and mainly in heating mode in winter.
However, in winter, there were cases where it was
used in cooling mode in response to temporary
increases in metabolic rate. From these results, it was
confirmed that the TCCs had been used autonomously
according to the thermal comfort of each user.

(3) From the results for exposed temperature and the
operating rate of the TCC, the preferred temperature
of each person is seen to be different, as the
temperature with low operating rate (0.3 or less)
varied. It was also confirmed that the operating rate
changes according to the temperature range.

(4) The users' thermal comfort survey in the 2nd year
of practical use converged to “neutral”. This suggested
that their ability to adjust thermal conditions
improved after learning how to use the TCCs. As a
result, the users expressed satisfactory experiences.
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ABSTRACT 

This study investigates the brainwaves associated 
with thermal discomfort induced by temperature 
upward ramping. This experiment was conducted on 
35 university students. Participants stayed for 40 
minutes in a climate chamber where the temperature 
gradually increased, and at the same time, EEG 
measurements and thermal comfort answers were 
performed. As a result of the temperature increasing, 
the participants felt uncomfortable and the relative 
power value of all frequency bands gradually increased. 
As a result of correlation analysis of individual thermal 
comfort change and relative power change, the alpha 
power at Cz, C3, the beta power at Fz, Cz, and C4 and 
the gamma power at C4 increased. 

INTRODUCTION 

Brainwave is a physiological signal recorded by 
amplifying microscopic electrical activity of the brain 
on the scalp. An electroencephalogram (EEG) records 
the potential difference between the electrodes by 
attaching electrodes to the scalp to induce and amplify 
the variation of the microscopic potential generated by 
changes in the brain's nervous system activity (Lee, 
2011). EEG is related to concentration, arousal, stress, 
and various other mental activities (Sanei and 
Chambers, 2007), and through EEG, human cognition, 
emotions, and psychological states can be identified. 
Brain waves can be classified into delta waves, theta 
waves, alpha waves, beta waves, and gamma waves in 
order from low to high frequencies according to 
frequency characteristics. 

Brainwaves have recently attracted attention as an 
index that can measure thermal comfort. In a previous 
study (Yao et al., 2009) examining heart rate variation 
and EEG according to thermal comfort, thermal 
sensation was collected under four temperature 
conditions. Alpha waves were significantly different in 
each temperature condition, and beta waves and theta 
waves were also partially significant. Beta wave was 
inversely proportional to thermal sensation, alpha 
wave was highest in slight cool and decreased in 
uncomfortable thermal environment, and theta wave 
was highest in neutral. 

Studies that investigated changes in EEG at 23, 26, and 
29℃ also showed that EEG frontal asymmetry activity 

is related to subjective response and task performance 
(Shan et al., 2018). 

However, these previous studies collected thermal 
sensation based on PMV, and did not survey thermal 
comfort. Although the PMV model can show the 
correlation between the thermal environment 
conditions and thermal sensation well, it cannot 
essentially explain what human comfort is (Yao et al., 
2009). 

In a study that measured EEG in two subway stations 
where comfort was sharply contrasted, beta and 
gamma waves were high when people responded as 
uncomfortable (Kim et al., 2020). There was also a 
study that showed a high correlation between EEG and 
thermal sensation vote overall, and relatively low 
correlation between thermal comfort vote (Han et al., 
2004). However, the preceding studies above analyzed 
the EEG after being in the room for a certain period of 
time, so the EEG at the moment when the feeling of 
comfort or sensation changed could not be confirmed. 

A previous study examining the relationship between 
EEG and thermal pleasure mentioned that the relative 
theta power at the Fz region increased significantly 
when the occupant felt thermal pleasure caused by a 
rapid temperature change (Son and Chun, 2018). In 
this study, changes in EEG according to thermal 
pleasure could be identified for each measuring point 
and frequency, but since the experimental condition 
was the induction of a thermal comfort according to the 
down-step temperature, it was not possible to know 
how EEG appeared under other environmental change 
conditions. 

Therefore, in previous studies, as a result of 
examining changes in EEG according to thermal 
displeasure (Han & Chun, 2020), thermal displeasure 
was induced according to heat and cold, and the 
difference in frequency and region of EEG was 
statistically significant. Previous studies induced 
thermal displeasure according to sudden temperature 
changes, but this study aimed to cause thermal 
discomfort according to gradual temperature changes 
and to examine changes in EEG. 

The aim of this study examines the EEG patterns 
according to the thermal discomfort of the occupants 
with gradual temperature increasing by identifying the 
moment of participants perceiving “hot” or 
“uncomfortable” and measuring the changes in EEG at 
that moment. 
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METHODS 

 Subjects

18 men and 17 women in their 20s and 30s
participated in the experiment. The experiment was 
approved by the Yonsei University Institutional 
Review Board (IRB), and an explanation of the 
experiment process was made before the experiment 
was conducted for the participants. In the event that 
the participants of the experiment decided that they 
would not be able to continue their participation due 
to strain or discomfort in the thermal environment, 
they were informed that they could ask the researcher 
to stop at any time. In addition, the participants of the 
experiment were restricted from excessive exercise, 
alcohol consumption, and excessive activities that 
cause physical fatigue the day before the experiment. 

All participants of the experiment wore the same 
clothing (underwear, long-sleeved top, long-sleeved 
bottoms, socks). 

 Experimental conditions

In this experiment, thermal discomfort and EEG
patterns were examined when a gradual temperature 
change from a comfortable environment to an 
uncomfortable environment occurred. The pre-
chamber was used to stabilize the physical condition of 
the participants, and the experiment was conducted in 
the climate chamber. 

The experimental conditions are as follows. The 
environmental conditions of the pre-chamber were set 
to an air temperature of 25℃ and relative humidity of 
50%, which is the state of PMV(Predicted Mean Vote) 
0, and the initial environment of the climate chamber 
was also the same as that of the pre-chamber. 

For comparing the EEG in a comfortable environment 
with that of the moment of changing to an 
uncomfortable environment, the indoor environment 
was maintained at the air temperature of 25°C and the 
relative humidity of 50% for 10 minutes after the start 
of the experiment. After that, the temperature and 
humidity were gradually changed so that participants 
could experience the change from a comfortable 
environment to a very uncomfortable environment. At 
the end of the experiment, the set value of the air 
temperature was 32°C and the relative humidity was 
65%. 

During the experiment, the average value of the 
internally measured values was 24.9°C at the start and 
56% relative humidity. At the end of the experiment, 
the air temperature was 31.9°C and the relative 
humidity was 58.8% (Figure 1). Due to the setting of 
the experimental conditions with a large temperature 
change, there was a limit to the operation of the HVAC 
system, so the control of the relative humidity was not 
well regulated. 

Figure 1. Temperature and humidity change in the 
experiment 

 Measurement tools

In order to measure the psychological responses of
the participants according to the gradual change of the 
thermal environment, a questionnaire of two items 
was conducted, thermal sensation and thermal 
comfort. In this experiment, the participant had to feel 
the heat gradually in a comfortable state and feel 
discomfort so it had to be premised that the thermal 
sensation before the start of the experiment was in a 
neutral state and felt comfortable. To investigate this, 
the thermal sensation and thermal comfort surveys 
were conducted before the start of the experiment. 
With this experiment, since the temperature and 
humidity were gradually rising, it was composed of a 
one-way 4 point scale of Neutral-Slightly hot-Hot-Very 
hot, except for the “cold” side scale, unlike the general 
thermal sensation scale. And the thermal comfort scale 
was composed of a 5 point scale; Comfortable-Slightly 
comfortable-Slightly uncomfortable-Uncomfortable-
Very uncomfortable. 

The thermal sensation after the start of the 
experiment was recorded through ComVote(Kwon, 
2018). ComVote can continuously measure air 
temperature and humidity at the set interval, and is a 
device that can record and store time, air temperature, 
and humidity the moment the user presses the voting 
button. In this experiment, it was important to check 
when the participants felt hot, so the questionnaire 
was conducted using ComVote, which records the time 
to respond to the questionnaire and the indoor 
environment value at that time. In addition, 
immediately after responding to the thermal sensation, 
the thermal comfort survey was answered on the same 
5-point scale as the questionnaire used before the start
of the experiment.

In this study, the EEG measurement device (B-Alert 
X10, Advanced Brain Monitoring, Carlsbad, CA, USA) 
was used. This device is used with three parts of the 
frontal lobe, F3, Fz, F4, and six regions of the parietal 
lobe, C3, Cz, C4, P3, POz, and P4. The occipital lobe 
responsible for visual stimulation and the temporal 
lobe responsible for auditory stimulation and memory 
recognition were excepted. The detailed location of 
measurement points is shown in Figure 2. 
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Figure 2. Electrode placements in the experiment 

Before installation of the EEG device, the size of the 
head of the experiment participant was measured, and 
a strap suitable for the size was used. To facilitate the 
collection of electrical signals, a disposable sponge was 
attached to the electrode located on the strap, and then 
a water-soluble gel was applied. Also, when measuring 
EEG, a disposable electrode was attached to the 
mastoid as a reference electrode. 

Meanwhile, for the accuracy of the electrical signal of 
the EEG, an Impedance test was conducted to check the 
resistance values on the scalp and electrodes before 
the start of the experiment. This experiment was 
started after the impedance value dropped below 30kΩ 
in a total of 9 sites and the signal stabilized. The EEG 
data was saved by a computer through a 1-40Hz pass 
filter, and one value was saved per second per 1Hz. 

 Experimental conditions

Upward ramping experiment was conducted for a
total of 70 minutes. In order to stabilize the physical 
condition of all participants equally, participants 
entered a pre-chamber with an air temperature of 25℃ 
and relative humidity of 50% and waited for 30 
minutes. After entering the pre-chamber, the 
participant changed into experimental clothes, and the 
wireless EEG device was attached to the head. After the 
waiting period was over, the participant moved to the 
climate chamber and sat in the prepared seat. After a 
brief guide to the experiment and explaining how to 
use the questionnaire, the experiment was started and 
EEG measurements were conducted. The participant 
pressed the voting button at the moment he felt 
sensational change while staying in the climate 
chamber and questioned the thermal comfort at that 
time. Subsequently, the questionnaire was answered 
whenever the change in thermal sensation or thermal 
comfort was changed, and there was no limit to the 
number of responses. 

In order to compare the EEG in the comfortable 
environment with the EEG at the moment of change to 
the uncomfortable environment, the indoor 
environment for 10 minutes after the start of the 
experiment maintained the initial condition. After that, 
the temperature and humidity were gradually changed 
so that participants could experience from a 
comfortable environment to a very uncomfortable 
environment. 

 Analysis

For the questionnaire analysis, the responses of
sensation and comfort were quantified. Thermal 
sensation was converted into Neutral (1), Slightly hot 
(2), Hot (3), and Very hot (4). Thermal comfort was 
quantified as Comfortable (1), Slightly comfortable (2), 
Slightly uncomfortable (3), Uncomfortable (4), and 
Very uncomfortable (5). 

The removal of artifacts from the EEG data was 
carried out. The case where the data was not saved due 
to a large loss of EEG data or an operation error of the 
questionnaire response device was excluded. Finally, 
246 data of 33 people (17 males and 16 females) were 
used for the analysis. In this experiment, the relative 
brain power value was calculated and used for the final 
analysis. 

RESULTS 

 Thermal sensation and thermal comfort votes

The average thermal sensation of the participants
before the start of the experiment was 1.03, which was 
neither hot nor cold, and the average thermal comfort 
was 1.32, and they felt comfortable. 

As shown in Figure 3, the results of examining the 
changes in the average thermal sensation and thermal 
comfort according to the gradual increase in 
temperature showed that the thermal sensation and 
thermal discomfort increased as time passed. The 
number of responses and response time varied. In the 
case of thermal sensation, participants felt 'slightly hot' 
from the beginning of the experiment. There was a 
temporal difference between thermal sensation and 
discomfort. 

Figure 3. Time series of the thermal sensation vote and 
thermal comfort vote 
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 Thermal discomfort and EEGs

The results of examining the changes in EEG
according to thermal comfort are as follows. The 
amount of change was calculated to eliminate 
individual baseline differences in EEG. The amount of 
EEG change was used by subtracting the average EEG 
for 2 minutes after the start of the experiment from the 
average EEG for 2 minutes after the participant 
responded to the questionnaire, and these values were 
expressed as Δrelative power. The EEG of the first 
voting with a change in thermal comfort was used in 
the analysis, and the case of repeated responses of the 
same response was excluded from the analysis. The 
analyzed sites were F3, Fz, F4, C3, Cz, C4, P3, POz, and 
P4, a total of nine sites (Fig.2). 

The change in the relative power value of the brain 
waves according to the gradual temperature rise is as 
follows. 

The change in relative alpha power according to the 
thermal comfort response is shown in Figure 4 and 
Figure 5. The change in relative alpha power of Cz and 
C3 sites tended to increase as it went from comfort to 
discomfort, and the items showing a statistically 
significant difference are as follows. 

The amount of change in relative alpha power in the 
Cz region was significantly increased when 
participants felt “Slightly uncomfortable” and “Very 
uncomfortable” compared to when the participants felt 
“Comfortable”. 

The amount of change in relative alpha power in the 
C3 area was significantly increased when participants 
felt that they were ‘Slightly uncomfortable’, 
‘Uncomfortable’, and ‘Very uncomfortable’ compared 
to when the participants felt ‘Comfortable’. 

Figure 4. Relative alpha power change on thermal comfort 
vote at Cz 

Figure 5.  Relative alpha power change on thermal comfort 
vote at C3 

The changes in the relative beta power according to 
the thermal comfort response are shown in Figures 6 
~ 8. The change in relative beta power of Fz, Cz, and C4 
sites tended to increase as it goes from comfort to 
discomfort. 

The amount of change in the relative beta power of the 
Fz, Cz, and C4 regions was significantly increased when 
the participants felt “Slightly uncomfortable” and very 
uncomfortable” than when they felt “Comfortable”. 

Figure 6.  Relative beta power change on thermal comfort 
vote at Fz 

Figure 7. Relative beta power change on thermal comfort vote 
at Cz 
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Figure 8.  Relative beta power change on thermal comfort 
vote at C4 

The change in relative gamma power according to the 
thermal comfort response is shown in Figure 9. The 
change in relative gamma power of the C3 site tended 
to increase as it went from comfort to discomfort. The 
amount of change in relative gamma power was also 
significantly increased when participants felt “Slightly 
uncomfortable” and “Very uncomfortable” than when 
they felt “Comfortable”. 

Figure 9.  Relative gamma power change on thermal comfort 
vote at C3 

DISCUSSION 

This experiment was conducted to examine the 
expression of thermal discomfort and the change in 
EEG. In order to induce thermal discomfort, the air 
temperature was increased by 7℃  and the relative 
humidity was increased by 15% for 30 minutes to 
create a gradual change in the thermal environment. As 
a result, as time passed, that is, as the discomfort 
increased, the overall EEG increased. When examining 
the regions and frequencies of the EEG that were 
significantly increased, the alpha waves of Cz and C3, 
the beta waves of Fz, Cz and C4, and the gamma wave 
of C4 were increased. 

 In previous studies (Han & Chun, 2020), when the 
thermal displeasure was induced, the increase or 
decrease of a specific region and frequency was clear. 
However, in this experiment, EEG increased in all 

frequency bands. This means that, unlike thermal 
displeasure, where sudden changes caused 
instantaneous high arousal, the discomfort was 
expressed in a low arousal state because of gradual 
changes, and the EEG changes with a mechanism 
different from displeasure. 

 In a study that examined changes in EEG on the 
effects of various emotions through acoustic 
stimulation, a previous study in which the overall 
frequency band of the EEG was higher when negative 
emotions were compared to positive emotions (Kao et 
al, 2015). 

In other words, the change of EEG according to the 
thermal comfort response was significantly increased, 
but there was no difference in EEG for each frequency 
and the overall EEG increased. This experiment was 
conducted only under the condition of increasing the 
temperature, but in a future study, it is planned to 
investigate how the EEG changes when the 
temperature is lowered and the thermal discomfort 
caused by the cold is felt. Therefore, in future studies, 
based on the results of this study and later experiments, 
the relationship between thermal discomfort and EEG 
can be more clearly investigated, and a thermal 
comfort model that considers EEG parameters can be 
developed. 

CONCLUSIONS 

This study was to find the EEG region and frequency 
band that can represent the discomfort of the 
occupants by checking the changes in EEG due to 
thermal discomfort. 

  As a result of examining the changes in EEG 
according to thermal discomfort, when discomfort due 
to heat was expressed, the alpha waves of Cz and C3 
increased, the beta waves of Fz, Cz, and C4 increased, 
and the gamma wave of C4 was increased. 

This study investigated only the discomfort according 
to the gradual temperature change and the response of 
the brainwaves accordingly, but in the future, it will be 
possible to expand the area to not only the thermal 
environment but also other indoor environments and 
will contribute to providing a comfortable indoor 
environment. 
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ABSTRACT 
This study compared thermal comfort and skin 
temperature of adolescents and young adults to 
analyze the difference in their thermal responses. In a 
climate chamber with increasing air temperature from 
18 ℃ to 32 ℃, skin temperature was measured at 
seven body parts with survey responses. As a result, 
the indoor environment, thermal comfort, and skin 
temperature have significant correlations, and there 
were differences between adolescents and adults in 
their responses. The neutral temperature of 
adolescents was slightly lower than that of adults. 
Generally, adolescents have a higher mean skin 
temperature than adults, and the hand skin 
temperature of the adult male group changed much 
sensitively corresponding to their thermal sensation 
than others. The difference in thermal comfort and 
related skin temperature implies the need for 
investigating adolescents as a separate group from 
adults for accurate thermal comfort prediction. The 
results are expected to be used for optimal 
environmental settings for adolescents. 

INTRODUCTION 
The majority of adolescents spend most of their 
daytime at school as students, and the indoor 
environment of the classroom affects students' 
satisfaction, health, attention, and academic 
performance (Frontczak, M., et al., 2012; Barrett, P., et 
al., 2015; Wargocki, P., et al., 2005). Among the four 
indoor environmental factors, the thermal 
environment is known to be most influential to 
building occupants (Humphreys, 2005). To provide 
appropriate thermal environment, it is crucial to 
understand the occupants' response and requirements 
regarding their thermal comfort. Currently, personal 
comfort models based on physiological signals are 
being suggested to predict the thermal comfort of 
individual occupants more precisely (Ghahramani, A., 
et al., 2018; Sim, S. Y., et al., 2016). Former studies 
showed that physiological signals such as skin 
temperature have a significant relationship with 
occupant’s thermal status (Gerrett et al., 2013; Liu et 
al., 2008; Sim et al., 2016; Yao et al., 2008). 

However, most of the studies focused on the case of 
adults and the physiological signals related to the 
thermal comfort of adolescent occupants have not 
been investigated thoroughly. There is a need to 
examine adolescents as a separate group since their 
thermal response could be inconsistent with adult 
occupants. According to the former studies, adolescent 
students preferred a cooler environment compared to 
adults and have a lower neutral temperature (Richard 
de Dear et al., 2015; Ruey Lung Hwang et al., 2009). 
Also, since they are in the process of physical 
development, their metabolic rate could be unlike the 
grown-ups. Thus, the thermal comfort and 
physiological response of adolescents might have 
different aspects compared to that of adult occupants. 
In this regard, this study aims to investigate the 
thermal comfort and skin temperature of adolescents 
and analyze the correlations among the indoor 
environmental factors, subjective response, and skin 
temperature through chamber experiments. Also, the 
comparison between adults and adolescents was 
conducted to examine the distinctive feature of each 
group in their thermal responses. 

METHODS 
A chamber experiment was conducted to inspect the 
relationship between thermal comfort, indoor 
temperature, and skin temperature of adolescents. 
The experiment was carried out in the environmental 
chamber at Yonsei University from June to September 
2020. 

Participants 
In this experiment, there was a total of 38 participants, 
and they were divided into two groups based on their 
age; adolescents aged -12-18 and adults in their 2-30s. 
In both groups, there were nine male and ten female 
participants. Table 1 presents the demographic 
information of participants in this study. 
During the experimental session, all participants wore 
the same clothes, which have Clo value of 0.63(long-
sleeved t-shirt, sweatpants, underwear, and socks)and 
were required to stay in sedentary position reading 
books for maintaining their metabolic rate at 1.0 MET 
equally. 
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Table 1.  Participants' demographic information 
Sample 

size Age Height 
(cm) 

Weight 
(kg) 

BMI 
(kg/m2) 

Adolescent 
Male 9 16.1± 1 174.3 ± 4 65.8 ±4  21.6 ±2  

Adolescent 
Female 10 16.7± 1 162.7 ± 4 54.0 ± 9 20.5 ± 3 

Adult 
Male 

9 25.2 ± 1 173.6 ± 6 73.7± 9 24.5± 3 

Adult 
Female 10 26.6 ± 2 161.2 ± 6 58.1 ± 

10 22.4 ± 4 

Experimental procedure 
Prior to the experimental session, participants stayed 
in the pre-chamber for 30 minutes to stabilized their 
thermal status. During the pre-session, participants 
changed their clothes, and the sensors were attached 
to measure the skin temperature.  Then they moved to 
the main chamber, and the experimental session 
continued for 90minutes. In the main chamber, during 
the experimental session, participants were asked to 
answer the questionnaires every 5-minutes, 19 times, 
while their skin temperature was measured 
continuously.  

Experimental condition 
The pre-chamber maintained a steady and neutral 
environment at 25℃ air temperature and 50% 
relative humidity. Meanwhile, in the main chamber, 
the air temperature and relative humidity were set to 
increase from 18℃, 40% (set point 1) to 25℃, 50% 
(set point 2), and then to 32℃, 50% (set point 3). Each 
set points were designed to expose participants in a 
broad range of thermal environmental condition. For 
the first 10 minutes, the air temperature stayed at 18℃ 
and then increased to 25℃ for 30minutes. Again, from 
40 to 50 minutes of the experimental session, the air 
temperature was maintained at 25℃ for 10minutes, 
and increased to 32℃ for over 30minutes, and stayed 
at 32℃ for 10 minutes. Figure 1 shows the desired and 
measured temperature condition of the 
environmental chamber during the experimental 
session. 

Figure 1. Desired and measured temperature condition of the 
environmental chamber 

Measurement 
During the experiment, the air temperature and 
relative humidity in the climate chamber were 
recorded in 1-minute interval.  

Figure 2. Layout of environmental chamber 

Table 2.  Summary of the questionnaire 
Questionnaire item Measuring scale (coding) 
Thermal sensation vote (TSV)  Very cold (-3) 

Cold (-2) 
Slightly cold (-1) 
Neutral (0) 
Slightly hot (+1) 
Hot (+2) 
Very hot (+3) 

Thermal comfort vote (TCV)  Very uncomfortable (-2) 
Uncomfortable (-1) 
Slightly uncomfortable (-0.1) 
Slightly comfortable (0.1) 
Comfortable (1) 

Thermal preference  Very comfortable (2) 
Prefer warmer (-1) 
No change (0) 
Prefer cooler (1) 

A questionnaire survey was conducted to identify 
participant’s subjective thermal comfort status. It 
included questions on thermal sensation (TSV, 7-point 
scale), thermal comfort (TCV, 4-point scale), and 
thermal preference (3-point scale). Table2 shows the 
summary of the questionnaire used in this experiment. 
The skin temperature of participants was measured 
continuously during the experiment. TSK 7+1 
(Songkitopia, accuracy ±0.1℃, eight-channel, 
Technox, Inc., Incheon, Korea) were used to collect the 
local skin temperature at seven parts of the body in 10 
seconds interval. The measuring points were head, 
abdomen, arm, hand, thigh, calf, and foot. A mean skin 
temperature was calculated using equation 1 of Hardy 
et al. (1938) for the comprehensive analysis.  

Mean skin temperature 

= 0.07 * (THead) + 0.35 * (TChest) + 0.14 * (TLowerArm) + 0.07 * 
(TFoot) + 0.13 * (TLowerLeg) + 0.19 * (TThigh) + 0.05 * (THand)     (1) 

RESULTS 

Thermal comfort and indoor environment 
The relationship between the indoor environment and 
participants’ thermal comfort was examined with 
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Pearson correlation analysis between air temperature, 
thermal sensation vote and thermal preference. The 
result shows that the air temperature significantly 
correlates with thermal sensation vote and thermal 
preference for both adult and adolescent groups.  

Table 3.  Correlation of survey responses and air temperature 
Ta 

Adolescent Adult 

TSV 
Pearson R .830** .719** 

p-value 0.000 0.000 

Thermal 
Preference 

Pearson R .732** .787** 
p-value 0.001 0.001 

The neutral temperature is defined as the air 
temperature at which the occupants identify the 
thermal environment as neither hot nor cold, and it is 
often supposed to be an optimal condition for a 
comfortable thermal environment(Fanger, 1970). 
In this study, the neutral temperature was calculated 
with linear regression analysis on the thermal 
sensation vote against the air temperature. Figure 3 
shows the distribution of thermal sensation vote 
corresponding to the air temperature. The linear 
equations are expressed as equations (2) and (3) for 
the adolescent and adult participants. The neutral 
temperature, the air temperature (Ta) value when the 
mean thermal sensation vote (MTSV) is 0, for the 
adolescent and adult group was 24.96℃ and 25.17℃ 
each. The result shows that the adolescent group has a 
slightly lower temperature than adults with a 
difference of 0.21℃. 

Figure 3.  Distribution of thermal sensation vote by air 
temperature of (a) adolescent and (b) adult group 

 Adolescent ∶  MTSV =  0.2 ×  Ta −  5.11, 𝑅𝑅2 =  0.69 (2) 
 Adult ∶  MTSV =  0.22 ×  Ta −  5.62, 𝑅𝑅2 =  0.72 (3) 

Thermal comfort and skin temperature 
In this chamber experiment, participants' skin 
temperature was measured in a 10-sec interval. Figure 
4 illustrates the mean skin temperature and hand skin 
temperature at the time of the survey during the 
experimental session. Generally, the mean skin 
temperature of adolescent participants was slightly 
higher than that of adults during the whole 
experimental session. In the case of hand skin 
temperature, the adolescent group showed a broader 
range of temperature drop at the beginning but soon 
increased to a level similar to that of adults. 
The correlation analysis was performed to identify the 
relationship between the skin temperature from 7 
body parts (head, abdomen, arm, hand, thigh, calf, 
foot), mean skin temperature(MST), thermal sensation 
vote, and thermal preference vote. As shown in table 3, 
all of the skin temperature features correlated with the 
survey responses significantly. For both adolescent 
and adult group, the hand skin temperature(Tskin 
hand) was correlated with the survey responses 
showing the highest correlation coefficient value. Also, 
the arm skin temperature and mean skin temperature 
showed a strong correlation with the survey responses. 

Figure 4. (a) Mean skin temperature (b) hand skin 
temperature of adult and adolescent group  

The linear regression analysis was conducted on the 
thermal sensation vote against the skin temperature 
for further analysis. Since the hand skin temperature 
and mean skin temperature have a relatively strong 
correlation with survey responses, these features 
were chosen to be analyzed among all the skin 
temperature features. 
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Table 4.  Correlation of survey response and skin temperature 
MST head abdomen arm hand thigh calf foot 

Adole
scent 

TSV 
Pearson R .584** .620** .447** .616** .627** .594** .492** .183** 

p-value 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.001 
Thermal 

Preference 
Pearson R .612** .596** .493** .638** .640** .567** .554** .231** 

p-value 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 

Adult 
TSV 

Pearson R .546** .537** .333** .536** .569** .484** .512** .203** 
p-value 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 

Thermal 
Preference 

Pearson R .625** .508** .350** .647** .699** .562** .592** .300** 
p-value 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 

Figure 5 presents the distribution of thermal sensation 
vote corresponding to the mean skin temperature, and 
the linear equation is expressed as equations (4) and 
(5). With the equation’s slope, which reflects the 
sensitivity, the MST value for one thermal sensation 
scale change was calculated. The adolescent and adult 
group showed a value of 1.28℃ and 1.22℃ each. 

Figure 5. Distribution of thermal sensation vote by MST of 
(a) adolescent (b) adult

Adolescent : MTSV = 0.78 × MST – 22.599  𝑅𝑅2= 0.43 (4) 
Adult ∶ MTSV = 0.82 ×  MST –  26.72  𝑅𝑅2 =  0.42 (5) 

Also, for further analysis, the linear equation of 
thermal sensation votes regressed against each age 
and gender group's mean skin temperature. Based on 
the slope of the equation, the sensitivity to the 
temperature change of each group is calculated. The 
value mean skin temperature for changing one-scale of 
thermal sensation were 1.43℃, 1.26℃, 1.15℃, and 
1.22℃  for adolescent male, adult male, adolescent 
female, and adult female group. 

Adolescent male ∶ MTSV =   0.70 ×  MST –  22.89   𝑅𝑅2 =  0.39  (6) 
Adult male ∶ MTSV =  0.79 ×  MST –  25.61   𝑅𝑅2 =  0.45 (7) 
Adolescent female ∶ MTSV =  0.87 ×  MST –  28.66  𝑅𝑅2 =  0.49 (8) 
Adult female ∶ MTSV =  0.82 ×  MST –  27.03   𝑅𝑅2 =  0.39 (9) 

To investigate the relationship between hand skin 
temperature and thermal sensation vote, linear 
regression analyses were conducted. Figure 6 shows 
the distribution of thermal sensation vote (TSV) 
corresponding to the mean value of hand skin 
temperature. The linear equation of TSV with the hand 
skin temperature is expressed as equation (10) and 
(11). The slope of the equation was almost identical 
with the value of 0.41 and 0.40. 

Adolescent ∶ MTSV =  0.41 ×  𝑇𝑇𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠hand− 13.13  𝑅𝑅2 =  0.39 (10) 
Adult ∶ MTSV =  0.40 × 𝑇𝑇𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠hand− 12.88  𝑅𝑅2 =  0.44 (11) 

Figure 6. Distribution of thermal sensation vote by hand skin 
temperature of  (a) adolescent (b) adult 

Then for further understanding, the regression 
analysis of the TSV was performed against the hand 
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skin temperature of the adolescent male, adult male, 
adolescent female, and adult female group. The 
resulted equations are (12), (13), (14), and (15) 
accordingly. The value of hand skin temperature for 
one thermal sensation change was derived with the 
equation's slope, and the result was 2.32℃, 1.25℃, 
2.43℃  and 2.27℃  for adolescent male, adult male, 
adolescent female, and adult female. It shows that the 
hand skin temperature of adult males are much 
sensitive to the temperatur change in terms of their 
thermal sensation compared to other groups of 
participants. 

Adolescent male ∶ MTSV =  0.43 × 𝑇𝑇𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠hand− 13.44  𝑅𝑅2 =  0.45  (12) 
Adult male ∶ MTSV =  0.80 × 𝑇𝑇𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠hand− 25.96 𝑅𝑅2 =  0.69 (13) 
Adolescent female ∶ MTSV =  0.41 × 𝑇𝑇𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠hand− 13.18  𝑅𝑅2 =  0.37 (14) 
Adult female ∶ MTSV =  0.44 × 𝑇𝑇𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠hand− 13.90  𝑅𝑅2 =  0.52 (15) 

DISCUSSION 

Adolescents’ thermal comfort and indoor 
environment 
In this study, the thermal sensation, thermal comfort, 
thermal preference of adolescents aged 12-18 and 
adult participants in their 20-30s were collected in the 
climate chamber. The result shows that under the 
same condition of indoor environment, there were 
differences in the thermal response between 
adolescent and adult participants. The neutral 
temperature of adolescents was lower than adults, and 
the thermal sensation of adolescents seem to be less 
sensitive to the temperature change compared to that 
of adults. These results, adolescents' lower neutral 
temperature than adults, are in line with the former 
research(Xavier & Lamberts, 2000; Richard de Dear et 
al., 2015). Meanwhile, the difference in neutral 
temperature between adolescents and adults in this 
study was less than 1K, which is a relatively small 
value compared to 2-3K differences from other field 
studies. This might be caused by the different levels of 
control in the experimental design between field and 
chamber research since more variables that can affect 
occupant’s thermal comfort are controlled in the 
climate chamber than in the field environment.  
Though the trend and degree of difference might vary, 
it is obvious that adolescents' thermal response differs 
from that of adults. Thus, it is needed to study 
adolescents aged 12-18 separately from the adults 
regarding their thermal comfort for providing a 
comfortable and appropriate environment for 
adolescent occupants. 

Adolescents’ thermal comfort and skin 
temperature 
In the climate chamber, the skin temperature of seven 
body parts was measured with a thermal comfort 
survey. The skin temperature of both adults and 
adolescents positively correlated with thermal 

sensation and thermal preferences. Especially, the 
mean skin temperature and hand skin temperature 
have a relatively strong correlation with participants' 
survey responses, as reported in several other 
studies(Choi & Loftness, 2012; Jacquot et al., 2014). 
Compared to adults, adolescents have slightly higher 
mean skin temperature during the experimental 
session. In the case of hand skin temperature, there 
were no distinctive differences between adults and 
adolescents. However, when participants are further 
classified by their gender, the hand skin temperature 
of the adult male group changed much sensitively, 
corresponding to the thermal sensation compared to 
other groups. 
The age difference in skin temperature in relation to 
thermal sensation has been investigated in some 
studies, and most of them compared cases of young 
adults and elderly(Lee, J. S., Song, M. K., & Kim, 2009; 
Schellen et al., 2010; N. A. S. Taylor et al., 1995; 
Yochihara et al., 1993). These studies reported that 
elders in their 6-70s have lower skin temperature than 
young adults. Also, van Hoof, J., & Hensen(2006) 
explained that the older adults have lower activity 
levels; thus, their metabolic rate is lower than young 
adults, which resulted in wanting warmer indoor 
environment. This tendency of lower skin temperature 
might be caused by the decrease in skin blood flow 
with aging. 
In case of adolescentage adolescents and young adults 
in their 2-30s, there might not be many differences in 
their physical condition in comparison to the case of 
elderly and young adults. However, since adolescents 
are going through their physical development process, 
there are still some chances that their metabolic rate 
or physiological responses differ from that of grown-
ups. This distinctive feature of adolescents might be 
one of the reasons for the difference in skin 
temperature between adolescents and adult 
participants in this experiment. 
Considering the result of this study, the relationship 
between skin temperature and thermal comfort of 
adolescents have different aspect and trend compared 
to adults. Thus, there might be a need to be more 
research investigating adolescents as a distinctive 
group from adults in terms of their physiological 
responses related to thermal comfort. Also, since there 
were only 9-10 participants in each test group in this 
study, future studies with more participants could 
help to earn more reliable results. 

CONCLUSION 
In this study, skin temperature was measured at seven 
body parts with survey responses in a climate 
chamber. The comparison between adults in their 20-
30s and adolescents aged 12-18 was conducted to 
examine the age difference in their subjective and 
physiological responses to the thermal environment. 
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The result from the chamber experiment shows that 
there is difference in the relationship between indoor 
environment, thermal comfort, and skin temperature 
between adolescents and adults. The air temperature 
correlated significantly with thermal comfort, and the 
neutral temperature of adolescents was slightly lower 
than that of adults. The mean skin temperature and 
hand skin temperature have a strong correlation with 
the participant’s thermal comfort. During the 
experimental session, adolescents have a slightly 
higher mean skin temperature than adults. Also, the 
hand skin temperature of adult male group changed 
much sensitively, corresponding to the thermal 
sensation compared to other groups. The age 
difference in thermal comfort and related skin 
temperature proposes the need for investigating 
adolescents as a separate group from adults for 
accurate thermal comfort prediction. The results are 
expected to be used for optimal environmental setting 
for adolescent students in the classroom, supporting 
personal comfort model or system based on their 
physiological signals in the future. 
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ABSTRACT 

Through physiological signals, detecting the changes 
of occupants' physical and psychological aspects is 
possible, and wearable devices have enabled 
measurement in dailylife. In this study, to see whether 
the wearable device could be used for interpreting the 
state of the office workers, a field experiment was 
conducted.A wearable device was applied for 
monitoring the occupant, and productivity responses 
were collected inside a real office. As a result, when 
the productivity and alertness decreased, the room 
temperature was high, and the skin temperature and 
electrodermal activity were increased. A comparison 
between the group of alert and drowsy states was also 
made. The average and the gradient of skin 
temperature had a significant difference between the 
states. The result of skin temperature could be 
interpreted as suppressing the sympathetic nervous 
systems in the drowsy state, increasing blood flow, 
and increasing temperature at the terminal skin. 
Significant relation with the electrodermal activity can 
be explained through sweat secretion. The results 
showed the insight of understanding the occupants' 
alert state through wearable device measured data.  

INTRODUCTION 

The recent development of wearable 
technologyenabled wireless real-time measurement 
of various parameters, and the technology is being 
used in numerous fields. Wearable devices can 
measure vital signs such as heart rate, blood pressure, 
skin temperature, sweat,posture, and physical 
activities.By using wearable devices, continuous field 
data could be achieved, and researchers could 
monitor certain features' patterns. Furthermore, 
attempts to detect or predict certain events or status 
was made. (Sim et al., 2018; Can et al., 2019; Liu et al., 
2019) 

Also, in the field of the indoor environment study, the 
wearable device could be made useful in various 
aspects. When it comes to the office environment, 
productivity and alertness are some of the main 
concerns, and supporting the workers to be more 
effective is crucial. Studies to make a productive 
environment by controlling the HVAC system were 
conducted (Tanabe et al., 2015; Geng et al., 2017). To 
fully support this control system, understanding the 

occupant's state should be preceded. This is the part 
where the wearable device can play a role. The 
wearable device can provide continuous feedback 
from the occupants, including physiological signals. 
Physiological signals can reflect the physical and 
psychological changes, and the data can be used for 
understanding the state of the person. 

Therefore, based on previous research, this study 
focused on detecting workers' alertness based on the 
data from the wearable device. Through the field 
experiment, the office environment, which occupants 
were exposed, was measured, and the wearable 
device was used to collect the occupants' 
physiological signals.  The goal was to find the 
association between the physiological signals from 
the wearable device and theoffice workers' state and 
to discuss the direction of environmental control 
depending on the state of workers.   

METHODS 

Field experiments were held place in an office at 
Yonsei University from June to November 2019. The 
survey response of occupants in the office was 
obtained,and physiological signals of the occupants 
were measured using the wearable device.  

Twelve females and 24 males, a total of 38 healthy 
office occupants in their 20s, participated.The 
working hour of the office was from 10 a.m. to 6 p.m. 
During office hours, occupants responded to the 
alertness survey regularly (1-hour intervals in June 
and 20-minute intervals in September, 10-min 
intervals in October and November) through their 
phone or computer. The participants used their 
computers to perform their usual tasks and usually 
were in a sedentary position. The occupants were 
given control of the indoor environment, such as air 
conditioning and window opening, and participated in 
their usual clothes.The thermal condition inside of the 
office was measured with the survey responses and 
physiological signals. 

To analyse the alert state of the office occupants, 
perceived productivity and alertness were 
collected.Perceived productivity was measured using 
a five-point scale used in the SCATs project 
(McCartney and Humphreys, 2002), 1 'Much higher 
than normal' -  5 'Much lower than normal'.  The nine-
point scale (KSS scale) was used to respond to the 
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alertness (Kaaida et al., 2006), 1' Extremely alert' to 9 
'Very sleepy, great effort to keep awake'.(Table 1) 

Table 1 Survey scale 

Perceived productivity Alertness 

Scale No. Scale No. 

Much higher 

than normal 
1 Extremely alert 1 

Slightly higher 

than normal 
2 Very alert 2 

Normal 3 Alert 3 

Slightly lower 

than normal 
4 Rather alert 4 

Much lower 

than normal 
5 

Neither 

alert nor sleepy 
5 

Some signs  

of sleepiness 
6 

Sleepy, no effort  

to stay awake 
7 

Sleepy, some effort  

to stay awake 
8 

Very sleepy, great  

effort to keep awake 
9 

To see the thermal environment to which occupants 
were exposed, ComVote (Kwon, 2018), a small 
environmental measuring device, was placed on the 
desk of each occupant, and anemometer TA 465 (TSI, 
USA), was placed one per four occupants. Indoor air 
temperature, globe temperature, indoor relative 
humidity, and indoor air velocity were measured as 
indoor environmental factors.The sensors measured 
the environmental factors automatically at one-
minute intervals. (Table 2) 

Table 2 Data collection device information 

Variables
Collection

frequency
Equipment specification Accuracy

Air temperature 1min Sensirion SHT21 0.3 
o
C

Globe 
temperature 1min S+S Regeltechnik RPTF-2 0.2 

o
C

Relative 
humidity 1min Sensirion SHT21 2 % RH

Air velocity 1min TSI TA465 0.2 m/s

The physiological signals were measured through the 
wearable device Empatica E4 wristband (Empatica 
Inc., USA), enabling real-time, continuous 
physiological measurements.E4 wristband consists of 
four sensors, a photopolymer(PPG) sensor, an 
electrodermal activity (EDA) sensor, a 3-axis 
accelerometer, and an infrared thermophile sensor. 
The PPG sensor detects the blood volume pulse (BVP) 
signal,and the signal can be used to obtain inter-beat-
interval (IBI) and heart rate data. The EDA sensor 
detects the electrodermal activity on the skin surface, 
and the infrared thermophile sensor measures 
peripheral skin temperature. 

Figure 1.  Empatica E4 wristband 

Physiological signals, the skin temperature, heart rate, 
and electrodermal activity, were analyzed after 
excluding the outliers, including when the 
temperature dropped rapidly due to poor contact or 
heart rate measurement lower than 40. The artifact of 
the electrodermal activity was removedusing the 
algorithm based on skin temperature and 
accelerometer values. (Taylor et al., 2015) 
For the analysis, Pearson correlation coefficients were 
used to see the correlation between response and 
physiological signals in the office. The average and 
standard deviation 10 minutes before the response of 
the physiological signals were calculated. In the case 
of the skin temperature, the gradient over 10 min 
before the response was calculated. The value of the 
skin temperature at the time of the response was 
subtracted by the value of 10 minutes prior to the 
response and then was divided into 10, which was the 
timeframe of the features. This was not only to 
understand the state when the response happened 
but also to reflect the changes.An independent two-
sample t-test was also performed to compare the 
thermal environment and physiological signals of the 
alert and the drowsy state.

RESULTS 

From the field measurement, a total of 3,555 
responses were collected from June to 
November.During the cooling season, the air 
temperature ranged from 22.4 to 28.8 °C, and the 
average air temperature was 26.3 °C with a standard 
deviation of 1.5 °C. Conversely, in the heating season, 
the air temperature ranged from approximately 18.7 
to 26 °C with an average of 22.9 °C and a standard 
deviation of 1.1 °C. The overall office environment 
appeared comfortable and neutral in all the 
measurement periods when the thermal environment 
was calculated based on the Predicted Mean 
Vote(PMV). (Fanger, 1970) 93% of the environment 
was within the range of PMV -1 and PMV 1. 

The overview of the responses could be summarized 
as follows. The perceived productivity responses 
showed that about half (49.7%) of the time occupants 
felt 'normal', not higher or lower productivity from 
the normal state. 31.5% of the response was the 
occupants were feeling lower productivity than the 
normal state - 27.3% 'slightly lower than normal', 4.2% 
'much lower than normal'- and 18.8% felt higher 
productivity than usual– 17.7% 'slightly higher than 
normal', 1.1%'much higher than normal'. Alertness 
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response showed that about 41.3% was in an alert 
state-0.9% 'extremely alert', 4.9% 'very alert', 12.5% 
'alert', 23% 'rather alert' - 17.6% neither alert nor 
sleepy, 41.1% feeling sleepiness – 20.9% 'some signs 
of sleepiness', 12.5 % 'sleepy, no effort to stay awake', 
6% 'sleepy, some effort to stay awake', 1.7% 'very 
sleepy, great effort to keep awake'. As shown from the 
responses, various alert states of the occupants were 
collected. 

Before the analysis of the physiological signals, the 
seasonal difference was considered. The skin 
temperature can be affected by the surrounding 
thermal environment and certain skin temperature 
can mean different states in cold or hot conditions. 
Therefore, to minimize the misinterpretation of the 
physiological signals, the analysis was divided into 
cooling season and heating season, based on air 
conditioner use inside the office.  

In the cooling season, the result of the Pearson 
correlation coefficients showed that perceived 
productivity was significantly correlated with average 
skin temperature and electrodermal activity, higher 
skin temperature, and electrodermal activity in more 
drowsy states. However, the correlation was weak. 
The alertness responses were significantly related to 
average skin temperature, electrodermal activity, and 
skin temperature gradient. The correlation showed 
that the alertness seems lowerwhen the skin 
temperature was high or increased and when the 
electrodermal activity was high. However, the overall 
correlation was weak. 

In the heating season, similar to the cooling season, 
perceived productivity was significantly correlated 
with the average skin temperature and electrodermal 
activity, and the alertness had a significant correlation 
with the average skin temperature. The result 
demonstrates that when the skin temperature was 
higher, the occupants felt lower productivity and 
drowsiness. However, the correlation was weak in the 
heating season as well. 

To gain more detailed physiological feature of the 
different state of the occupants, a comparison analysis 
was made. The analysis was conducted to compare 
the physiological signals in an alert state and drowsy 
state. T-test analysis was used to compare the alert 
group and the drowsy group.  

The group's criteria were based on the alertness 
response, the 'alert' and 'drowsy' group. In the 
alertness responses, 1 'Extremely alert', 2 'Very alert', 3 
'alert', 4 'Rather alert' was classified into 'alert' group and 
6 'Some signs of sleepiness', 7' Sleepy, no effort to stay 
awake', 8' Sleepy, some effort to stay awake', 9 'Very 
sleepy, great effort to keep awake' were classified into 
'drowsy' group.  
In the cooling season,average skin temperature, skin 
temperature gradient, and electrodermal activity 
significantly differed between the two groups. Figure 2 
demonstrates the physiological signals according to the 

alertness. The skin temperature result showed that the 
skin temperature was lower in the 'alert' group than in the 
'drowsy' group. Also, the skin temperature gradient, 
which shows the amount and direction of change in skin 
temperature, was higher in the 'drowsy' group, meaning 
that when occupants felt drowsier than alert, the skin 
temperature was high and the skin temperature was rising, 
electrodermal activity was significantly higher in the 
'drowsy' group than in the 'alert' group.  

Figure 2.  Physiological difference between alert and drowsy 
group in cooling season (a) average skin temperature, (b) 

average electrodermal activity, (c) gradient of skin 
temperature 

Also, in the heating season, the average skin temperature 
showed a significant difference between the states, and 
the standard deviation of skin temperature and
electrodermal activity showed significant differences 
in 'alert' and 'drowsy' group.  

As demonstrated in Figure 3 skin temperature was 
significantly lower in the 'alert' group than in the 
'drowsy' group, similar to the cooling season. Also, the 
standard deviation of skin temperature was 
significantly bigger in the 'alert' group than in the 
'drowsy' group. The standard deviation of 
electrodermal activity was significantly bigger in the 
'alert' group than in the 'drowsy' group. This means 
that when occupants feel drowsy than awake, skin 
temperature was high, and the deviation of skin 
temperature and electrodermal activity was small. 
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Figure 3.  Physiological difference between alert and drowsy 
group in heating season (a) average skin temperature, (b) 

standard deviation of skin temperature, (c) standard 
deviation of electrodermal activity 

The results above showed that the varying alertness 
of occupants havesignificant difference in terms of 
physiological signals from wearable device. The skin 
temperature was especially shown to have a 
significant relationship with the occupants' alert state. 
This suggests the possibility of distinguishing the alert 
state of occupants by using physiological signals from 
the wearable device. 

DISCUSSION 

Physiological signals are used as indicators of the 
perceptual, psychological, or physical response of the 
occupants to the environment. This study attempted 
to analyse the alert states of office occupants based on 
the physiological signals of the wearable device 
through long-term measurement inside the office. As 
aresult alert state ofthe occupants showed a 
significant correlation with the physiological signals 
from the wearable device, especially the skin 
temperature and electrodermal activity. 

The correlation found could be explained through 
previous studies.  According to a study by Bando et al. 
(2017), suppression of the sympathetic nervous 
system in a drowsy state increases blood flow at the 
terminal skin temperature and increases skin 
temperature. Similarly, this study also showed that 
perceived productivity and alertness were negatively 
correlated with skin temperature. The higher and 
rising skin temperature in lower perceived 
productivity and alertness may be caused due to the 
physiological responses of the drowsy state. 

In the case of electrodermal activity, according to a 
study by Hagbarth (1972), the electrodermal activity 
can be used as a measure of psychological and 
physical arousal. The stronger the stimulus, the 
greater the electrodermal activities and the greater 
the number of peaks. Therefore, Haag et al. (2004) 
used the electrodermal activity as an indicator of the 

alert state and drowsy state. The reason for increased 
electrodermal activity canbe divided into two cases: 
increased sweat secretion due to activation of the 
sympathetic nervous system or due to the 
thermoregulation system. In this study, the 
electrodermal activity was expected to be the 
indicator of the arousal state of the occupants; 
however, the electrodermal activity seemed higher in 
the drowsy state than the alert state. This can be 
interpreted as a result of sweat secretion influenced 
by thermoregulation and rising skin temperature 
rather than sympathetic nervous system activation 
andalertness. 

The heart rate is also commonly used as an indicator 
for interpreting the state of the individual, as the 
heart rate is affected by the mental state. When the 
human is in a stable condition, the parasympathetic 
nervous system prevails over the sympathetic 
nervous system so that the heart rate is relatively 
low.Rahim et al. (2015) demonstrated a decrease in 
heart rate when changing from the alert state to the 
drowsy state. However, in this study, a certain 
tendency or significant correlation was not observed. 

Moreover, there was a slight difference between the 
seasons regarding significant features. In the cooling 
season, the major condition for the change of the 
indicator was due to sweat and thermoregulation 
through high or rising skin temperature. However, in 
the heating season, the skin temperature and the 
deviation of the skin temperature and electrodermal 
activity showed a significant relationship. This 
showed that the main features for interpreting the 
state of the alert state differ from season to season, 
and high skin temperature played a role as a 
consistent indicator for the low alert state. 

In this study, when observed through the wearable 
device, the occupants were feeling drowsy, the skin 
temperature and electrodermal activity were high, 
and the skin temperature was rising. This result 
implies that the state of the occupant, especially the 
drowsy state, could be detected through the simple 
wearable wristband. By monitoring the physiological 
signals, including the skin temperature, when the skin 
temperature or the electrodermal activity rises to a 
certain level, the office could detect the drowsiness 
and provide the appropriate setting for the occupants. 
For example, the support could be provided by 
changing the thermal conditions, such as using fans, 
room temperature, or a personal comfort 
system.(Lipczynska et al., 2018; Tanabe et al., 2015; 
Kim et al., 2019) 

However, there are limitations to this study. First, the 
criteria or the algorithm to determine whether the 
occupant feels alert or drowsy need further 
investigation.Also, other factors such as 
environmental factors could be used to determine for 
interpreting the more accurate state of the occupant, 
for example, explaining whether the skin temperature 
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rose due to sleepiness or the office became hot. The 
popular machine learning algorithms method could be 
a good plan to apply when processing the abundant 
data with various features like in this study.  

Second, the wearable device had problems in terms of 
poor contact issues. Poor contact prevented this study 
from acquiring quality data, especially the IBI signals, 
which can provide heart rate and heart rate variability. 
The quality of the physiological datacould be one of 
the main issues for wearable technology in the future. 
For the last, there could be an ethical issue when 
implementing to the real office, such as using the alert 
and drowsy state information for surveillance 
purposes. The importance of personal data should be 
set as a high priority and should be kept confidential. 

CONCLUSIONS 

This study aimed to see the possibility of applying the 
wearable device in the indoor environmentalscience 
by analyzing the association with the alertness 
responses and the physiological signals from the 
wearable device.  

A significant relationship was found between the 
alertness responses and the physiological signals, 
especially the skin temperature and the electrodermal 
activity, through statistical analysis. The average skin 
temperature, the gradient of the skin temperature, 
and average electrodermal activity significantly 
differed between two groups. The resultsshowed that 
when office occupants felt somewhat drowsy than 
alert, their skin temperature was higher or increasing, 
and the electrodermal activity was higher. 

The above results imply that the data acquired from 
the wearable device could be used as indicators for 
alert state detection. Especially in this study, the skin 
temperature from the wrist seemed to be an 
important variable for the detection and can be 
considered as data with appropriatequality from the 
wearable device. 

Further steps should be made to fully support the 
office occupants and contribute to the office systems. 
However, the data collected from this study was 
straight from the field, and the relationship 
discovered is closely linked with the real environment. 
Therefore, based on the features found from this 
study, future studies which can more carefully reflect 
the responsesof the occupant state would be possible, 
along with understanding the various features and 
aspects of applying the wearable device to the field.  
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ABSTRACT 

In cleanrooms, the thermal optimization is not always 
possible, thus the suitable selection of clothing is 
important to achieve thermal comfort. In the case of 
specific cleanroom clothing, the values of thermal 
insulation are not specified in standards ISO 7730 and 
ISO 9920, and the use of casual ensembles instead 
would cause unreliable results. This study is focused 
on the thermal insulation assessment of four 
cleanroom clothing ensembles used for ISO 7 
cleanrooms by means of a thermal manikin according 
to ISO 15831. The impact of the thermal insulation on 
the thermal satisfaction of users and the optimal 
comfort temperatures were also predicted. The results 
showed variations in the thermal insulation of the 
ensembles (∆It = 0.3 clo) which are responsible for 
differences in the thermal sensation of the 
environment (PMV) and in the optimal comfort 
temperature (∆ta = 3 °C). The outcomes of this research 
should improve the quality of the indoor environment 
of cleanrooms and ease the design and efficient 
cleanroom operation. 

INTRODUCTION 

Thermal environment in cleanrooms 

Thermal comfort, together with other determining 
factors of the Indoor Environmental Quality, affect the 
level of satisfaction of occupants, their health but also 
their work productivity. In cleanrooms, the thermal 
comfort of occupants is often put aside in favour of the 
cleanliness. As the previous study (Roškotová, 2020) 
highlighted, the cleanroom environment is not 
designed preferentially to provide the suitable 
working environment, and thus the higher 
dissatisfaction with the environment is likely. The 
indoor environment of cleanrooms is fundamentally 
influenced by the required class of cleanliness 
according to ISO 14644-1 (2015) and the associated air 
distribution system. Moreover, temperature and 
relative humidity are tied to the requirements of 
ongoing processes and installed technologies and not 
to users’ needs. This is also supported by EU GMP 
Annex 1 (2008) which states that temperature and 
relative humidity depend on the product and the type 
of ongoing operations and by these variables the 
cleanliness should not be affected. Frequently, these 

variables are tightly controlled by precise air 
conditioning, and as the study of Roškotová (2020) 
explained, the thermal conditions often do not 
correspond with the performed activity of users and 
clothing requirements. 

In general, most cleanroom studies focus on the 
environment of operating theatres and assess the 
thermal comfort of surgeons, nurses and/or 
anaesthesiologists. However, as Mora et al. stated 
(2001), in these applications, unlike in offices, the 
thermal comfort is only a secondary consideration. 
Still, the best possible conditions must be ensured for 
the operating staff to enhance the success of the 
surgery. The study of Mazzacane et al. (2007) pointed 
out the difficulty in meeting the thermal expectations 
of all operating staff due to different activity levels and 
clothing. As a priority, the thermal conditions are 
maintained to achieve the suitable environment for the 
patient (Melhado et al., 2006) and result in shorter 
surgery recovery time (Hwang, 2006). 

Among other applications, the thermal comfort is 
hardly considered or analysed. Due to the fact that the 
temperature optimisation in cleanrooms is often not 
possible, the cleanroom users are forced to take some 
adaptive actions to increase their thermal comfort and 
overall well-being. Although the simplest and probably 
the most effective action is the change in the clothing 
layers, in cleanrooms,  the inappropriate choice of 
clothing or material may present a significant threat to 
the desired cleanliness (Roškotová, 2021). Some 
materials, such as cotton, are not appropriate for use in 
these applications due to the spontaneous release of 
particles, and thus become a potential threat to the 
desired cleanliness. 

Cleanroom clothing 

In general, the most common and the greatest source 
of contamination origins from cleanroom users, thus 
this type of clothing acts as a barrier filter to protect 
the cleanroom products and technologies from human 
contamination (Useller, 1969).  The contaminants are 
not only brought into the room by the entrance of 
users, but are also generated by people inside the 
cleanroom due to their movement and behaviour, as 
well as body processes (Useller, 1969). To ensure the 
greatest efficiency, the correct design, material and 
size of the clothing should be considered. 
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The typical cleanroom clothing consists of a coat or 
two-piece suit or one-piece coverall and accessories 
such as gloves, face masks, shoe covers or overboots. 
Nevertheless, the actual combination of items depends 
on the class of cleanliness. There are few guidelines 
such as the IEST-RP-CC003.3 (IEST, 2011) or EU GMP 
Annex 1 (2008) that assess the necessity of cleanroom 
garments and make recommendations for different 
classes of cleanliness.  

Clearly, the higher the class of cleanliness is demanded, 
the more complex clothing concept with increased 
technical requirements is essential (ISO 14644-5, 
2004). Unfortunately, the need of high coverage 
clothing with special properties in critical applications 
may result in frequent discomfort of users due to 
personal restrictions and thermal dissatisfaction (ISO 
14644-5, 2004) due to different thermal insulation 
(Roškotová, 2020). Unfortunately, this fact is very 
often not considered during the cleanroom operation. 
Additionally, the materials used for cleanroom clothing 
are often a great barrier to moisture, therefore, are 
very uncomfortable for long use. Results of Zwolinska’s 
study (2012) revealed the similarity of cleanroom 
clothing to chemical protective clothing in terms of 
limited heat exchange and moisture transport between 
the human skin and environment. 

According to the standard ISO 14644-5 (2004), not 
only the barrier properties against dispersed 
contamination but also the thermal comfort whenever 
is possible should be considered when choosing 
cleanroom garments and clothing materials. In reality, 
the prescribed sets of cleanroom clothing frequently 
do not reflect the thermal conditions and result in the 
thermal discomfort of the occupants. On the contrary, 
Uścinowicz et al. (2015) mentioned the importance of 
designing the HVAC system to provide the maximum 
available thermal comfort for each staff and type of 
clothing. On behalf of the individual applications and 
their requirements, this is not always possible. 

Thermal insulation of cleanroom clothing 

Besides the known environmental conditions and the 
level of activity, the occupants’ clothing and its 
properties are essential for the thermal perception of 
the environment. The thermal properties of clothing 
significantly affect the heat balance of the organism, 
thus also the level of thermal satisfaction of occupants. 
Without the known and correctly determined values of 
the thermal insulation, the effect of clothing on the heat 
balance is skewed and the thermal comfort assessment 
is not reliable. Moreover, the optimal temperatures for 
the satisfaction of occupants cannot be determined. 

In the case of cleanroom clothing, unfortunately, the 
values of the thermal insulation for these specific 
ensembles cannot be found in the widely used 
international standards ISO 7730 (2004) and ISO 9920 
(2007). Only, the thermal insulation can be estimated 
based on the selected casual ensembles or as a 
combination of individual garments available in the 

standards, which clearly make the thermal comfort 
assessment unreliable. Skoog et al. (2005) in the study 
of thermal environment in hospitals acknowledged 
that the incorrect identification of clothing thermal 
insulation can be the reason for misleading results. 

Despite many studies focused on the thermal comfort 
in operating theatres, the method of determining the 
thermal insulation of the particular clothing was 
frequently not stated, and the boundary conditions 
were often unknown or unclear. Thus, the reliability of 
these results can be questioned. Moreover, it was 
found out that the description of the clothing and the 
material of the clothing was often not published in 
these studies. 

In fact, there are only two other options to determine 
the thermal insulation: by means of a thermal manikin 
or by testing the thermal properties of textile 
materials. The latter is a much easier method of the 
assessment of flat textiles designed for cleanroom 
clothing and can be measured with the use of e.g., 
Alambeta or Permetest devices (Matusiak, 2016). 
However, as Matusiak et al. (2016) presented, this 
method does not consider the air layer between the 
skin and the inner surface of clothing or the air layer 
between two layers of clothing. 

The measurement by means of the thermal manikin 
based on the simulation of the heat exchange between 
the human body and the surrounding environment is 
not commonly applied for regular testing of clothing 
due to high investment costs and time-consuming 
experiments, and thus is used only for special clothing 
systems with protective properties (Matusiak, 2016). 
Despite the high accuracy, there are the following 
possible difficulties with this method that can lead to 
unreliable and vague results: 

 Unsteady-state conditions of the manikin

 Non-uniform ambient conditions in the climatic
chamber

 Wrong size of clothing

 Unsuitable control mode of the manikin

 Unsuitable calculation method of the thermal
insulation

Determination of the thermal insulation properties of 
clothing by this precise method would improve the 
quality of the indoor environment of cleanrooms and 
help a better cleanroom design and operation. This 
study is focused on the thermal insulation assessment 
of various cleanroom clothing ensembles for the class 
of cleanliness ISO 7 with the use of the thermal 
manikin. The impact of the thermal insulation on the 
thermal satisfaction of users and the optimal comfort 
temperatures was also predicted. Cleanrooms 
operated as ISO 7 are the most frequently designed 
cleanrooms, however, the requirements on the used 
cleanroom clothing can significantly differ. Therefore, 
the outcomes of this study should cover the variations 
among different applications of ISO 7 cleanrooms. 
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METHODS 

Clothing ensembles 

For the purpose of this study, four frequently used 
cleanroom clothing ensembles for class ISO 7 were 
selected to be tested on the standing manikin placed 
inside the climatic chamber. These sets represent the 
most prescribed ensembles in this class of cleanliness. 
The ensembles A and B (details below) are also often 
used in the class ISO 8 and the ensemble C can be found 
in the class ISO 6, especially with the addition of the 
face mask. Selected ensembles differ in the type of the 
upper garment but also in the undergarments and the 
selected accessories such as the beard cover or gloves. 
The size of each garment was selected to fit the thermal 
manikin  and to avoid the creation of misleadingly large 
air layers. A description of the tested clothing 
ensembles is provided below and the ensembles are 
displayed in Figure 1. 

 Ensemble A - coat 3/4 of length (PES), street
clothing (short-sleeved T-shirt (C), trousers (C)),
short underpants (C) + socks (C), hair cover (NW),
shoe cover (NW)

 Ensemble B - two-piece suit (PES), street clothing
(short-sleeved T-shirt (C), trousers (C)), short
underpants (C) + socks (C), hair cover (NW), shoe
cover (NW)

 Ensemble C - coverall (PES), long undergarments
(long-sleeved T-shirt (PP/C), trousers (PP/C)),
short underpants (C) + socks (C), hair cover (NW),
beard cover (NW), shoe cover (NW), gloves (N)

 Ensemble D - coverall (PES), short underpants (C)
+ socks (C), hair cover (NW), beard cover (NW),
shoe cover (NW), gloves (N)

Abbreviations: (C) - cotton; (N) - nitrile; (NW) – 
nonwovens, disposable; (PES) - 98% polyester + 2% 
antistatic fiber, 100 g/m2; (PP/C) - knitted fabric 
polypropylene/cotton with silver ion content. 

 Ensemble A  Ensemble B    Ensemble C & D  

 Figure 1.  Assessed cleanroom clothing ensembles 
(ensembles C & D differ in the undergarments) 

All garments were placed inside the climatic chamber 
for conditioning at least 12 hours prior to the 
experiment.  

Thermal manikin and thermal insulation 
assessment 

The assessment of the thermal insulation of cleanroom 
clothing was conducted with the use of the stationary 
Newton thermal manikin with 36 independently 
heated zones. Measurements were taken in accordance 
with the standard ISO 15831 (2004). The manikin was 
operated in the constant (uniform) surface 
temperature mode. In this control mode, the same 
required surface temperature of 34 ± 0.2 °C was 
applied to all zones. Based on the control mode, the 
heat flux was not controlled, however, the maximum 
change during each cycle was set to ± 2 %. 

The steady-state conditions were maintained for 2 x 30 
minutes in each measurement. To calculate the total 
thermal insulation of the clothing ensemble, the most 
suitable interval in terms of homogeneity was selected 
and the parallel method from ISO 15831 (2004) was 
applied (1). 

 𝐼𝑡 =
((∑

𝐴𝑖
𝐴

∙ 𝑇𝑠𝑖)−𝑇𝑎) ∙ A

0.155 ∙ ∑ 𝐻𝑐𝑖
(1) 

where: 
It is the total thermal insulation of clothing [clo], Ai is 
the surface area of segment i of the manikin [m2], A is 
the surface area of thermal manikin [m2], Tsi is the local 
surface temperature of segment i [°C], Ta is the air 
temperature in the surrounding of the manikin [°C] 
and Hci [W] is the local heat loss from segment i of the 
manikin. 

Measurement of each clothing ensemble was repeated 
twice. The measurement was valid when the maximum 
difference between the results of the total thermal 
insulation from two cycles was not greater than 4 %. 
Then, the total thermal insulation was calculated as the 
average of both cycles. 

To understand the real effect of clothing on the body 
heat balance, the basic (intrinsic) insulation was 
calculated from Equation (2) by subtracting the ratio of 
the surface air layer to the clothing area factor (fcl) from 
the total insulation. 

𝐼𝑐𝑙 = 𝐼𝑡 −
𝐼𝑎

𝑓𝑐𝑙
(2) 

where: 
Icl is the basic (intrinsic) thermal insulation of clothing 
[clo], It is the total thermal insulation of clothing [clo], 
Ia is the thermal insulation of the surface air layer [clo], 
fcl is the clothing area factor [-]. 

The clothing area factor was calculated using the 
following Equation (3) from the standard ISO 9920. 

 𝑓𝑐𝑙 = 1 + 0.28 ∙  𝐼𝑐𝑙  (3) 

where: 
fcl is the clothing area factor [-], Icl is the basic (intrinsic) 
thermal insulation of clothing [clo]. 

In addition, the effective thermal insulation was 
calculated to understand the effect of the clothing 
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ensemble without the surface air layer in a comparison 
to the nude state.  

 𝐼𝑐𝑙𝑒 = 𝐼𝑡 − 𝐼𝑎  (2) 

where: 
Icle is the effective thermal insulation of clothing [clo], It 
is the total thermal insulation of clothing [clo], Ia is the 
thermal insulation of the surface air layer [clo]. 

The thermal insulation of the surface air layer was 
determined by the measurement with the nude 
manikin in the same environmental conditions. This 
measurement was made as the initial part of the 
experiment and the results were used for all clothing 
ensembles. 

Climatic chamber and testing conditions 

All experiments were carried out in the climatic 
chamber with controlled environment. Dimensions of 
the chamber are 4.4 m x 3.1 m x 2.9 m. The following 
conditions were maintained: 

 Air temperature: 20.7 ± 0.2 °C

 Relative humidity: 50 ± 10 %

 Air velocity: 0.05 ± 0.01 m/s

The maintained air velocity was intentionally lower 
than the velocity stated in the standard ISO 15831 
(< 0.4 m/s) due to the mixed-flow type of the air 
distribution system. With higher air velocity, the 
homogenous conditions would not have been 
achieved. Moreover, the stated air velocity is too high 
even in cleanrooms, where high air velocity is common. 

The environmental conditions and their changes in the 
manikin’s surroundings were monitored by two 
temperature sensors, a humidity sensor, a globe 
temperature and the air velocity probe. The sensors 
were placed at the height of 1.1 m and 1.7 m 
respectively. Additional sensors (temperature sensors, 
surface temperature sensors, a humidity sensor, globe 
temperature sensors and another air velocity probe) 
were installed to help with the achievement of the 
required environmental conditions prior to the 
experiment but also to monitor the conditions during 
the experiment. 

RESULTS 

The results of the thermal insulation assessment 
showed the variations in the total thermal insulation of 
different clothing ensembles. The measurement of 
each ensemble was repeated twice as the tolerances of 
the results were below the required maximum possible 
difference, thus the experiment can be assessed as 
accurate. The comparison of results from both cycles 
for each ensemble is displayed in Figure 2. The lowest 
difference was found for the Ensemble C.  

Figure 2.  Differences in the results of It 

Generally, when testing clothing ensembles, the 
differences in results from different cycles are caused 
by the variations in the environmental conditions (air 
velocity, air temperature etc.), by the slightly different 
posture of the manikin and by the occurrence of new 
or modified air layers. Due to the necessity to take off 
and put on the clothing ensemble again before all 
measuring cycles, the position of the clothing and 
individual garments can be modified and result in the 
increase or the reduction of the existing air layers or 
the occurrence of the new one. Nevertheless, this step 
helps to increase the overall accuracy of the clothing 
assessment by simulating the real use of the clothing 
when the position of layers each time may slightly vary. 

According to Figure 3, the lowest value of the total 
thermal insulation was found out for the Ensemble D 
and the highest thermal insulation was assessed for the 
Ensemble B. Surely, the absence of the undergarments 
is responsible for the low thermal insulation. In 
comparison, the total thermal insulation of the 
Ensemble C representing the same set of clothing as 
the Ensemble D but with the undergarments was 
higher by 16 %. 

Figure 3.  Results of the total thermal insulation of clothing It 
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Notably, the thermal insulation of the Ensemble B was 
higher than the insulation of the Ensemble C which was 
unexpected. Firstly, it might be caused by the different 
type of undergarments, and thus different thermal 
insulation. However, this statement can be examined 
by a new assessment only. Secondly, the two-piece suit 
might be also responsible for the high insulation due to 
the loose fit of clothing that does not require to tuck the 
suit in. Therefore, larger air layers between the 
clothing layers compared to the tight fit of the coverall 
in Ensemble C can be created. According to the 
standard ISO 15831 (2004), the thermal insulation of 
the air layers is much higher than the thermal 
insulation of the textile material (Matusiak, 2016). 

Table 1 shows the results of the basic and effective 
clothing insulation of all ensembles. Based on the 
aforementioned Equation (3), the higher the total 
thermal insulation It, the higher the clothing area factor 
fcl. Consequently, the basic thermal insulation varies 
accordingly. The difference caused by undergarments 
(Ensemble C and D) was increased up to 34 %. 

Table 1.  Results of the basic and effective clothing insulation 

DISCUSSION 

Considering the results, it is possible to conclude that 
even within the same class of cleanliness, clothing 
ensembles with various thermal properties can be 
found. The major reasons for the differences in the 
thermal insulation are different types of clothing 
garments resulting in different coverage of the body 
and different textile properties. As a consequence, 
a different level of thermal satisfaction of occupants 
can be expected.  

In Figure 4, the impact of four different clothing 
ensembles on the thermal satisfaction of users was 
predicted for five different air temperatures and the 
same other environmental conditions (air temperature 
= mean radiant temperature, air velocity = 0.15 m/s, 
relative humidity = 45 %). To evaluate the thermal 
comfort of users, the Predicted Mean Vote index (PMV) 
was used. The neutral thermal sensation indicating the 
thermal comfort of the cleanroom users is found within 
the range of PMV = ± 0.5. Low thermal insulation, such 
as the insulation of the Ensemble D, results in a slight 
discomfort in the cold environment (18 °C). In contrast, 
at the temperature of 24 °C, the only clothing ensemble 
within the comfort range is the Ensemble D. Cleanroom 
users dressed in other ensembles would end up with 
the discomfort caused by too high temperatures. 
Overall, all selected clothing ensembles ensure the 
thermal comfort at temperatures of 20 and 22 °C. 

 Figure 4.  Changes in the PMV index for ensembles in 
environments with different temperature;  
PMV < 0.5 (light grey), PMV < 0.2 (grey) 

With the known thermal insulation, the optimal 
(comfort) temperature for each clothing ensemble was 
determined and the results are displayed in Figure 5. 
For higher air movements and higher activity levels, as 
Havenith and Nilsson declared in their study (2004), 
the correction of clothing insulation (ISO 9920, 2007) 
should be applied to obtain reliable results. 

Figure 5.  Optimal temperatures for each clothing ensemble 

The analysis of the thermal comfort showed the overall 
thermal sensation of cleanroom occupants as well as 
the designed optimal temperatures to meet the neutral 
thermal sensation, however, these results do not 
consider the risk of local discomfort caused, e.g. by 
draught. Although the PMV is calculated as neutral, the 
perception of the environment on some parts of the 
body (e.g. a head or hands) may be different due to 
higher or lower local thermal insulation and may affect 
the overall perception of the environment. In some 
cases, it might be beneficial to create the comfort zones 
diagrams (Nilsson, 2004) and assess the perception of 
each zone of the body individually. 

With the suitable choice of clothing ensembles, the 
thermal comfort improvement is possible even in 

21.05

18.82

20.19

21.83

17.00

17.50

18.00

18.50

19.00

19.50

20.00

20.50

21.00

21.50

22.00

22.50

A B C D

T
o

p
t 
[°

C
]

Ensembles

Ensemble It [clo] Ia [clo] Icle [clo] fcl [-] Icl [clo] 

A 1.27 0.68 0.59 1.20 0.71 

B 1.53 0.68 0.85 1.28 1.00 

C 1.38 0.68 0.70 1.23 0.82 

D 1.19 0.68 0.51 1.17 0.61 

-0.59

-0.13

-0.40

-0.80

-0.20

0.20

-0.04

-0.38

0.19

0.53
0.33

0.04

0.59

0.87
0.71

0.46

0.99

1.21
1.08

0.89

-1.00

-0.50

0.00

0.50

1.00

1.50

A B C D

P
M

V
 [

-]

Ensembles

18 °C 20 °C 22 °C 24 °C 26 °C

Healthy Buildings 2021 – Europe

- 312 -



cleanroom applications where the thermal 
optimisation is not always feasible. In reality, the 
selection of various clothing sets for a particular class 
of cleanliness is rarely available, and the cleanroom 
users cannot choose the alternative when poor thermal 
conditions occur. Naturally, it is possible to use a 
garment required for higher cleanliness in lower 
classes of cleanliness. For example, a coat can be 
replaced by a coverall with higher thermal insulation 
when the environment is evaluated as colder than the 
optimum. This replacement might also have a positive 
effect on the perception of draught and reduce the 
number of particles generated by cleanroom users. 
However, the financial costs have to be also 
considered. In fact, the most difficult is to satisfy high 
temperatures as there are not many lighter 
alternatives to the materials used.  

Also, the type of clothing worn under the cleanroom 
clothing, the cleanroom undergarments, will improve 
not only the dispersion rate of particles but also the 
level of thermal satisfaction. These undergarments 
represent the easiest solution to achieve the thermal 
comfort.  

CONCLUSIONS 

With the development of modern technologies, the 
range of cleanroom applications goes beyond the 
healthcare sector or space industry, and the need for 
cleanrooms is still rising. Despite the wide 
automatization, people still play an important role in 
the cleanroom operation. Considering the fact that 
people present the major source of contaminants, their 
well-being should receive more attention as the 
inappropriate behaviour caused by dissatisfaction may 
significantly influence the cleanroom operation. 

Given the thermal dissatisfaction, the sets of cleanroom 
clothing do not reflect the actual thermal conditions 
and needs of users. Moreover, clothing differs for each 
class of cleanliness, but the thermal conditions do not 
change appropriately. Thermal insulation of 
cleanroom clothing not included in the standards ISO 
7730 or ISO 9920 makes the thermal comfort 
assessment difficult. With the current absence of the 
known thermal insulation of cleanroom ensembles, it 
is now necessary to evaluate the thermal comfort with 
the estimation of the thermal insulation, which, 
however, cause a considerable inaccuracy. The casual 
ensembles available in the standards cannot represent 
the specific cleanroom clothing. Thus, a more precise 
method of determining the thermal insulation with the 
use of a thermal manikin is needed.  

Based on the fact that the cleanroom clothing differs 
with each class of cleanliness and the thermal 
insulation alike, one value of thermal insulation of 
cleanroom clothing is not sufficient to cover the 
properties of cleanroom clothing in general. 
Determination of the thermal insulation properties of 
clothing by means of a thermal manikin would improve 

the thermal comfort assessment and the quality of the 
indoor environment of cleanrooms, and also help with 
the cleanroom design and efficient operation. Despite 
the benefits and the high accuracy, the investments and 
operating costs are responsible for the limited 
applicability of this method.  

This study showed the variations in the thermal 
insulation of cleanroom clothing ensembles that reflect 
the layers of garments and their cuts and materials. 
Within the same class of cleanliness, clothing 
ensembles with various thermal properties were 
found resulting in differences in the optimal comfort 
temperatures up to 3 °C between ensembles. 
Consequently, a different level of thermal satisfaction 
of users dressed in different clothing ensembles can be 
predicted within the same environment. However, as 
the temperature optimisation is not always possible in 
cleanrooms, the easiest option to improve the thermal 
comfort is to provide alternative sets of clothing with 
different thermal properties. Simultaneously, this 
measure would avoid the increased contamination by 
preventing the inappropriate users’ choice of clothing. 
With the suitable choice of clothing ensembles, the 
thermal comfort improvement is possible even in 
applications with precise air conditioning. 
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ABSTRACT 

Recently, more attention is being paid to human 
sensation and perception processes under multi-
domain indoor-environmental exposure situations. 
Despite the existing body of research in this area, many 
more studies must be conducted to elevate the level of 
our understanding of such processes. In this paper, we 
present such a study. Thereby, two identical small 
office units are assembled within a larger laboratory 
space. Thermal and visual conditions can be separately 
controlled in these two units. Furthermore, different 
acoustical conditions can be emulated in the larger 
laboratory space that houses the two small office units. 
During the experiments, participants occupy these 
offices and are exposed to a number of different 
combinations of indoor-environmental (thermal, 
visual, and auditory) factors. A key query thereby is as 
follows: Are identical thermal conditions evaluated 
differently given interference attributable to other 
exposure variables (e.g., glare, noise). The paper 
presents the research design and the results.  

INTRODUCTION AND BACKGROUND 

Recently, increased attention is being paid to human 
sensation and perception processes under multi-
domain indoor-environmental exposure situations. 
The term "multi-domain" denotes here the 
simultaneous presence of various indoor-
environmental factors, including thermal, visual, 
auditory, and olfactory influences. It can be of course 
argued that common indoor-environmental situations 
are multi-domain as a matter of course (Mahdavi et al. 
2020a, b).  

Nonetheless, the majority of codes, standards, and 
guidelines for building design and operation have a 
single-domain character, in that they address such 
domains in isolation. Consequently, there are separate 
sets of performance targets and requirements for each 
of the indoor-environmental domains.  

There has been a number of past research efforts that 
include valuable contributions with regard to multi-
domain exposure situations (Mahdavi et al. 2020a). For 
instance, a study by Tiller et al. (2010) suggested that 
acoustical conditions influence somewhat the 
subjective ratings of thermal comfort. But they could 
not document an effect in the opposite direction.  

Auditory comfort votes were found to be slightly 
influenced by operative temperature (Nagano and 
Horikoshi 2005). However, in this study, noise was not 
observed to have an effect on reported thermal 
sensation. Interestingly, Pellerin and Candas (2003) 
suggested that thermal comfort is influenced by noise 
under warmer conditions. However, temperature was 
not found to influence acoustic sensation, comfort, and 
preference. On the other hand, Yang and Moon (2018) 
observed a decrease in reported thermal comfort when 
noise levels increased. They included two kinds of 
acoustical background, namely babble and fan noise. 
The former was judged to be louder as compared to the 
latter.  

Despite these and other efforts (Yang et al. 2019, Yang 
and Moon 2018, Winzen et al. 2014, Azmoon et al. 
2013, Tiller et al. 2010, Nagano and Horikoshi 2005, 
Pan et al. 2003, Pellerin and Candas 2003, Nakamura 
and Oki 2000), the explanatory power of their results 
remains limited and inconclusive. One of the reasons 
for this circumstance may be the considerable 
complexity of the physiological and psychological 
processes that are relevant to building occupants' 
perception and evaluation of indoor environments 
(Mahdavi 2020). To elevate the level of our 
understanding of such processes, many more studies 
must be conducted.  

The present paper describes such a study (Berger and 
Mahdavi 2021). Thereby, within a large laboratory 
space, two identical small office units are assembled. 
Thermal and visual (lighting) conditions can be 
separately controlled in these two units. Specifically, 
values of ambient air temperature and air relative 
humidity can be modified. Likewise, it is possible to use 
different combinations of luminaires to influence both 
task illuminance and effective glare levels. 
Furthermore, different acoustic conditions (e.g., traffic 
noise) can be emulated in the larger laboratory space 
that houses the two small office units.  

During the experiments, participants occupy these 
offices on a short-term basis and are requested to 
conduct common office-type tasks. Thereby, the 
participants are exposed to a number of different 
combinations of indoor-environmental (thermal, 
visual, and auditory) factors.  

Subsequent to an initial adaptation phase, participants 
are requested to evaluate the ambient conditions with 
regard to thermal comfort, lighting, and acoustics.  
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A key query thereby is as follows: Are identical thermal 
conditions evaluated differently by participants given 
interference attributable to other exposure variables 
(e.g., glare, noise).  

The paper briefly presents the research design and 
some preliminary results. A key finding of the study 
pertains to the question if and to which extent 
participants, who experience the same thermal 
conditions but different lighting and/or acoustical 
circumstances, differ in their thermal comfort 
evaluation.  

APPROACH 

Settings 

The experiments were conducted in a laboratory space 
containing two similar mock-up offices, each with four 
workplaces (see Figure 1). The offices receive no 
daylight and are mechanically ventilated. During the 
experiments, indoor air temperature and humidity, 
globe temperature, air flow speed, CO2 concentration, 
illuminance, glare intensity (expressed in terms of 
UGR), and sound pressure level were measured. In 
certain instances, the emulated traffic noise was 
emitted via a loudspeaker system located in the larger 
laboratory space that houses the two mock-up spaces. 

Participants 

The experiments involved 189 females and 107 male 
participants (mostly healthy students between 21 and 
26 years of age). The mean clo-value of the 
participants' clothing was, depending on the season, 
between 0.5 and 0.8. During the experiments, 
participants engaged in sedentary activity (estimated 
metabolic rate = 1 met). Controlling the devices such as 
thermostats or light switches or interactions among 
the participants was not part of the research design.  

Figure 1. Schematic plan of the general laboratory space and 
the two mock-up office spaces marked as A and B (based on 

Berger and Mahdavi 2021, modified) 

Indoor environment scenarios 

Twelve indoor-environmental scenarios were realized 
involving various combinations of thermal, visual, and 
auditory conditions. Table 1 provides a summary of 
these scenarios. 

To examine these scenarios, a between-subject 
experiment was conducted, whereby participants 
were randomly assigned to one of the twelve scenarios. 
Thereby, "T", "V", and "A" signify thermal, visual, and 
auditory conditions.  

With regard to temperature, three conditions were 
maintained ("T1" = 23.5°C, "T2" = 24.5°C, and "T3" = 
25.5°C). Two visual settings were maintained. The 
distinction between these two conditions can be 
expressed numerically using the concept of Unified 
Glare Rating (UGR) (Sorensen 1987). The glare-free 
condition is denoted as "V1" (UGR = 3.4), whereas the 
condition involving glare is denoted as "V2" (UGR = 
19.8).  

Two distinct auditory settings were realized as well, 
namely a relatively quiet setting "A1" and a relatively 
louder setting "A2". The measured A-weighted sound 
level for the first setting was 40 dB, whereas the 
measured value for the louder setting that involved 
traffic noise was 61 dB.  

The experiments were conducted both in winter 
(2018/2019) and summer (2019). The participants' 
exposure to these twelve conditions was 
counterbalanced such that all scenarios occurred 
equally often in the morning and the afternoon.  

Procedure 

The experimental procedure was as follows. 
Subsequent to a brief adaptation and introduction 
phase, participants were exposed to one of the 
scenarios for about 40 minutes. They performed 
typical office work and completed a number of 
questionnaires. The first was about background 
information (age, gender, etc.) and the subsequent 
ones captured participants' subjective thermal, visual, 
and acoustic sensation and comfort. Thereby, a 7-point 
sensation scale ("cold", "cool", "slightly cool", "neutral", 
"slightly warm", "warm", and "hot") and a 6-point 
comfort scale ("very uncomfortable", "uncomfortable", 
"slightly uncomfortable", "slightly comfortable", 
"comfortable", "very comfortable") was used.  

As shown in Table 2, the assigned numeric values to the 
thermal sensation scale are from -3 (cold) to +3 (hot). 
Those assigned to the thermal comfort scale are from 1 
(very uncomfortable) to 6 (very comfortable). Similar 
scales were used for visual (from very dark to very 
bright) and auditory evaluations (from very loud to 
very quiet).  
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The key research question 

The collected data was processed to address the 
following main research question: 

Are participants' thermal sensation response to and 
thermal comfort evaluations of the same thermal 
conditions influenced by a difference in visual and/or 
auditory conditions? 

As alluded to before, the differences in visual and 
auditory conditions were realized via two distinctive 
settings for each domain, that is with and without glare 
in the visual domain and with and without traffic noise 
in the auditory domain.  

Table 1. Specification of the experimental scenarios in terms 
of the prevailing ambient air temperature, glare rating 

(UGR), and A-weighted sound pressure level (based on Berger 
and Mahdavi 2021) 

Scenario Temperature 
[°C] 

UGR L [dB(A)] 

T1V1A1 23.5 ±0.5 3.4 40 

T1V1A2 23.5 ±0.5 3.4 61 

T1V2A1 23.5 ±0.5 19.8 40 

T1V2A2 23.5 ±0.5 19.8 61 

T2V1A1 24.5 ±0.5 3.4 40 

T2V1A2 24.5 ±0.5 3.4 61 

T2V2A1 24.5 ±0.5 19.8 40 

T2V2A2 24.5 ±0.5 19.8 61 

T3V1A1 25.5 ±0.5 3.4 40 

T3V1A2 25.5 ±0.5 3.4 61 

T3V2A1 25.5 ±0.5 19.8 40 

T3V2A2 25.5 ±0.5 19.8 61 

Table 2. Descriptive statistics of thermal, visual, and auditory 
evaluation scales (Berger and Mahdavi 2021) 

RESULTS 

As mentioned previously, the central objective of the 
study was to see if participants' thermal evaluation 
would be affected by presence of glare and/or noise. 
Table 3 summarizes the results for all scenarios. It 
includes participants' subjective evaluations on 
thermal comfort and thermal sensation in terms of 
mean values and standard errors.  

Figures 2 and 3 illustrate the distribution of 
participants' thermal sensation and comfort 
evaluations for all three temperature ranges (T1, T2, 
T3). The x-axis in these figures reflect the participants' 
thermal sensation and comfort votes. The y-axis shows 
the fraction of the total votes (from zero to one) 
corresponding to participants' rating. In these figures, 
the results are displayed in terms of four groups, 
namely V1A1, V1A2, V2A1, and V2A2. Thereby, each of 
these four groups entail the outcome of all three 
temperature ranges (see also Table 1).  

The statistical analysis of these findings (as entailed in 
Table 3 and illustrated in Figures 2 and 3) in terms of 
descriptive statistics does not reveal a noteworthy 
impact of visual or auditory gradients of the exposure 
situation on the participants' thermal sensation votes. 
Concerning thermal comfort evaluations, a minor 
effect of the noise factor may be discerned, both on its 
own ("V1A2"), or in conjunction with glare ("V2A2"). 

In summary, this study could not provide a conclusive 
and statistically significant evidence for a cross-modal 
influence of visual and auditory factors on participants' 
thermal sensation and comfort evaluations.  

Table 3. Mean values (µ) and standard errors (SE) of 
participants' thermal sensation and comfort evaluations 

(based on Berger and Mahdavi 2021) 

Scenarios 

Thermal 
sensation 

Thermal 
comfort 

µ SE µ SE 

T1V1A1 0.45 0.17 4.27 0.18 

T1V1A2 0.04 0.17 4.05 0.18 

T1V2A1 0.09 0.20 3.87 0.23 

T1V2A2 0.47 0.17 4.18 0.15 

T2V1A1 0.46 0.18 4.23 0.17 

T2V1A2 0.33 0.17 4.08 0.19 

T2V2A1 0.58 0.15 3.92 0.21 

T2V2A2 0.10 0.13 3.81 0.17 

T3V1A1 0.46 0.14 3.85 0.20 

T3V1A2 0.66 0.13 3.47 0.15 

T3V2A1 0.64 0.15 4.12 0.19 

T3V2A2 0.83 0.21 3.50 0.20 

Numeric 
value 

Descriptive characteristics 

Thermal 
sensation 

Visual 
sensation 

Acoustic 
sensation 

-3 cold very dark very loud 

-2 cool dark loud 

-1
slightly 

cool 
rather 
dark 

rather 
loud 

0 neutral neutral neutral 

+1
slightly 
warm 

rather 
bright 

rather 
quiet 

+2 warm bright quiet 

+3 hot very bright very quiet 
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Figure 2. Participants' thermal sensation evaluation (all 
temperature ranges) (Berger and Mahdavi 2021) 

Figure 3. Participants' thermal comfort evaluation (all 
temperature ranges) (Berger and Mahdavi 2021) 

DISCUSSION 

The statistical analysis of the results, participants' 
thermal sensation and comfort votes, did not reveal 
any clearly discernible cross-modal effects. As such, 
from the present study, the subjective evaluation of 
similar thermal conditions cannot be suggested to have 
been significantly influenced by elevated levels of 
visual or auditory exposure.  

Given the absence of non-overlapping ranges around 
mean tendencies of the votes in various treatments, it 
is unlikely that purely short-term studies in emulated 
settings and with limited parametric constellations, no 
matter how carefully designed and executed, could 
expose strong signals of cross-domain effects on 
building occupants' indoor-environmental perception 
and comfort evaluations.  

However, we do not suggest that the results of this 
study can be used to make ultimate judgments about 
the existence and scope of cross-modal effects in 
realistic situations. This is mainly due to the limitations 
of the study. Even though the experiments profited 
from a fairly large group of 296 participants, the 
sample cannot be suggested to be representative. 
Specifically, the sample's coverage in view of 
participants' age, occupation, health, and cultural 
background was rather restricted. The thermal 
preferences of a broader and more diverse group of 
participants could have been conceivably different. 

Aside from the limitations of the sample, the 
experimental research design faced other challenges as 
well. For instance, we cannot exclude potential effects 
of the so-called Hawthorne effect. As such, participants 
did not know the details of the study's ultimate 
objectives. But they could fathom they were not to be 
in real offices and that they were being observed. 
Another limitation of the study pertains to the small 
number of scenarios we could accommodate in the 
research design. We could only look at three thermal 
ranges, two visual states, and two auditory states.  

A further – and significant – limitation concerns an 
issue that is not singular to our study but lies in the 
logic of short-term occupancy studies. In such studies, 
participants are initially unfamiliar with the 
surroundings and may have insufficient time for full 
adjustment and adaptation, both physiologically and 
psychologically.  

This limits the possibility to make inferences from the 
findings of short-term studies to more realistic and 
long-term occupancy circumstances in real-life indoor 
settings.  
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CONCLUSION 

We presented the results of laboratory-based short-
term experiments with 296 participants in two mock-
up offices. The objective of these experiments was to 
examine possible cross-domain effects resulting from 
indoor-environmental exposure. Thereby, we focused 
on possible effects of changes in visual and/or auditory 
factors on participants' evaluation of thermally similar 
conditions. As such, in the course of these controlled 
short-term experiments, participants experienced 
similar thermal conditions but different auditory (with 
and without traffic noise) and visual (with and without 
glare) circumstances.  

The statistical analysis of the participants' thermal 
sensation and comfort evaluations did not show a 
significant cross-modal influence of visual and 
auditory factors. However, as mentioned in the 
previous discussion, the study entails a number of 
limitations. These limitations must be considered in 
the course of preparation of further future 
investigations (Berger and Mahdavi 2021). For 
instance, larger and more diverse samples of 
participants are needed. Necessary are likewise larger 
and more diverse array of configurations concerning 
the indoor-environmental variables in multiple 
domains. Moreover, more long-term studies in more 
realistic settings need to be conducted, ideally in a 
variety of building types. As such, the application of 
field study techniques could be useful. 

At the opposite end of the spectrum of research efforts, 
specialized and highly controlled laboratory studies 
with neuro-physiological focus could explore, in more 
depth, causal mechanisms relevant to multi-sensory 
information processing relevant to human sensation, 
perception, evaluation, and behaviour. This 
observation highlights the urgent need for more 
intensive multidisciplinary and collaborative (both 
field and laboratory) studies, such that a more 
comprehensive pallet of indoor-environmental 
conditions could be investigated and appropriate 
ramifications for practical applications could be 
inferred. 
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ABSTRACT 
Previous research has, to some extent, investigated the 
influence of satisfaction with the workplace on 
employees’ mental health (i.e. mood, sleep quality, 
fatigue, and stress). However, insights in these 
relationships while working from home have been 
lacking. The purpose of this study is therefore to gain 
understanding in which personal and workspace 
characteristics are related to employees’ mental 
health. This study used a cross-sectional data 
collection approach and a seemingly unrelated 
regression analysis (SUR) to analyse the relationships. 
Results indicated that sleep quality, mood, stress, and 
fatigue are influenced by employees’ satisfaction with 
the workspace temperature, artificial light, and 
support of informal interactions while working from 
home. Personal characteristics (i.e. neuroticism, 
conscientiousness, and age) are also related to mental 
health. These findings could be used by workplace 
managers or employers to optimize their home 
workplace strategy.  

INTRODUCTION 
Worldwide, the COVID-19 pandemic has led to 
unprecedented changes, including the obligation to 
work (fully) from home (Oakman et al., 2020; Targa et 
al., 2020). Work activities that were previously 
performed at the office, including formal and informal 
meetings, are now performed at home, even when 
employees’ homes are not suitable (Waizenegger et al., 
2020). Such a withdrawal from the office reduces 
(spontaneous) face-to-face meetings (Waizenegger et 
al., 2020), which can cause more negative moods and 
increase job stress among prior office workers (Mann 
& Holdsworth, 2003; Zvolensky et al., 2020). Other 
mental issues that might arise due to the obligation to 
work from home, include reduced sleep quality (Cellini 
et al., 2021)  and elevated fatigue (Terry et al., 2020).  
The obligation to work from home also means that 
people might have to adapt some physical aspects of 
their home workspace (e.g. artificial light and 
daylight), since the majority of their time is spent 
indoors (Aries et al., 2015). As Peters and Halleran  
(2020) argued, these physical workspace 
characteristics can become critical factors for 
employees’ mental health while working from home.  
Previous research has mainly focused on the office 
workspace context in relation to the mental health of 

office workers. For instance, studies have indicated 
that the amount of daylight and artificial light is related 
to employees’ sleep quality (Colenberg et al., 2020). 
Hubalek et al. (2010) argued that the exposure to 
daylight during the workday could lead to a better 
sleep quality the following night. As the attention 
restoration theory by Kaplan (1995) implies, having 
access to daylight and having a natural view outside 
might restore people’s attention and reduce feelings of 
fatigue (Jamrozik et al., 2019). Kaplan (1995) argued 
that natural environments can also mitigate or even 
prevent stress. Overall, research has suggested that 
contact with natural environments, including daylight, 
natural views outside, and plants cause a systematic 
relaxation effect that reduces feelings of stress (Sander 
et al., 2019).  
In the office workplace context, research has also 
shown that noise exposure is related to people’s sleep 
quality during the night (Lin et al., 2018), increases 
feelings of fatigue and tiredness (Jahncke et al., 2011) 
and is related to their mood (Lamb & Kwok, 2016). In 
addition, in modern office designs, such as open-plan 
and shared offices, levels of visual and auditory privacy 
have been found to be lower, while noise levels and 
distractions were higher. Such a poor office layout, 
reduced privacy (i.e. possibility to withdraw from 
people and to regulate interactions with people) and 
increased noise levels negatively relate to people’s 
stress levels (Sander et al., 2019). Research has also 
indicated that temperature is an important contributor 
to job stress (Sander et al., 2019). More specifically, 
extreme temperatures, those above or below the 
conventional range for thermal comfort, can increase 
employees’ feelings of stress and fatigue (Lan et al., 
2020) and can affect their mood (Butala & Muhič, 2007; 
Lamb & Kwok, 2016).   
While previous results showed some effects of physical 
workplace characteristics on employees’ mental health 
(i.e. mood, fatigue, sleep quality and stress) at the 
office, it remains unclear how these physical aspects 
affect employees’ mental health at the home 
workspace during the COVID-19 pandemic. First 
studies that were conducted during the pandemic have 
focused on the influence of personal characteristics 
(e.g. personality and age) on employees’ mental health. 
For instance, it was found that employees who score 
high on neuroticism are more likely to feel stressed 
while working from home (Bergefurt et al., 2021). It 
seems that people who are able to adapt to the COVID-
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19 obligations (e.g. working from home) are less likely 
to feel stressed, and are more likely to experience a 
positive mood (Besser et al., 2020). Among younger 
aged employees the obligation to work from home 
could trigger feelings of stress due to an imbalance 
between work and family life (Bergefurt et al., 2021; 
Carnevale & Hatak, 2020; Mauno et al., 2013). 
Although previous research has indicated, to some 
extent, how employees’ mental health might be related 
to personal characteristics during the COVID-19 
pandemic (Cellini et al., 2021; Targa et al., 2020; Terry 
et al., 2020), it remains unclear how both personal and 
workspace characteristics are related to employees’ 
mental health while working from home. The aim of 
this study is therefore to analyse the influence of 
workspace and personal characteristics on employees’ 
stress levels, mood, fatigue, and sleep quality while 
working from home. The results of this study can be 
used by both workplace managers and employers to 
adjust the home workspace according to the changing 
workspace demands to optimize employees’ mental 
health.   

METHODS 

Measurement 
To study the relationships between personal- and 
workspace characteristics and stress, fatigue, sleep 
quality and mood, previously validated measurement 
scales were mostly used. The questions regarding 
personal characteristics consisted of respondents’ age, 
gender, personality, contractual work hours and actual 
work hours. The 10-item Big Five Inventory was used 
to measure five personality types: neuroticism, 
extraversion, conscientiousness, openness and 
agreeableness (Rammstedt & John, 2007). With regard 
to workspace characteristics respondents were asked 
about the number of persons who used the workspace 
simultaneously and to indicate their satisfaction with 
the artificial light and daylight, sound, noise and 
privacy, air quality, temperature, and ventilation, and 
with the greenery, plants, and views outside at their 
home workspace on a five-point Likert scale (e.g. 
Candido et al., 2019). Respondents were also asked to 
rate their satisfaction, on a five-point Likert scale, with 
the extent to which work activities were supported at 
their home workspace, including concentrated work, 
informal interactions, formal interactions and ‘online’ 
interactions.  
Stress was measured by the 4-item Patient Health 
Questionnaire (PHQ-4) (Kroenke et al., 2009), of which 
two items were selected that measure stress (i.e. 
‘feeling nervous, anxious, or on edge’ and ‘not being 
able to stop or control worrying’). These items were 
combined with two items developed by Beute and de 
Kort (2018) (i.e. ‘feeling stressed’ and ‘think deeply 
about something’). Cronbach’s Alpha (α) equals 0.821, 
which indicates that the sum score could be used for 
these four items. For fatigue, eight items of the 

Checklist Individual Strength were used. Summed 
(α=0.909), these items form the subscale ‘Subjective 
feeling of fatigue’ (Beurskens et al., 2000).  Sleep 
quality was measured using four items of the Health at 
Work Survey that was developed by the World Health 
Organisation (WHO, 2001). Cronbach’s Alpha (α) 
equals 0.619, which is somewhat low. For mood, the 
UWIST Mood Adjective Checklist was used (Matthews 
et al., 1990), of which eight items were included. 
Cronbach’s Alpha (α) equals 0.846, which means that 
the items could be summed. 

Procedure 
Data were collected in the autumn and winter of 2020, 
during the COVID-19 pandemic among 393 employees 
of three private companies in the Netherlands. A cross-
sectional approach was used, which involved collecting 
data based on an online questionnaire.  More than half 
of the sample (59.5%) was obtained from a large 
engineering and project management company. 
Another 28.0% was obtained from an office furniture 
developer, and 12.5% was gained from an advisory 
company specialized in strategic corporate real estate 
management.  

Analytical approach 
To gain insights in the independent variables that 
significantly affect the dependent variables (i.e. mood, 
sleep quality, fatigue, and stress), four multiple 
regression analyses (stepwise) were performed. The 
independent variables selected in the separate models 
were then included in a seemingly unrelated 
regression analysis (SUR). SUR can be used to 
simultaneously analyse different dependent variables 
that are influenced by different independent variables. 
SUR is an extension of linear regression analysis, in 
which correlated errors between equations are 
allowed (Sun et al., 2014). SUR was used in this study 
because the dependent variables could be related on 
the level of their error terms.   

RESULTS 

Sample 
Table 1 shows the descriptive statistics of the personal 
and workspace characteristics. The sample consists of 
more male than female respondents, with a mean age 
of 45. While the data were collected at technology 
related companies, the overrepresentation of male 
respondents is not surprising, since only 21% of the 
Dutch female workforce works at engineering 
companies (CBS, 2021). The mean age of the Dutch 
workforce equals 42, which indicates that the sample 
was, on average, somewhat older (UWV, 2020).  
Table 1 also indicates that people are least satisfied 
with the support of the workspace to perform informal 
interactions (M=3.20, SD=1.223) and most satisfied 
with the support to perform concentrated work 
(M=3.71, SD=1.322) (on a scale from 1 to 5). In 
addition, respondents are least satisfied with greenery 
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and plants (M=3.34, SD=1.443) and with artificial light 
(M=3.53, SD=1.221), while they are most satisfied with 
privacy (M=4.05, SD=1.307) and air quality (M=3.98, 
SD=1.135) at their home workspace. For all mental 
health concepts sum scores were calculated and 
converted to a scale from 1 (negative mental health) to 
8 (positive mental health). Stress has the highest mean 
(M=6.444, SD=1.265), followed by sleep quality 
(M=6.055, SD=1.173), mood (M=5.520, SD=1.144), and 
fatigue (M=5.341, SD=1.538). These sum scores 
indicate that, overall, respondents do not frequently 
feel stressed or fatigued, and rate their sleep quality 
and mood rather positive.  
Regression analyses 
Four multiple regression analyses were performed 
between the independent variables and dependent 
variables. The normal probability (P-P) plots of the 
residuals of the regression analyses were interpreted 
to test the assumption of normality and 
homoscedasticity of the residuals. This assumption 
may have been violated for stress. While the deviations 
from normality are only small, results of the regression 
analyses are still valid, but should be carefully 
interpreted (Rani Das, 2016). 
The results of the regression analyses indicate that 
mood is significantly related to neuroticism, 
satisfaction with temperature, and satisfaction with 
support of informal interactions. Sleep quality is 
related to neuroticism, satisfaction with support of 
informal interactions, age, and satisfaction with 
artificial light. Neuroticism, conscientiousness, and 
satisfaction with temperature are found to be related 
to respondents’ stress levels. Fatigue is related to 
neuroticism, agreeableness, satisfaction with 
temperature, and satisfaction with support of informal 
interactions. These relationships are used as input for 
the seemingly unrelated regression analysis.  

Seemingly Unrelated Regression Analysis 
Table 2 shows values for R2 and adjusted R2. The 
(adjusted) R2 indicates the proportion of explained 
variance by the model (Akossou & Palm, 2013). As 
Table 2 indicates, personal- and workspace 
characteristics explain between 8.8% and 25.9% of the 
total variance of employees’ mental health (i.e. stress, 
mood, fatigue, sleep quality). These results show that 
there are also some other characteristics that are 
related to employees’ mental health that were not 
included in the current model.  
Furthermore, the results of the SUR (see Figure 1) 
indicate that mood is significantly related to 
neuroticism (negative), satisfaction with temperature 
(positive), and satisfaction with the support of the 
workplace for informal interactions (positive). 
Respondents who score high on neuroticism are more 
likely to rate their mood negative. Employees who are 
satisfied with the temperature and the support of 
informal interactions at their home workspace are 

more likely to perceive a positive mood. For stress, 
significant relationships with neuroticism (negative), 
conscientiousness (negative), and satisfaction with 
temperature (positive) are found. Employees with 
neurotic or conscientious traits are more likely to feel 
stressed, while employees who are satisfied with the 
temperature at the workspace are less likely to feel 
stressed. Fatigue (i.e. lack of energy or feelings of 
tiredness) is significantly related to neuroticism 
(negative), conscientiousness (positive), satisfaction 
with temperature (positive) and satisfaction with the 
support of informal interactions (negative). While 
employees with neurotic traits are more likely to feel 
fatigued, conscientious employees are less likely to feel 
fatigued. The positive relationships between 
satisfaction with the temperature and with the support 
of informal interactions indicate that employees are 
less likely to feel fatigued when they are satisfied with 
both these aspects of the workspace. For sleep quality, 
significant relationships are found between age 
(negative), neuroticism (negative), satisfaction with 
artificial light (positive) and satisfaction with the 
support of informal interactions (positive). Employees 
who score high on neuroticism and who are older are 
more likely to be negative about their sleep quality. In 
addition, employees who are satisfied with the 
artificial light and with the support of informal 
interactions are more likely to be positive about their 
sleep quality.  

DISCUSSION 
The results of the SUR indicate that three workspace 
characteristics, namely satisfaction with temperature, 
artificial light, and support of informal interactions, are 
significantly related to stress, mood, fatigue, or sleep 
quality. The positive relationships indicate that 
employees who are satisfied with these workspace 
characteristics are more likely to experience a positive 
mental health, while employees who are dissatisfied 
are more likely to experience a negative mental health 
while working at home. As Vischer (2007) explained by 
‘the environmental comfort model’, indivuals’ 
performance of work tasks depend on the perceived 
comfort level of workplace resources (e.g. 
temperature, noise level and lighting). Low comfort 
levels could cause mental health issues, such as 
feelings of stress. While previous studies (e.g. 
Colenberg et al., 2020; Sander et al., 2019)  have mainly 
focused on the office workspace, current results add 
insights about the influence of home workspace 
characteristics on mental health. These results, 
combined with previous findings, can be used by 
employers to adjust their workspace strategies to 
optimize the future hybrid mix of working from home 
and working at the office. 
More specifically, results indicate that satisfaction with 
temperature is related to mood, fatigue and stress. 
Previous research has shown that homeworkers have 
experienced higher levels of control over the home 
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temperature, because they could adjust the 
thermostats and radiators at any time. This might lead 
to higher satisfaction with the workspace temperature 
(Hampton, 2017). In contrast, other researchers (eg. 
Domínguez-amarillo et al., 2020) have indicated that 
indoor home temperatures are more influenced by 
outdoor temperatures than indoor office 
temperatures. The risk of more extreme temperatures 
at the home workspace might increase employees’ 
feelings of stress and fatigue, and could negatively 
relate to employees’ mood (Butala & Muhič, 2007; 
Lamb & Kwok, 2016; Lan et al., 2020). Therefore, 
further research could elaborate on the influence of 
control over workspace characteristics while working 
from home on employees’ mental health. In addition, 
future research might use objective measures (e.g. 
sensors to measure temperature) to gain insights in 
comfortable home workspace temperatures and how 
these comfortable temperatures influence employees’ 
mental health.  
Next to satisfaction with temperature, satisfaction with 
artificial light is significantly related to employees’ 
sleep quality. This result is confirmed by Mello et al. 
(2020), who found that exposure to artificial light and 
decreased exposure to daylight while working at home 
reduces employees’ sleep quality. There might be 
several explanations for these findings. For instance, 
the reduced travel behaviour of homeworkers might 
decrease exposure to daylight and increase exposure 
to artificial light. Moreover, the quality of the artificial 
light and daylight at home may be lower than the 
quality at the office. As Long and Richter (2019) 
suggest, people who work from home might 
experience discomfort from lighting, because a conflict 
may occur between task lighting requirements and 
aesthetic requirements (e.g. people may be unable to 
change the light or may not wish to do so because of 
aesthetics). Further research could expand on 
measuring both the quality and quantity of daylight 
and artificial light (via sensors) and its influence on 
employees’ sleep quality.  
Third, a significant relationship is found between 
employees’ satisfaction with the support of their 
workplace to perform informal interactions and mood, 
fatigue, and sleep quality. As van den Berg et al. (2020) 
indicated, working from home could hinder 
serendipitous informal interactions between 
colleagues. Although not previously investigated, it 
seems logical that employees’ mood, fatigue, and sleep 
quality are related to reduced informal interactions 
due to the obligation to work from home. Future 
research could analyse the influence of working from 
home on changes in communication styles between 
colleagues more in-depth and how these changes affect 
employees’ mental health. In general, insights in the 
influence of workspace characteristics on employees’ 
mental health can be used by employers to improve 
their home workspace strategies. For instance, 
working at home could be promoted among employees 

who are most satisfied or who experience most 
comfort while working at home.  
Next to workspace characteristics, several personal 
characteristics (i.e. age, neuroticism, and 
conscientiousness) influence stress, mood, sleep 
quality, and fatigue. In line with previous research, 
higher neuroticism is associated with increased stress 
levels (Liu et al., 2021), negative affect (i.e. distressed, 
fearful, jittery, nervous, hostile, and scornful), physical 
fatigue (i.e. drowsy, dull, sleepy, and sluggish) (Meyer 
& Shack, 1989), and reduced sleep quality (Gray & 
Watson, 2002). Current results also indicate that 
conscientious employees are more likely to experience 
stress and less likely to feel fatigued. As Pollak et al. 
(2020) explained, conscientiousness is a positive 
predictor of the stress appraisal. In addition, 
Calderwood and Ackerman (2011) found increased 
engagement and higher levels of vigour among 
conscientious employees, which could reduce feelings 
of fatigue during the workday. Finally, a significant 
relationship between age and sleep quality is found. 
Previous research showed mixed results; while some 
researchers (e.g. Åkerstedt et al., 2002) have indicated 
that sleep quality decreases with age, others (e.g. Pieh 
et al., 2020) have found that sleep quality is the lowest 
among individuals below 35 and above 65. Workplace 
managers and employers can use these insights to 
better understand personal differences in employees’ 
experience of working at home and can adjust 
workplace strategies according to these differences.  

LIMITATIONS AND CONCLUSIONS 
There are some limitations related to this research. 
First, the results of the SUR indicated that personal and 
workspace characteristics explained 8.8% to 25.9% of 
the total variance of employees’ mental health. 
Although these results indicate that personal and 
physical workspace characteristics have a substantial 
influence on employees’ mental health, there are 
several other characteristics that also affect mental 
health that have not been introduced in this study. For 
instance, previous research has indicated that 
ergonomic and adjustable furniture were 
requirements for employees to work from home (Ng, 
2010). While employees were obliged to work from 
home during the COVID-19 pandemic, family-related 
aspects (e.g. having children) (Ng, 2010) and social 
work-related aspects (e.g. work pressure, lack of 
supervision or support from colleagues) (Bellmann & 
Hübler, 2020; Diab-Bahman & Al-Enzi, 2020) could 
also be related to employees’ mental health. The 
influence of such aspects could be explored in further 
research.  
For future research, it would be interesting to collect 
data among a larger and more heterogeneous sample. 
Also, personal characteristics could be introduced in 
the model as interaction variables, to explore whether 
relationships between workplace characteristics and 
mental health are influenced by personal 
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characteristics. Further research could also focus on 
the comparison of employees’ mental health while 
working from home between different countries, 
which could be related to cultural differences. While in 
the Netherlands homeworking was already more 
common before the COVID-19 pandemic (14.1% 
usually worked from home) (Eurostat, 2020), it might 
be easier for Dutch employees to adapt to the COVID-
19 obligations. In addition, the influence of the 
residential location (e.g. living in rural or urban 
regions) might also have an effect. Finally, mental 
health includes more than the concepts stress, mood, 
sleep quality and fatigue. As the definition of WHO 
(2004) indicates, mental health includes the absence or 
presence of diseases, and includes health-promoting 
factors (e.g. well-being, productivity, and engagement) 
(Forooraghi et al., 2020). These factors, as well as the 
relationships between these factors, should be further 
explored.  
Overall, this study showed a significant influence of 
personal characteristics, including personality (i.e. 
neuroticism and conscientiousness) and age, on 
employees’ mental health. Moreover, results indicated 
that employees’ satisfaction with artificial light, 
temperature, and the support of the workplace to have 
informal interactions with colleagues could affect 
employee mental health. These results give new 
insights about physical workplace characteristics that 
could affect employees’ sleep quality, mood, fatigue, 
and stress, specifically in the home-workplace context, 
which was up till now still lacking.  
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Table 1. Descriptive statistics (N=393) 
Sample (N) Sample (%) Mean SD 

Age 44.86 11.489 
Gender  
Male 
Female  

271 
122 

69.0 
31.0 

Contractual work hours 36.85 5.241 
Actual work hours 41.96 12.200 
Personality 
Neuroticism  
Conscientiousness 
Openness 
Extraversion 
Agreeableness 

4.49 
8.07 
7.31 
7.85 
7.75 

1.500 
1.313 
1.546 
1.480 
1.222 

Nr. people workspace shared 
Private workspace 
1 other person or more 

308 
85 

78.4 
21.6 

Satisfaction with support workspace activities 
Concentrated work 
Informal interactions 
Formal interactions 
‘Online’ interactions 

3.71 
3.20 
3.43 
3.64 

1.322 
1.223 
1.248 
1.259 

Satisfaction with physical aspects workspace  
Artificial light 
Daylight  
Sound and noise  
Privacy  
Air quality  
Ventilation  
Temperature  
Greenery and plants  
Views outside  

3.53 
3.89 
3.81 
4.05 
3.98 
3.96 
3.68 
3.34 
3.60 

1.221 
1.237 
1.172 
1.307 
1.135 
1.212 
1.220 
1.443 
1.400 

Stress 6.444 1.265 
Mood 5.520 1.144 
Fatigue 5.341 1.538 
Sleep quality  6.055 1.173 

Table 2. Results Mental health+ 
Mood Stress Fatigue Sleep quality 

Coeff. Coeff. Coeff. Coeff. 
Personal characteristics 
Age  -0.0329** 
Neuroticism  -1.100*** -0.688*** -1.838*** -0.420*** 
Conscientiousness  -0.248*** 0.715* 
Agreeableness  0.564 
Work hours last two weeks  
Workspace characteristics 
Satisfaction with temperature  0.397** 0.270*** 0.803* 
Satisfaction with privacy 
Satisfaction with artificial light  0.215* 
Satisfaction with daylight  
Satisfaction support informal 
interactions 

0.310** 1.676*** 0.312** 

R2 0.229 0.265 0.172 0.0973 
Adjusted R2 0.223 0.259 0.161 0.0880 

Note: ***, and **, and * indicate the significance at 0.001, 0.05 and 0.01 level. 
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ABSTRACT 

This paper deals with the assessment of the indoor 
environmental quality (IEQ) in two selected offices of 
the newly built green administrative building, which 
has achieved the second highest level of evaluation 
within the international LEED certification. The 
assessment of the IEQ was performed through real 
measurements of IEQ factors and a questionnaire 
survey. In each office, the total measurement time was 
set at 24 hours. The data recorded during the 8-hour 
working time were evaluated separately. During 
working hours, five employees were present in the 
first office (larger in area) and two in the second. 
Measurements were performed under natural 
conditions. For comparison, 24-hour measurements 
were repeated in the second office but without the 
presence of occupants. The results of IEQ monitoring 
showed that the legislative and LEED limits were not 
exceeded in any of the offices (either within 24 hours 
or during working hours). Exceeding the 
recommended LEED limit for TVOC concentrations in 
the second office by 34% during 8-hour working 
hours was related to the presence of people in this 
office. The measured daylight intensities in both 
offices met the minimum legislative requirement. The 
subjective evaluation shows that the occupants of the 
building themselves perceive IEQ positively. Although 
more than 50% of respondents said they feel fatigue, 
lethargy and have a headache while working in the 
office, given previous IEQ perception results, these 
symptoms may be related to the type of work 
performed rather than IEQ. Based on the results 
obtained from real measurements and a 
questionnaire survey, it can be stated that the 
monitored office spaces of the selected green certified 
building provide a quality, healthy and comfortable 
indoor environment that does not significantly 
interfere with their work performance. 

INTRODUCTION 

Nowadays, the construction of green buildings is 
popular. Green buildings represent a trend towards 
sustainable and environmentally friendly 
construction. These buildings combine lower 
operating costs, a healthier working environment and 
environmental friendliness (He & Kvan, 2018). In the 
last two decades, countries around the world have 

developed a large number of Green Building Rating 
Systems (GBRS) in order to rate and certify green 
buildings (Shan & Hwang, 2018). Indoor 
environmental quality is included in all the green 
building certifications as a fundamental factor for 
assessing the health risk for indoor occupants and the 
contribution of IEQ in green building certification is 
almost the same in all the analyzed certification tools 
(Mattoni & Guattari, 2018). The most commonly used 
international green building certification systems 
include LEED and BREEAM (Lee, 2019). In the LEED 
certification system, the IEQ is evaluated in the Indoor 
Environment Quality category, and in the BREEAM 
system, the IEQ is included in the Health and Well-
being section. Part of the IEQ assessment in both 
certification systems is the regular testing and 
evaluation of IEQ risk factors through real 
measurements or subjective assessment by the 
building occupants themselves. Factors that most 
commonly contribute to IEQ include thermal comfort, 
indoor air quality (IAQ), sound quality, and lighting 
(Wei & Wargocki, 2020). 
Up to now, only a few studies have been published 
that have addressed the assessment of IEQ in green 
certified buildings. Most of them deal with the 
subjective assessment of IEQ in certified buildings, but 
there are missing those that also deal with the real 
measurement of IEQ risk factors (Lee & Wargocki, 
2019). In a study by Altomonte & Schiavon (2019) 
was found that the achievement of a specific IEQ 
credit did not substantively increase satisfaction with 
the corresponding IEQ factor, while the rating level, 
and the product and version under which certification 
had been awarded, did not affect workplace 
satisfaction. According to a study by Lee & Kim 
(2008), LEED-certified office buildings showed higher 
occupant satisfaction with IAQ than non-LEED-
certified buildings. In addition, LEED-certified 
buildings had higher occupant performance in office 
furnishings quality, thermal comfort quality, IAQ, and 
cleanliness and maintenance quality than non-LEED-
certified buildings. Results from cross-sectional 
questionnaires according to Altomonte & Saadouni 
(2017) showed that BREEAM certification per se did 
not seem to substantively influence building and 
workspace satisfaction. Conversely, occupants of 
BREEAM offices tended to be less satisfied with air 
quality and visual privacy than users of non-BREEAM 
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buildings. The results of a study by Jin & Wallbaum 
(2020) show that occupant satisfaction with IEQ in a 
newly renovated office BREEAM certified building has 
not well achieved and in the office environment 
occupants prefer warmer temperature, more fresh air, 
less noise, and more daylight. 

The aim of the study is to assess the state of the 
indoor environmental quality in selected offices of a 
green certified office building through determination 
of IEQ risk factors and subjective evaluation 
(questionnaires). 

OBJECT DESCRIPTION 

The newly built office building, in which IEQ 
monitoring was performed, is situated in the center of 
Košice (eastern Slovakia). This building belongs to the 
so-called green buildings awarded the LEED 
certificate. The building consists of a monolithic 
reinforced concrete foundation. The vertical load-
bearing structure comprise of a reinforced concrete 
skeleton, which is filled with brick masonry around 
the perimeter. The horizontal load-bearing structure 
consists of reinforced concrete ceiling slabs. Dividing 
partitions are plasterboard with a thickness of 125 
mm and surface treated with white paint. The surface 
of floors in offices is made of anhydrite screed. The 
perimeter cladding consists of a glass facade 
aluminum system. The windows are openable with 
insulating 3-glass. The interior doors are glazed in an 
aluminum frame. The building uses large radiant floor 
heating/cooling. Part of the extra standard is that the 
building has built-in ceiling cooling/cassette air 
conditioning. The building has a total of five floors. 
The above-standard quality of the working 
environment in the building is ensured by the most 
modern technologies, including humidifiers and built-
in temperature, relative humidity, particulate matter 
and CO2 sensors. The air supplied to the building is 
freed of impurities by effective filtration, so-called 
plasma effect – using ionizers. Energy-saving LED 
lights with intelligent lighting intensity control are 
installed in the building. 

The monitoring itself took place in two selected 
offices located on the fourth floor. The first office 
(Office 1) with an area of 55 m2 is used by six 
employees. The second office (Office 2) with an area 
of 25 m2 is used by two employees. During the 
monitoring, there were five employees in Office 1 and 
two employees in Office 2. Both offices are equipped 
with standard office furniture and technology. There 
is a carpet in each office. While Office 1 is illuminated 
bilaterally, Office 2 is illuminated unilateral. All 
measurements took place under natural conditions in 
October 2020. During working hours, there was a 
constant exchange of air in the Office 1 alternately in a 
natural way or by activating mechanical systems. In 
the second office, only mechanical air exchange during 
working hours was provided. For comparison, in the 
absence of employees, another measurement was 

performed in the second office (Office 2*). 
Measurements in the Office 2* took place without air 
exchange in it. The entire monitoring was performed 
only four months after the users moved into the 
building. 

METHODS 

The parameters of the thermal-humidity microclimate 
(air temperature, relative humidity and air velocity), 
CO2 concentrations and illuminance levels were 
determined using a TESTO 435-4 multifunction device 
with appropriate probes (Testo, Inc.; Germany). The 
particulate matter (PM) concentrations of the two 
representative fractions (2.5 and 10 μm) were 
determined using a HANDHELD 3016 IAQ instrument 
(Lighthouse Worldwide Solutions, Inc., USA), which 
uses a laser-diode light source and collecting optics 
for particle detection. Total volatile organic 
compound (TVOC) concentrations were determined 
with a ppbRAE 3000 UV photoionization detector 
(RAE Systems, Inc.; USA). A two-point calibration, 
zero and standard reference gas (isobutylene), was 
performed before the measurement itself. All 
measured concentrations are expressed in toluene 
equivalents (correction factor of 0.5). The probes and 
measuring instruments were placed approximately in 
the middle of the room at a height of 1.1 m from the 
floor. The parameters of the thermal-humidity 
microclimate, particulate matter and total volatile 
organic compounds were recorded at one minute 
intervals. Illuminance levels were measured within 
the lighting network. The mean radiant temperature 
was measured at three heights using a Vernon-Jokl 
spherical thermometer (sphere diameter d = 0.1 m) 
according to ISO 7726 (1998), on the basis of which 
the operative temperature was also calculated. The 
mean radiant temperature was recorded only during 
working hours in Offices 1 and 2. Detailed information 
on the measuring devices used in this study is 
summarized in Table 1. 

Table 1. Technical data on measuring instruments 

Active sampling of the target volatile organic 
compounds was performed for six hours. Air samples 
were collected onto an Anasorb CSC sorption tube 
using a SKC PocketPump TOUCH sampling pump. 
After sampling, the samples were further analyzed in 
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an external authorized laboratory by gas 
chromatography. 

A modified questionnaire based on previous studies 
by Cheung & Schiavon (2021) and Lee & Wargocki 
(2020) was used to subjectively assess the indoor 
environmental quality. The questionnaire contained 
questions related to basic information about the 
respondent and questions focused on the perception 
of thermal comfort, CO2 concentration, odor (TVOC 
concentration), the presence of PM and the perception 
of the overall IEQ. In the next part, the questionnaire 
deals with the subjective evaluation of occupant 
comfort and work performance. 

Thermal comfort was assessed using Predicted Mean 
Vote (PMV) and Predicted Percentage of Dissatisfied 
(PPD) indices. Both indices were calculated using the 
CBE Thermal Comfort Tool, which is described in 
more detail by Tartarini & Schiavon (2020). The PMV 
indicator takes into account six parameters 
(metabolic rate, clothing level, air velocity, mean 
radiant temperature, air temperature and relative 
humidity). From the PMV index, it is possible to 
calculate the percentage of people who would not be 
satisfied with a particular thermal environment, the 
so-called PPD index. In the autumn, the level of 
clothing insulation was expected to be 0.61 clo 
(trousers, long-sleeved T-shirt) and the metabolic rate 
for sitting activities was chosen to be 1.0 in the CBE 
Thermal Comfort Tool. The calculation of PMV indices 
included average values of air temperature, relative 
humidity and air velocity obtained from 
measurements during the 8-hour working period. 

RESULTS AND DISCUSSION 

The examination of the indoor environmental quality 
consisted in the monitoring of IEQ risk factors and in 
the subjective evaluation of these factors by the 
occupants themselves. 

Results of real measurements 

In each of the offices, the total monitoring time was 24 
hours. From the data obtained during the 24-hour 
monitoring, the data recorded during the 8-hour 
working time were evaluated separately. The 
statistically processed results were compared with 
the requirements for the thermal-humidity 
microclimate and the limit values of harmful 
substances in the indoor air given in Decree no. 
210/2016 Coll. Simultaneously, the results were 
compared with LEED v4.1 requirements for the 
assessment of indoor air quality in a newly built 
buildings and interiors. 

Results of 24-hour monitoring 

Table 2 shows the statistically processed results of 
IEQ parameters evaluated in selected office spaces 
during 24-hour monitoring. 

Table 2. Evaluation of results from 24-hour monitoring 

The results of the thermal-humidity microclimate 
indicate that there are only minimal differences 
between monitored offices. Requirements of Decree 
no. 210/2016 Coll. for relative humidity (30–70%) 
and air velocity (≤ 0.2 m/s) were met in both occupied 
offices, including Office 2*. The legislative 
requirement for PM10 concentrations (50 µg/m3) for 
24-hour exposure was also not exceeded. The LEED
v4.1 certification system for new construction gives
limit values for concentrations of PM2.5 (≤ 12 µg/m³),
PM10 (≤ 50 µg/m³) and TVOC (≤ 500 µg/m3). These
limit values were not exceeded in any of the
monitored offices. The only exception is Office 2,
where the LEED limit for TVOC concentrations was
exceeded by 41%.

The presence of TVOC in Office 2 was found to be 54% 
higher than in Office 1. The course of TVOC 
concentrations in individual offices during the total 
24-hour monitoring period is shown in Figure 1. A
sharp increase in TVOC concentrations was recorded
in Office 2 after working hours between 5.05 p.m. and
5.35 p.m. due to cleaning activities.

Figure 1.  The course of TVOC concentrations during 24-hour 
monitoring in each office 

The recommended limit value for CO2 concentrations 
according to Pettenkofer (< 1000 ppm) was not 
exceeded in any of the occupied offices. The highest 
CO2 concentrations were recorded during working 
hours when there were employees in the offices, as 
shown in Figure 2. In the absence of employees, the 
CO2 concentration ranged from 400 to 600 ppm. 
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Figure 2. The course of CO2 concentrations during 24-hour 
monitoring in each office 

It can be seen from Figure 3 that the cleaning 
activities in Office 2 affected not only the TVOC 
concentrations but also the particulate matter 
concentrations. The presence of a cleaner in the Office 
2 during cleaning was also reflected by a slight 
increase in CO2 concentrations (indicated by an 
arrow). 

Figure 3. Concentrations of indoor air pollutants recorded in 
the Office 2 within 24 hours 

Results obtained during 8-hour working period 

During working hours from 9.00 a.m. to 5.00 p.m., the 
indoor air temperature in Office 1 ranged from 21.4 °C 
to 25.8 °C and the relative humidity values from 
41.6% to 50.9%. The maximum air velocity reached 
0.26 m/s. The average values were 24.2 °C for air 
temperature, 45.9% for relative humidity and 0.00 
m/s for air velocity. In Office 2, during 8-hour working 
hours, the indoor air temperature ranged from 22.50 
°C to 23.80 °C, the relative humidity values from 
40.70% to 45.20% and the air velocity values from 
0.01 m/s to 0.09 m/s. The average values were 23.50 
°C for indoor air temperature, 41.73% for relative 
humidity and 0.02 m/s for air velocity. During a 
typical working interval (9.00 a.m.–5.00 p.m.), when 
no employees were present in this office, the indoor 
air temperature varied from 23.40 °C to 24.80 °C, the 
relative humidity values from 42.80% to 48.60% and 
the relative humidity from 0.02 m/s to 0.07 m/s. The 
average value was 24.17 °C for indoor air 
temperature, 45.24% for relative humidity and 0.02 
m/s for air velocity. The operative temperature values 
were 24.3 °C for Office 1 and 23.2 °C for Office 2. 

Particulate matter concentrations in fraction 2.5 µm 
ranged from 1.25 µg/m3 to 4.08 µg/m3 during the 
eight hours of occupancy of Office 1, while PM10 
concentrations ranged from 2.01 µg/m3 to 26.57 
µg/m3. The average particulate matter concentration 
was 2.74 µg/m3 for PM2.5 and 14.09 µg/m3 for PM10. 
During the occupation of Office 2 by its employees, the 
average concentration of PM2.5 reached the value of 
0.45 µg/m3. The average concentration of PM10 was 
6.16 µg/m3. PM2.5 concentrations ranged from 0.28 
µg/m3 to 0.78 µg/m3 and PM10 concentrations from 
1.12 µg/m3 to 24.69 µg/m3. In the absence of 
employees during standard working hours, PM2.5 
concentrations ranged from 0.45 µg/m3 to 0.85 µg/m3 
and PM10 concentrations from 0.72 µg/m3 to 13.84 
µg/m3. The average concentration of PM2.5 was 0.60 
µg/m3. In the case of PM10, the average concentration 
was 2.68 µg/m3. 

Concentrations of carbon dioxide (CO2) and total 
volatile organic compounds (TVOC) were also 
monitored in all offices during the 8-hour working 
period. In Office 1, CO2 concentrations ranged from 
604 ppm to 829 ppm and TVOC concentrations from 
173 µg/m3 to 465 µg/m3. The average CO2 
concentration was 733 ppm, while the TVOC 
concentration averaged 378 µg/m3. In contrast, in 
Office 2, the lowest recorded CO2 concentration was 
585 ppm and the highest was 870 ppm. The lowest 
TVOC concentration reached 396 µg/m3 and the 
highest 851 µg/m3. The average CO2 concentration in 
this office was 736 ppm and the average TVOC 
concentration was 752 µg/m3. Without the presence 
of employees in Office 2, CO2 concentrations ranged 
from 482 to 550 ppm with an average concentration 
of 501 ppm. On average, the concentration of TVOC in 
Office 2* was 481 µg/m3, while the lowest recorded 
concentration of TVOC was 420 µg/m3 and the highest 
647 µg/m3. 

Even during the 8-hour working time, the average 
values of the thermal-humidity microclimate 
parameters did not differ significantly from each 
other. In addition, the mean radiant temperature was 
recorded during working hours, from which the 
operative temperature was calculated. As a result, the 
operative temperatures for Offices 1 and 2 were 
within the optimal (20–24 °C) and permissible (18–26 
°C) legislative limits. CO2 concentrations were kept at 
the same levels in both occupied offices (Office 1 and 
2). As the measurements took place under natural 
conditions (with active ventilation), these values were 
also below the recommended limit value of 1000 ppm. 
The average TVOC concentration found in Office 2 
between 9.00 a.m. and 5.00 p.m. was 50% higher than 
that observed in Office 1 and 36% higher than in 
Office 2*. The LEED limit value was exceeded by 34% 
in Office 2. During this period, Office 2 has not yet 
been cleaned and the increased concentration of 
TVOC is rather related to the presence of employees 
and the reduced air exchange in this room. From the 
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results of TVOC in Office 2*, it can be stated that the 
amount of TVOC present in Offices 1 and 2 comes 
from office equipment and technology, or is still 
released from the materials used during construction. 
Particulate matter concentrations (PM2.5 and PM10) 
reached the highest levels in Office 1, which is related 
to its higher occupancy. Fluctuations in the 
concentration of PM in individual offices occurred 
mainly when users moved around the office. 
Nevertheless, the concentrations of PM2.5 and PM10 
during the entire period of use of the office, whether 
in Office 1 or 2, were below the required legislative 
(only for PM10) and LEED limits. In addition to TVOC 
concentrations, air samples were collected at each 
office for analysis of target VOCs. Target VOCs include 
compounds such as toluene, xylenes, styrene and 
tetrachlorethylene listed not only in the Decree of the 
Ministry of Health of the Slovak Republic 210/2016 
Coll., but also on the list of LEED criteria. The results 
of the laboratory analysis showed that all the listed 
compounds were below the detection limits, and thus 
their presence was not confirmed in any of the 
monitored offices. 

Illumination levels were recorded between 9.00 a.m. 
to 10.00 a.m. in both offices (1 and 2), immediately 
after monitoring the parameters of the thermal-
humidity microclimate and IAQ. In Office 1, the 
measured illumination level was 963 lx and in Office 
2, 301 lx. Both values were above the required 
minimum legislative limit (200 lx). 

Subjective evaluation of IEQ 

A total of 12 employees (8 women and 4 men) were 
involved in the questionnaire study. These employees 
spend 40–50 hours a week at their workplace, which 
is approximately 8–9 hours a day. Most respondents 
were under the age of 40, except for two men who fell 
into the age category of 41–50 years. Of all 
respondents, only two were smokers. The two 
assessed offices were occupied by non-smokers. All 
employees performed the administrative type of 
work. 

In the subjective evaluation of thermal-humidity 
microclimate, 67% of respondents were satisfied with 
the temperature in the indoor environment and up to 
83% of respondents stated that they were satisfied 
with the humidity of the environment. Fifty percent of 
respondents did not perceive any draft, the rest of the 
respondents perceive light to mild draft. A complete 
subjective assessment of thermal comfort by building 
users is shown in Figure 4. 

Figure 4. Subjective evaluation of thermal-humidity 
microclimate 

The PMV and PPD indices calculated for Offices 1 and 
2 using CBE Thermal Comfort Tool are summarized in 
Table 3. According to ISO 7730 (2005), the indoor 
environment can be considered comfortable if the 
calculated PMV index is in the range of -0.5 to +0.5, 
which represents approximately 10% of dissatisfied. 
The results show that, in contrast to Office 2 
(Category IV – lower level of expectation), the 
conditions of the thermal comfort in Office 1 
(Category II – medium level of expectation) can be 
considered comfortable. Pursuant to EN 16798-1 
(2019), a lower level of expectation will not pose any 
health risk to occupants, but may decrease their 
comfort. 

Table 3.  Results of PMV and PPD indices 

Figure 5 shows the percentage of people satisfied and 
dissatisfied with indoor air quality. Of the total 
number of respondents, 34% stated that they 
perceive indoor air as fresh in terms of CO2 
concentrations and up to 58% as slightly fresh. 
Regarding the odor, most users did not perceive any 
odor in the indoor air (67%), or perceived only a faint 
odor. Out of the total number of respondents, 59% of 
them answered that they do not perceive dust 
(particulate matter) in the indoor environment of 
their workplace. The rest perceived the amount of 
dust in the indoor environment as low or acceptable. 

Figure 5. Subjective evaluation of indoor air quality 

According to the results in Figure 6, up to 45% of 
users consider the level of office lighting to be very 
high and the remaining 58% to be high to acceptable. 
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Figure 6. Subjective evaluation of illumination 

In general, users have expressed satisfaction with the 
IEQ in their workplace. All users agreed that, in terms 
of their personal preferences, they assessed the 
indoor environment as acceptable rather than 
unacceptable. 

The influence of IEQ on subjective performance of 
occupants is summarized in Figure 7. Up to 41% of 
respondents said that indoor air temperature slightly 
increases their performance; 67% stated that they 
considered humidity to be neutral in relation to their 
perceived performance; a total of 59% of users stated 
that drafts did not affect their performance or 
reduced their performance only slightly. Exactly 50% 
of respondents stated that they consider IAQ (CO2 and 
odor perception) to be neutral in terms of their 
performance. 58% of respondents said that perceived 
dust (presence of PM) in the workplace did not affect 
their performance. A quarter of respondents consider 
workplace lighting to be neutral in relation to their 
performance. A total of 50% of respondents stated 
that illumination significantly to slightly increases 
their performance. 

Figure 7. Influence of the IEQ parameters on the subjective 
performance of occupants 

The results of the subjective assessment of occupant 
comfort are shown in Figure 8. The majority of 
respondents rated the indoor temperature, humidity, 
perception of drafts, indoor air quality (particulate 
matter separately) and illuminance levels as very 
comfortable and comfortable.  

Figure 8. Results of subjective evaluation of occupant comfort 

The most common SBS symptoms experienced by 
employees during their work included fatigue and 
lethargy, as well as headaches. Exactly 50% of 
respondents said they felt heavy-headedness, have 
concentration problems or eyes itching, burning or 
irritation. A detailed evaluation of SBS symptoms is 
shown in Figure 9. 

Figure 9. Assessment of SBS symptoms 

Taking into account previous answers regarding the 
perception of IEQ, it can be argued that the symptoms 
of most respondents are related to the type of work 
performed rather than to IEQ. 

CONCLUSIONS 

In this study, the indoor environmental quality in the 
newly built LEED-certified office building was 
evaluated. As part of the evaluation of the indoor 
environmental quality in this administrative building, 
IEQ risk factors were monitored in two selected 
offices under natural conditions. These two offices 
differed in area and number of users. In addition to 
real measurements, a questionnaire survey was 
conducted, which focused on the perception of IEQ 
risk factors by users themselves and the impact of 
these factors on their comfort and performance in a 
given work environment. 

The results of real measurements show that both 
offices meet the required legislative and LEED limits. 
The LEED limit was exceeded only in the case of TVOC 
concentrations in a smaller office during working 
hours. For comparison, measurements of IEQ 
parameters were repeated in this office, but in the 
absence of occupants. This comparison demonstrates 
that TVOC concentrations exceeded the recommended 
LEED limit, mainly due to the presence of occupants in 
this office. In both monitored offices, the minimum 
legislative requirement for daylight intensity was met. 
The questionnaire survey showed that respondents 
perceive IEQ in a green building positively and 
consider this environment to be comfortable to very 
comfortable. Most respondents stated that the 
influence of IEQ parameters increases their 
performance or that they perceive the influence of 
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these factors as neutral. In view of these answers, it 
can be said that headaches, fatigue or lethargy, which 
occurred in more than half of the respondents during 
their stay at the workplace, are more related to the 
type of work performed than to IEQ. 

Overall, it can be stated that the assessed offices of the 
selected certified building provide a healthy and 
comfortable environment that does not significantly 
affect the performance of the users themselves. 
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ABSTRACT 

Occupant voting systems (OVS) collect real-time votes 
on occupants’ perception on the indoor environment. 
The votes are applied to improve building control to 
achieve low energy consumption and improved 
occupant satisfaction. For achieving these, occupants 
need to use the OVS frequently. Few studies 
investigated whether the OVS’s interface influence 
voting frequency.  

The study in this paper compared a tangible OVS 
interface (TUI), designed as a panel of buttons, to a 
graphical OVS interface (GUI), designed as a 
smartphone app. The study was conducted as a within-
group in-field experiment in an office space with 
fourteen participants over four weeks. The results 
showed that when the participants could only vote 
with one of the interfaces, they casted equally the same 
amount of votes on the TUI and GUI. When the 
participants could freely choose between the two 
interfaces, they voted more with the TUI because it was 
accessible and easier to use. 

INTRODUCTION 

In the recent two decades, a growing interest within 
the research community has emerged on occupant 
voting systems (OVS) for collecting occupant feedback 
on indoor environmental quality (IEQ) in buildings. 
OVS is typically applied as a tool to collect real-time 
votes on how occupants perceive the thermal 
environment. Most studies on OVS have demonstrated 
how the collected occupant votes can be applied to 
determine a temperature setpoint used in controlling 
the heating, ventilation and air-conditioning (HVAC) in 
buildings (Sheikh Khan et al., 2020). Furthermore, 
studies have shown that OVS can provide energy 
savings of 10% – 30% and improve occupant comfort 
with 30% – 60% compared to conventional (fixed 
temperature setpoint) control strategies (e.g. 
(Feldmeier & Paradiso, 2010; Jazizadeh et al., 2014; 
Lam & Wang, 2013; Winkler et al., 2016)).  

To achieve the aforementioned improvements, 
occupants need to use OVS frequently; how frequent 
depends on, e.g., the number of votes required by the 
control algorithm to reliably determine occupants’ 
comfort temperature range. In most studies on OVS, 
e.g., (Jazizadeh et al., 2014; Konis & Annavaram, 2017;
Shetty et al., 2015)), researchers actively reminded
study participants to vote, or the OVS was designed to
emit a discrete sound for reminding participants to

vote.  However, one study (Petersen & Pedersen, 2016) 
noted that participants experienced “survey fatigue” 
due to too frequent prompting (every half hour over 
ten days). Therefore, frequent prompts or reminders 
are not necessarily suitable, especially if the OVS is 
intended for long-term deployment in buildings. 
Consequently, some studies deployed more subtle 
methods of getting occupants to vote, e.g., by handing 
out information flyers (Sanguinetti et al., 2016), 
providing dashboards to see voting statistics (Mathur 
et al., 2015) and designing interactive devices that light 
up according to the current indoor condition 
(Rittenbruch et al., 2015). However, mainly the study 
by Rittenbruch et al. (2015) explored whether the OVS 
interface impacted occupants voting behaviour. They 
discovered that the tangible OVS reminded and 
encouraged the participants to vote as it was situated 
at their desk. This was in contrast to the mobile 
application of the OVS that participants had to 
remember to use (Rittenbruch et al., 2015). However, 
no previous studies have been found that directly 
compare a tangible OVS interface to a graphical OVS 
interface (S. Lee & Karava, 2020; Sheikh Khan et al., 
2020).  

The objective of the study presented in this paper was 
to compare a tangible user interface (TUI) based OVS 
to a graphical user interface (GUI) version of the OVS 
to answer the following research questions: 

1. Did study participants cast more votes with the
TUI based OVS compared to the GUI based?

2. Which of the OVS did occupants mostly prefer to
use, and what was their reason?

3. What did the study participants experience
regarding the functionality and design of the TUI
and GUI based OVS?

The deployed OVS in this research study was denoted 
TiAQ (Thermal and indoor Air Quality) and was 
developed to allow occupants to provide continuous 
feedback from occupants in office spaces. TiAQ was 
initially designed as a tangible panel of five buttons. 
For the present study, it was also designed as a mobile 
application (GUI) for smartphones. The research 
questions were investigated through a field 
experiment in which TiAQ was deployed in an open 
plan office space with fourteen participants over four 
weeks.  
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METHODS 

Study design 

The study was carried out as a within-group 
experiment (Lazar et al., 2017). It was conducted at an 
open plan office space (Figure 1) in a nine-story office 
building in Denmark. A total of fourteen participants 
were selected as they had previous experience with 
TiAQ and volunteered to participate in this study. The 
experiments were conducted over four weeks in 
October 2019. Before the experiment, the study design 
and duration were explained to the participants via 
flyers. The participants were divided into groups of 
eight, assigned Group 1 (G1) and Group 2 (G2), as 
shown in Figure 1. The participants were instructed 
when and how to use the GUI or the TUI based TiAQ. 
Table 1 shows the study design of the field experiment. 
In week 1, G1 was instructed to use only the GUI based 
TiAQ, and G2 was instructed to use only the TUI based 
TiAQ closest to their seating area. In week 2, this was 
reversed. There was a break from the study in week 3. 
In week 4, participants could freely choose the 
interface to use every time they wanted to vote. 
Through the whole study, the participants could freely 
discuss the details and their experiences related to the 
interfaces among each other. 

Figure 1.  Participants’ desks and the seating arrangement of 
the groups.  TiAQ was located at spot A and B. An indoor 

environment sensor was located at spot N at 1.5 m height 
above the floor. 

Table 1.  Study design for the within-group field experiment. 

Week GUI TUI 
1 G1 G2 
2 G2 G1 
3 Break 
4 G1 and G2 (Free choice of interface) 

Structured questionnaires were developed explicitly 
for participants using either GUI, TUI or both. They 
were distributed to all participants at the end of each 
week. The questionnaires asked the participants about 
how often they were at their workstation, how often 
they used the TiAQ, their reason for using it, their 
experience using it and which interface of TiAQ they 
preferred for long-term use.  

The indoor environment was monitored with a 
commercial, wireless Internet of Things (IoT) device 

with Sensirion SHT20 temperature sensor (+ 0.3 °C) 
and relative humidity sensor (+ 3%) and NDIR CO2 
sensor (+ 50 ppm). The ventilation airflow, inlet 
temperature and outdoor temperature were collected 
with the building management system (BMS), and the 
number of minutes of sunshine per hour was collected 
from the online weather archive of the Danish 
Meteorological Institute (DMI, 2020). These 
measurements were denoted as confounding variables 
as they could affect participants’ decision to vote and 
the number of votes they would cast.  

OVS design: TUI and GUI based TiAQ 

The TUI based TiAQ allowed participants to vote on 
their here-and-now experience of the indoor 
environment using the following five buttons: “Too 
Cold”, “Too Warm”, “Draught”, “Stuffy” and “Fine” 
(Figure 2a). The buttons used the Zigbee 
communication protocol to transmit data to an 
internet-connected gateway, which further sent the 
data to the gateway provider’s IoT platform. As the 
platform only saved data for a short time, data was 
automatically sent via Application Programming 
Interface (API) to a secondary platform for long-term 
storage. The buttons distinguished if users provided a 
single, double or long push. The secondary platform 
was set up to only log a value of “1” regardless of how 
the button was pushed. The GUI was developed with 
Shiny-Rstudio (Rstudio, 2020) and set up to look 
similar to the TUI based TiAQ (Figure 2b). The GUI 
based TiAQ was accessed by scanning a QR code 
provided to participants via information flyers (Figure 
3). The participants were further instructed to save the 
GUI link as a shortcut on their smartphone home-
screen to use the GUI like an app. Via the GUI interface, 
participants could push the “black button” (Figure 2b), 
which led them to a dashboard showing real-time data 
on the total number of votes cast with both interfaces 
over a week and the daily temperature and relative 
humidity in the monitored space. The dashboard was 
also developed with Shiny-Rstudio. The group, which 
was only allowed to use the TUI, accessed the 
dashboard either using an URL or scanning another QR 
code provided via the flyers (Figure 3).  

Data processing and statistical analysis 

The dataset of occupant votes from each interface and 
indoor environmental parameters was processed 
according to the steps below: 

1. Only data from Monday to Friday 5.00-18.00 in
week 1, 2 and 4 were included in the data analysis.

2. The total number of votes per day for each
interface was calculated as the sum of votes cast
on all buttons.

3. The daily mean of the measured indoor
environmental parameter for each week was
determined.

4. Two datasets were prepared for the total number
of votes per day, i.e., one dataset for data collected

G1 

G1 G1 

G1 

G1 G1 

G1 

G2 

G2 

G2 
G2 G2 

G2 G2 
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in week 1-2 and a second dataset for data collected 
in week 4. 

Two-sided hypothesis tests (significance level, α =
0.05) were used to investigate if the daily total number 
of votes for each interface was the same. The tests were 
used for answering the first research question.  

The Shapiro-Wilk and Levene’s test showed that the 
datasets were normally distributed and had 
homogeneity of variance (i.e., the variance of each 
compared group was nearly equal), respectively. Thus, 
the paired t-test and one-way, repeated-measures 
ANOVA were used for hypothesis testing.  

The package Rstatix (Kassambara, 2020) for the 
statistical software R studio (R Core Team, 2020) was 
used for both data processing and analysis of the votes 
and the measured indoor environmental parameters. 

Descriptive analysis was used to analyse and present 
the responses from the questionnaires to answer the 
two latter research questions. The responses from 
week 1 and 2 were grouped so that they presented the 
responses of participants who had used either GUI or 
TUI, e.g., responses from G1 in week 1 were grouped 
with responses from G2 in week 2 as they both had 
used GUI.  

Figure 2.  (a) Top: TUI based TiAQ. (b) Bottom: GUI based 
TiAQ. The text in the presented figures has been translated 

from the original language (Danish) to English. 

Figure 3.  Example of one of the flyers distributed to the 
participants in the first week of the study. Text is in Danish. 

RESULTS 

Hypothesis tests 

Before the main hypothesis tests were conducted, the 
daily means of measured indoor parameters for week 
1 and 2 were compared to determine whether there 
was a significant difference in indoor conditions 
between the two weeks. The two-sided paired t-test 
was applied on all indoor parameters. The mean and 
standard deviation for the daily mean of measured 
parameters were provided in Table 2.  

Table 2. Mean and standard deviation of the daily mean of 
measured parameters.  

Parameter Week 
1 2 4 

Ventilation 
airflow [l/s] 427 ± 46 459 ± 80 385 ± 13 

Indoor CO2-
level [ppm] 583 ± 31 564 ± 33 575 ± 19 

Indoor relative 
humidity [%] 44 ± 6 46 ± 5 53 ± 1 

Indoor 
temperature [°C] 23.2* ± 0.3 22.5* ± 

0.04 22.6 ± 0.1 

Outdoor 
temperature [°C] 10 ± 2 10 ± 3 12 ± 1 

Sunshine [min] 8 ± 8 17 ± 10 3 ± 2 

Ventilation inlet 
temperature [°C] 20.9 ± 0.4 20.9 ± 0.9 20.4 ± 0.3 

The sample size for each parameter per week was n = 5. 
* Significant, p < 0.05

The tests showed that only the indoor temperature 
was significantly different between week 1 and 2. 
Furthermore, a linear regression analysis revealed that 
the daily mean indoor temperature did not 
significantly affect the daily total number of votes 
(F(1,18) = 1.07, p = 0.31). Thus, it was concluded that 
none of the measured indoor parameters had a 
significant confounding effect on the daily total 
number of votes. 

The difference between interfaces for the daily total 
number of votes collected in week 1 and 2 was tested 
with a one-way, repeated-measures ANOVA, and the 
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daily total number of votes collected in week 4 was 
tested with a paired t-test. Figure 4 shows the daily 
total number of votes for each interface for week 1-2 
and 4.  

The analysis revealed no significant difference 
between the TUI and GUI for the daily total number of 
votes in week 1-2 (F(1,9) = 1.55, p = 0.25). On the 
contrary, a significantly higher number of votes were 
cast with TUI than GUI (t(4) = -7.53, p = 0.002) for the 
votes collected in week 4. The analysis yielded the 
same conclusion when specific vote types were 
excluded from the total voting poll, e.g., when the total 
number of votes per day only included votes cast on 
“Fine” or “Too Warm” and “Too Cold”.  

Figure 4.  Boxplot of the daily total number of votes for each 
interface for week 1-2 and 4. n is the sample size for each 

interface. 

Questionnaire responses 

A total of 8 out of 14 participants (57% response rate) 
answered the questionnaire related to the use of GUI. 
A total of 7 out of 14 participants (50% response rate) 
answered the questionnaire related to the use of TUI 
and the questionnaire related to the use of both 
interfaces. The respondents had an age between 21 to 
60 (n=7), and most of them were present during all 
days of the study. 

The respondents who used the GUI in week 1 and 2 
used it either every day (n=4) or at least every second 
day (n=3). At least 5 respondents who used GUI agreed 
to the following: The guidance presented on the flyers 
were easy to follow, they did not need help to find the 
GUI, it was easy to scan a QR-code and to vote with the 
GUI. Most of the respondents who had used the GUI 
answered that the reason they forgot to vote with the 
GUI was that the experiment was too short for making 
voting with the GUI a habit (n=5) or that the GUI was 
not physically “present” in the space (n=4). The 
respondents agreed that they used the GUI based TiAQ 
when they noticed a change (n=6) or became 
dissatisfied (n=5) with the indoor environment or 
when a colleague reminded them to vote (n=4). Fewer 
respondents agreed that they were reminded to vote 
when they saw the dashboard (n=3), the app icon of the 
GUI on their smartphone home-screen (n=2) or when 
a colleague voted (n=2). The respondents agreed that 
it was easy to know and understand what they voted 

on (n=7), the icons in the GUI were intuitive (n=7) and 
the text was readable (n=6). However, only 4 
respondents agreed that it was easy to access the GUI 
based TiAQ on the phone, whereas 3 respondents 
disagreed. Overall, 5 respondents agreed that the GUI 
based TiAQ was quick and easy to use, whereas 2 
respondents did not agree. Finally, the respondents 
either answered “yes, definitely” (n=3) or “yes, maybe” 
(n=4) to use the GUI based TiAQ to collect occupant 
votes on IEQ in the office space. Some of the 
respondents commented that they would forget to vote 
with the GUI during a busy working day or simply 
forget to use it as they were not used to using 
smartphone apps at work. 

The respondents who used the TUI in week 1 and 2 
used it every day (n=6). The respondents agreed that 
they used the TUI based TiAQ when they noticed a 
change in the indoor environment (n=4), a colleague 
reminded them to vote (n=4) or saw a colleague vote 
(n=4). Fewer respondents agreed to the statement that 
they voted when they were dissatisfied with the indoor 
environment (n=3) or that they saw or passed the TUI 
(n=3). Only 1 respondent agreed that the dashboard 
reminded them to vote. All respondents (n=7) agreed 
that it was easy to know and understand what they 
voted on with the TUI, that the TUI was accessible, 
quick and easy to use for voting and the text on the TUI 
was readable and the icons were intuitive. Finally, the 
respondents answered “yes, definitely” (n=6) to have 
the TUI based TiAQ for collecting occupant votes on the 
indoor environment at the office.  

The questionnaire related to the use of both TUI or GUI 
collected after week 4 showed that most respondents 
(n=5) used the TUI, and only 1 respondent used the GUI 
or both. They answered that they selected the 
particular OVS because it was easier to access (n=5), 
generally easier to use (n=4) and easier to use because 
the duration of the experiment was short (n = 2). Most 
respondents answered that they would prefer to use 
the TUI (n=6) instead of GUI (n=2) based TiAQ to 
collect votes on IEQ in the office space.   

DISCUSSION 

According to the results in week 1-2, the study 
participants did not cast more votes with the TUI based 
TiAQ than the GUI when they were only allowed to use 
one of the interfaces. This was also supported by the 
responses from the questionnaire showing that most 
participants used either interface every day. In week 4, 
when the participants could freely choose between the 
interfaces, the daily total number of votes was 
significantly higher for the TUI based TiAQ than the 
GUI. The questionnaire also showed that most 
participants voted with the TUI instead of GUI.  

In general, the results from the questionnaires showed 
that the participants voted with either interface when 
they noticed a change, became dissatisfied with the 
indoor environment or when a colleague reminded 
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them to vote. The dashboard or seeing the app icon on 
the phone acted as a reminder for participants using 
the GUI. Seeing a colleague vote on the TUI or noticing 
or passing the TUI acted as a reminder for participants 
using the TUI. This suggests that having the TiAQ 
available in the space, the device itself might act as a 
subtle reminder. Additionally, participants stated in 
the questionnaire that they forgot to use the GUI as it 
was not physically “present”. However, participants 
remarked that they missed a mechanism to remind 
them to vote for both interfaces. Furthermore, most 
participants emphasised that the study period was too 
short for making voting with the GUI a habit.  

All participants using TUI in week 1-2 agreed that it 
was accessible, quick and easy to use for voting. There 
was a mixed opinion among participants regarding 
how easily accessible the GUI was. It was unclear 
whether these participants voted by accessing the GUI 
with the QR-code or using the shortcut app on their 
smartphone home screen. Participants said yes to use 
either interface for voting in week 1-2, but in week 4, 
most participants preferred to vote with the TUI 
instead of GUI. Since the participants had a relatively 
short timeframe to get accustomed to vote with the 
GUI, the easy/quick access to the TUI might have made 
it more preferable than the GUI.  

Related studies that compare the performance, 
application and participants’ experience of TUI and GUI 
based OVS are limited to the study by Rittenbruch et al. 
(2015). They deployed a GUI and TUI based OVS device 
for two weeks at an office space in a university building 
and conducted a qualitative study to evaluate 
participants’ experience and use of OVS for IEQ 
assessment. They reported that their TUI based device 
was inconspicuous. Specifically, participants forgot to 
use the device unless they noticed the device on their 
desk, became uncomfortable or aware that their indoor 
condition changed, and when they were reminded by 
the subtle buzzing mechanism or the subtle sound of 
other participants submitting a vote with the device. 
They also discovered that 7 out of 11 interviewed 
participants reported they used the GUI based (mobile 
app) OVS, which was designed to allow for more direct 
and precise input than the TUI. However, the 
participants needed to be specifically reminded to use 
the GUI compared to the TUI. The authors concluded 
that participants perceived the GUI as extended 
functionality to the TUI based device rather than a 
replacement. Other research studies on OVS that 
evaluated the interface and application mainly used 
GUI. For example, Sanguinetti et al. (2017, 2016) 
developed a GUI based OVS for deployment at a 
university campus, which could be accessed via a 
widget through the university web page and as a web 
app that could be installed on the phone for easier and 
quicker access. They discovered that the different 
platforms could engage different stakeholders, e.g., the 
university staff had a low engagement with the OVS 
until the web app was developed and deployed. 

Contrarily, Mathur et al. (2015) concluded based on a 
one-month pilot study at an office building that 
participants voted on average 57 times on the tablet 
based GUI, placed near, e.g., coffee machines in the 
office building, compared to the mobile application, 
which only 4 participants installed. The majority of 
participants reported that they would not install the 
app on their personal phone due to participants 
concern that their vote could be linked to their name 
and used by their employers to rate their performance. 
The authors pointed out that making the OVS only 
available as an app could exclude participants not able 
to or did not want to install the app, thereby reducing 
the overall “trust” in the OVS output as it would only 
represent the votes by those with access. Additionally, 
Lassen and Josefsen (2019) experienced in their study 
that some participants did not know how to scan a QR 
code and that connectivity problem with the internet 
impeded the participant to cast a vote with the OVS 
app.  

One study (Price et al., 2018) was identified, outside of 
the research field related to OVS, which could be 
compared to the present study. Price et al. (2018) 
compared a TUI and GUI device called Painpad 
designed as a panel of buttons for hospital patients for 
rating their pain level. The authors concluded that the 
TUI based Painpad was preferred by most participants 
than the GUI based Painpad. They argued that this was 
because participants were mostly older people who 
were not familiar with or used to touch-screen devices. 
They also noted that as older people have drier skin 
and thus lower skin conductance, conductive based 
touch-screen are less responsive to their touch, 
thereby making interaction more difficult. Generally, 
most research studies on TUI and GUI, outside of the 
research field of OVS, mainly focused on tasks or 
interaction aspects that were far more complex than 
casting a vote. For example, some studies focused on 
how TUI could help children learn programming (Horn 
et al., 2009) or increase children’s engagement by 
making a task, such as solving a puzzle, more fun (Xie 
et al., 2008). Other studies compared how TUI or GUI 
affected, e.g., participants’ cognitive abilities to 
manipulate objects in space (Huang, 2004) and their 
dexterity to write with hard (TUI) or soft (GUI) buttons 
(S. C. Lee & Zhai, 2009). Zuckerman and Gal-oz (2013) 
and Cheng et al. (2011) reviewed and compared 
different research studies on TUI and GUI. They 
concluded that the studies’ different design and 
context led to contradicting results on whether TUI 
was better than GUI and vice-versa. Instead, 
Zuckerman and Gal-oz (2013) suggested it would be of 
greater interest to evaluate which context TUI and GUI 
would benefit. For example, TUI has shown to be 
suitable for task performance that requires several 
participants to collaborate (Shaer, 2009; Zuckerman & 
Gal-Oz, 2013). Contrarily, tasks in which scaling in size 
and number is required, e.g., when creating an 
architectural model of a building, GUI can be more 
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efficient because virtual objects can be easily scaled 
and changed compared to physical objects (Shaer, 
2009). These main points can also be transferred to the 
research field of OVS, in which GUI based OVS have the 
benefit of being easily scaled and distributed to many 
participants, like in the study by Sanguinetti et al. 
(2017), and have the flexibility of being upgraded and 
changed (Shaer, 2009).  

In summary, the limited research studies comparing 
TUI and GUI OVS demonstrated that the accessibility of 
the OVS, regardless of its interface, was an important 
functionality for making participants vote, e.g., (Lassen 
& Josefsen, 2019; Mathur et al., 2015; Sanguinetti et al., 
2016). This is also supported by the results of the 
present study suggesting that it was more feasible for 
occupants to vote with the TUI than the GUI because of 
the easy and quick access participants had to it. This 
was not related to the interface per se but because 
TiAQ was physically located in the office space, i.e., as a 
stand-alone device with no restriction or prerequisites 
to be accessed and used by participants. Thus, a future 
study should instead compare a tablet/touch-screen 
GUI based version of TiAQ with the TUI based TiAQ to 
investigate the GUI and TUI functionalities of a stand-
alone device. Additionally, few other limitations are 
noted for the present study as follows. Firstly, 
participants in the present study had prior experience 
with the TUI based TiAQ. Nevertheless, participants 
also had prior experience with smartphone apps in 
general. Thus, the concept of using an app for voting 
was not expected to require a skillset the participants 
did not already possess, especially since the 
participants were below 60 years old and expected to 
be accustomed to smartphones. Secondly, the 
experimental period was short, and the number of 
study participants was low. Thus, the results should be 
evaluated as preliminary results and act as inspiration 
for future studies investigating the application of TUI 
and GUI based OVS.  

CONCLUSION 

The present study demonstrated that participants of a 
4-week field experiment in an office space did not vote
more with a tangible OVS than an app-based version of
the OVS. However, participants used the TUI based OVS
significantly more than the GUI based OVS when they
could freely choose among either interface.
Participants likely preferred TUI over GUI because it
was easily accessible. Nevertheless, they also noted
that the study period was too short to make voting with
the GUI based device a habit. The findings of the
present study cannot be generalised. Thus, the
preliminary results were intended to inspire future
research to explore how the interface of OVS can affect
occupants voting behaviour and, in the end, the ability
of OVS to achieve energy saving and improved
occupant satisfaction with the indoor environment.
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ABSTRACT	

Recently, thermal-response hydrogel smart window is 
widely studied because of its high luminous 
transmittance (τlum) and high solar modulation ability 
(Δτsol). However, its liquid state is undesirable for 
window applications. Wood has strong mechanical 
strength and low thermal conductivity. Due to the 
unique features of the thermal-response hydrogel and 
wood, a thermochromic hydrogel wood composite 
(HWC) that can smartly regulate solar irradiation is 
proposed by impregnating a thermal-response 
hydrogel into delignified wood. The novel HWC 
demonstrates advanced optical properties (i.e. τlum = 
83% and 40% at the cold transparent and hot opaque 
states & Δτsol = 38%) and low transition temperature 
(i.e. Tc = 23 oC). Moreover, the HWC is highly flexible 
and easily fitted into existing windows frames. Overall, 
the HWC with its impressive features shows great 
promise for energy-efficient material for smart 
windows in buildings.	

 INTRODUCTION	

Energy used to achieve thermal comfort in indoor 
environments accounts for 60% of all energy used in 
buildings (Catrini, Curto, Franzitta, & Cardona, 2020; 
Gholamzadehmir, Del Pero, Buffa, Fedrizzi, & Aste, 
2020). Nearly 50% of this energy consumption is 
caused by heat transfer to the building envelopes, 
especially heat loss through inefficient glass windows 
(Wang et al., 2018). To improve the energy efficiency 
of buildings, thermo-, electro- and photo-chromic 
smart windows that dynamically modulate light 
transmittance have been widely investigated (Ke et al., 
2019; Sun, Wu, & Wilson, 2018). They can be achieved 
by coating chromic materials (e.g. VO2, WO3, AgI, etc.) 
on conventional glass for light regulation ability. 
Among them, thermochromic smart window is the 
most promising, because it can regulate transmittance 
in response to ambient temperatures, which is totally 
passive and does not consume any energy. Various 
thermos-responsive materials have been investigated 
including vanadium dioxide (VO2) (M. Li, Magdassi, 
Gao, & Long, 2017; Warwick & Binions, 2014; Xu, Cao, 
Luo, & Jin, 2018), perovskites (De Bastiani et al., 2017; 
Lin et al., 2018; Wheeler et al., 2017; Zhang et al., 2019) 
and ionic liquids (Y. Chen et al., 2019; J. Zhu et al., 
2016). However, there are some drawbacks of these 
thermochromic materials. For example, the transition 

temperature of VO2 is 68 oC, which is considerably high 
for window applications because normally, the 
temperature of windows can only go up to 40-50 oC. In 
addition, the thermochromic effect of VO2 is significant 
in the near infrared region that account for about 50% 
of the solar irradiance. Reflecting 50% of the solar 
irradiance limits the performance of the smart 
windows. Similarly, ionic liquid also has high transition 
temperature (60-70 oC) which makes it hard to apply 
to smart windows in buildings. With respect to the 
perovskites, since it is susceptible to humidity so 
perovskites thermochromic smart windows are 
required a double-glazed window system to well 
control the humidity surrounded by the smart 
windows. Therefore, perovskites thermochromic 
smart windows are hard to realize in real applications 
at the current stage. Therefore, a thermochromic 
material with suitable transition temperature, from 
20-30 oC, and stable chemical properties is needed for
developing thermochromic smart windows to achieve
energy saving.

Recently, researchers found that thermochromic 
hydrogel demonstrates great potential to be applied as 
smart windows, and Poly(N-isopropylacrylamide) 
(PNIPAM) is one of the great candidates. The size of 
hydrogel particles increases at a high temperature and 
decreases at a low temperature and this change in size 
of hydrogel particle is reversible. The particle size at 
the high temperature is comparable to the wavelength 
of the visible light, which is from 380-780 nm, so the 
hydrogel particles can significantly reflect the solar 
irradiance by the light scattering. Thus, the 
temperature changes and shows significant 
transmittance contrast between transparent and 
opaque states, which contributes to high luminous 
transmittance (τlum) and solar modulation ability 
(Δτsol). In other words, the thermochromic effect of the 
hydrogel takes place in the visible region which can 
effectively reflect the solar irradiance and reduce the 
solar heat gain to indoor environment, so, the energy 
consumption in the heating, ventilation and air 
conditioning (HVAC) system can be reduced. In 
addition, its reasonable transition temperature  (i.e. 32 
oC (Zhou et al., 2020)) is much lower than traditional 
VO2 thermochromic smart windows (e.g. 68 oC for VO2

(Kong et al., 2020)), exhibiting practical application 
potential. However, PNIPAM hydrogel is in gel or liquid 
state, causing poor mechanical strength. Therefore, the 
hydrogel needs to be sealed in a double-glazed 
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structure to prevent leakage, resulting in a high 
installation and maintenance cost. Even though the 
hydrogel can be cross-linked with chemicals to reduce 
the viscosity, the mechanical strength is still poor. 
Therefore, the development of a solid transparent 
thermochromic hydrogel with strong mechanical 
properties is urgently needed. 

Wood as a common construction material has been 
widely used because the manufacturing processes are 
simple, and the wood is renewable, mechanically 
strong and offers low thermal conductivity. It was 
found that wood can be transparent after being 
delignified by bleaching chemicals and then 
impregnated with refractive-index matching polymers 
(e.g. epoxy (M. Zhu, Song, et al., 2016), polymethyl 
methacrylate (PMMA) (Y. Li, Fu, Yu, Yan, & Berglund, 
2016) and polyvinylpyrrolidone (PVP) (M. Zhu, Li, et 
al., 2016)). Most importantly, the transparent wood 
demonstrates high mechanical strength due to the 
strong cellulose nanofibers and aligned cell skeleton 
structure in native wood (Fu, Chen, & Sorieul, 2020). 

So, in this study, a thermal-response hydrogel 
integrated with balsa wood for a strong and flexible 
thermochromic hydrogel transparent wood (HWC) is 
proposed. The delignified wood acts as the skeleton to 
encapsulate the hydrogel and enhance the mechanical 
strength. The novel HWC exhibits advanced optical 
properties with a high τlum of 83% and 40% at the 
transparent and opaque state respectively, high Δτsol of 
38 %, and low transition temperature of 23 oC. 
Moreover, with the wood skeleton, the mechanical 
strength has been significantly improved compared 
with the thermal-response hydrogel. The HWC is also 
highly flexible, which makes it can be directly pasted 
on the existing windows. Overall, the HWC eliminates 
the mechanical weakness of hydrogel and most 
importantly, it maintains high transparency and high 
Δτsol of thermal-response hydrogel, showing promising 
future as smart window materials. 

METHODS	

Fabrication	of	the	HWC	

Balsa wood was selected as the raw material in this 
study, because it is one of the lightest woods (i.e. 100-
250 kg m-3) and is widely used in construction and 
decoration areas. In addition, the fast growth rate and 
thick trunk of balsa wood make it suitable for large-
scale cutting methods (e.g. rotary cutting) (Borrega, 
Ahvenainen, Serimaa, & Gibson, 2015). The fabrication 
process of HWC is shown in Figure 1. The balsa wood 
slices were delignified by immersing in 5% sodium 
hypochlorite solution for 12 hours to remove cellulose, 
hemicellulose, and lignin (C. Chen et al., 2020). The 
delignification process significantly reduces the 
thickness of cell walls and makes it more porous. The 
delignified wood is white because of the strong light 
scattering in the microchannels and the reflection on 
the surface of the wood. Next, the samples were 

washed three times by ethanol and deionized water. 
Subsequently, for the thermo-response hydrogel, 0.33g 
N-isopropylacrylamide (BIS) was dissolved in 13.7 ml
deionized (DI) water at 80 oC in a reaction vessel.  Then,
the 0.76ml of 0.19M sodium dodecyl sulfate was added
into the reaction vessel. The chemical reaction was
initiated with 0.76 ml of 0.36 M ammonium persulfate
(APS). 1 minute later, 3.36g NIPAm and 168 mg BIS
dissolved into 21.8 ml DI water was pumped into the
reaction vessel at the rate of 100 μl/min using a syringe
pump. After that, the PNIPAM solution can be achieved.
Next, 3 g acrylamide, 2 mg BIS and 20 mg KPS were
dissolved in 10 ml PNIPAM solution. At last, 30 μL of
N,N,N,N-tetramethylethylenediamine (TEMED) was
added to the above homogeneous solution to finish the
fabrication of the thermo-response hydrogel. To
achieve thermochromism and transparency, the
delignified balsa wood was immersed in the hydrogel
solution and impregnated under a vacuum condition.
The impregnation process was repeated several times
for the full impregnation. Last, the wood slice was
solidified at room temperature to obtain the HWC.

Characterizations	of	the	HWC	

To measure the transition temperature, the samples 
were heated and cooled between 10 °C to 40 °C at 
intervals of 1.5 °C. Simultaneously, the visible light 
transmittance (550 nm) of the samples was measured 
using a Lens Transmission meter at each step. Tc was 
determined by plotting the first derivative of the 
transmittance to the temperature as a function of 
temperature, and the Tc is the temperature showing 
the minimum value at the first derivative. The 
transmittance spectra were measured by a UV-VIS-NIR 
spectrophotometer. The τlum and Δτsol are two 
important indicators for thermochromic smart 
windows (Liu et al., 2020). τlum is the amount of visible 
light transmitted by the windows that is useful for 
human vision under normal conditions, which is 
defined as 
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where τ(λ) is the transmittance of the windows at 
wavelength λ. y (̅λ) is the photopic luminous efficiency 
of the human eyes defined by the CIE (International 
Commission on Illumination) standard. The 
wavelength range of 380 nm - 780 nm corresponds to 
the limits of human vision. The τsol is the integral 
transmittance under AM 1.5 solar irradiation and is 
given by 
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The solar modulation ability (Δτsol) of a thermochromic 
window describes the solar transmittance between 
transparent (�sol,t) and opaque (�sol,o) states and it is 
calculated as Δ���� = ����,� − ����,� . The tensile stress 

and strain were characterized by a tensile strength 
machine where a pulling force was applied to the HWC 
sample. The applied pulling force was recorded and the 
deformation of the HWC sample was measured to 
establish the properties including the stress, strain and 
Young’s modulus. The Young’s modulus of the samples 
was computed by the strain and stress in the elastic 
elongation region in the pulling process. For 
mechanical properties, the tensile stress and Young’s 
modulus were examined 5 samples of the HWC and 
average values of the tensile stress and Young’s 
Modulus was used to characterize its mechanical 
properties.  

                 
Figure 1.  Fabrication process of HWC 

RESULTS	AND	DISCUSSION	

HWC undergoes a reversible phase transition between 
transparent and opaque states at a certain 
temperature. In order to measure the transition 
temperature, the transmittance at 550 nm against 
temperature of the HWC was measured. As shown in 
Figure 2a, the transmittance of the HWC decreased 
with the increase of temperature (orange solid line), 
and the transmittance increased back to the original 
value with the temperature decrease (blue solid line). 
And the transition temperature upon heating and 
cooling process appears at the minimum value of the 
transmittance derivative (lowest point of the orange 
and blue dash line). The average transition 

temperature of the HWC is around 23 oC which is the 
mean value of the transition temperatures of the 
heating process and cooling process. The transition 
temperature of HWC is suitable as a thermochromic 
smart window because the optical switch between 20 
oC and 25 oC can result in maximal energy saving in 
HVAC systems. (Long & Ye, 2014; Warwick, Ridley, & 
Binions, 2014) 

For the optical properties of the HWC, the τlum and Δτsol 
were characterized by an UV-Vis-NIR spectrometer. 
The optical properties, at the opaque state and 
transparent state, of the HWC were measured to study 
its thermochromic properties. The HWC samples at 20 
oC were characterized for the transparent state 
luminous transmittance (τlum,t) and solar transmittance 
(τsol,t), and then the samples were heated to 40 oC for 
measuring the opaque state luminous transmittance 
(τlum,o) and solar transmittance (τsol,o). Figure 2b shows 
the transmittance spectrum, from 300 to 2500 nm, of 
the HWC at the opaque state and transparent state. It 
was found that the τlum,t  of the HWC was 83% while its 
τlum,o was 40%. The high τlum,t illustrates a transparency 
of the HWC whereas the low τlum,o demonstrates 
opacity of the HWC as shown in Figure 2c. With the 
HWC at the transparent state, the letters on the paper 
can be clearly observed through the HWC, but at the 
opaque state, the letters cannot be seen through the 
HWC. The Δτsol is about 38%, and this high Δτsol implies 
the HWC can block the solar irradiance at the opaque 
state while allowing solar irradiance to transmit 
through the HWC at the transparent state to regulate 
the indoor air temperature. The significant optical 
contrast of HWC between transparent and opaque 
states can be attributed to the phase transition of the 
thermal-response hydrogel. When the ambient 
temperature is higher than the transition temperature, 
the thermal response hydrogel transfers from a 
swollen state to a shrunken state. This phenomenon 
leads to the significant change of refractive index in the 
microgels of hydrogel, and the strong light scattering 
causes the opacity of the HWC. It should be noted that 
the significant thermochromic effect was observed at 
the wavelength from 300-1400 nm, accounting for 
89% of the solar irradiance. Therefore, the HWC has 
the strong solar modulation ability, showing high 
energy saving potential. 
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Figure 2.  (a) Transmittance (solid lines) and transmittance 
derivative (dash lines) with function of temperature for 

determining the transition temperature.  

Figure 2. (b) Transmittance spectrum of the HWC at the 
transparent state and opaque state  

Figure 2. (c) Transparency and opacity of the HWC at the 
transparent state and opaque state. 

Figure 2. (d) Stress-strain curve of HWC and original wood. 

Figure 2. (e) Flexibility of HWC. 

Regarding the mechanical properties of the HWC, HWC 
demonstrates robust mechanical strength and high 
flexibility. In order to characterize its mechanical 
properties, the stress-strain profile of HWC was 
measured by a tensile test machine, and the result was 
compared with the original balsa wood. As shown in 
Figure 2d, it was found that the stress of the HWC was 
11 MPa, which can be comparable to the original wood 
(stress of 12 MPa), implying that the fabrication 
process of the HWC, including delignification and 
impregnation, did not deteriorate the mechanical 
strength of the balsa wood. In addition, the HWC also 
inherits the merit of thermo-response hydrogel, which 
is strong toughness. The HWC demonstrates much 
higher breaking strain than that of the original wood. 
The breaking strain is the percentage of the elongation 
applying a pulling force when the material is failed. The 
breaking strain of the HWC is 14% while that of the 
original wood is only 0.7%. The breaking strain of the 
HWC is much higher than that of the original wood, so 
the HWC can result in a better shatter-proof effect than 
the original wood so that the potential risk when 
failure of the HWC can be reduced. Additionally, the 
Young’s moduli, which is defined as the tensile stress 
divided by the tensile strain in the elastic deformation 
in the pulling process, of original wood and HWC were 
measured. The Young’s moduli of the original wood 
and the HWC were 1700 MPa and 90 MPa, respectively. 
The Young’s modulus of the original wood was almost 
19 times of that of the HWC. The larger Young’s 
modulus means that the material requires a larger 
force to be elongated. In other words, the HWC is 

15 18 21 24 27 30

0

25

50

75

100
 Heating 
 Cooling 

T
ra

n
s
m

it
ta

n
c
e

 (
%

)

Temperature (oC)

T
ra

n
s
m

it
ta

n
c
e

 D
e

ri
v
a

ti
v
e

-10

-8

-6

-4

-2

500 1000 1500 2000 2500
0

25

50

75

100

0.0

0.5

1.0

1.5

2.0
 HWC Transparent State
 HWC Opaque State

S
o

la
r 

In
te

n
s

ity
 (

a
.u

.)

T
ra

n
sm

itt
a

n
ce

 (
%

)

Wavelength (nm)

0 5 10 15 20 25 30
0

3

6

9

12

S
tr

e
ss

 (
M

P
a

)

Strain (%)

 HWC
 Original Wood

Healthy Buildings 2021 – Europe

- 348 -



relatively elastic and easy to be deformed and restored.  
Besides, the HWC is also soft and easy to be stretched, 
so it can be safely attached on the exiting windows. 
Furthermore, the HWC also exhibits excellent 
flexibility as shown in Figure 2e. It can be easily rolled 
and then recovers to the original shape without any 
damage, making it to be conveniently transported and 
installed. Therefore, in the real application, the HWC is 
easily attached to existing windows, so the retrofitting 
cost, installation cost and the maintenance cost of 
applying HWC to the current windows is low. 
Meanwhile, using the HWC can achieve the 
thermochromic effect to reduce the solar heat gain to 
the indoor environment and saving the energy of the 
HVAC system in buildings. So, in the following section, 
the energy saving performance of using HWC in 
buildings was determined numerically and is 
discussed. 

HWC can smartly control the transmittance of solar 
radiation according to ambient temperature, therefore, 
it can effectively block the solar radiation to reduce the 
indoor air temperature in the hot weather. Conversely, 
the HWC can allow the solar radiation to pass through 
to heat the indoor environment in the cold weather. To 
quantitively study the energy saving of an HWC smart 
window applied in buildings, EnergyPlus, a simulation 
tool, was used to estimate the energy consumption in 
Hong Kong. A conventional double-glazed system, as a 
reference window, was created via the WINDOW 
algorithm developed by the Lawrence Berkeley 
National Laboratory.  HWC was attached on the 
double-glazing system and named as HWC smart 
window. The τsol and τlum of the conventional window 
were 60% and 78% as the input parameters to the 
EnergyPlus simulation. The optical properties, such as 
the τlum and τsol of the HWC window investigated in 
“Characterization of the HWC” section, were employed 
in the EnergyPlus simulation. In the EnergyPlus 
simulation, a 12-floor large office reference building 
(Building information is described in Table 1) 
established by U.S. Department of Energy was used to 
evaluate the energy consumption using the 
conventional window and the HWC smart window 
(DOE, 2015).  

Table 1. Information of the building used in the EnergyPlus 
simulation 

Building type 12-floor office building 

Length × Width 73.2 m × 48.8 m 

Window Fraction 
(Window-to-Wall Ratio) 

40% 

Thermostat setpoint for 
HVAC system 

23.9 oC cooling/21.1 oC heating 

Lighting setpoint 500 lux 

In the simulation, four aspects of the energy consumed 
in a year in buildings were analysed such as cooling, 
heating, lighting and fans/ pumps. Figure 3 shows that 
the energy consumption of cooling is the major sector 
in buildings, but using the HWC smart window, the 
energy consumption of cooling was 7% smaller than 

that using the conventional window. Regarding the 
energy consumption of fans/ pumps in buildings, 14% 
of energy can be saved using the HWC smart window 
compared to using the conventional window. The 
energy saving in cooling and fans/ pumps using the 
HWC is due to the indoor air temperature reduction to 
achieve thermal comfort, so that the energy 
consumption of air conditioning system can be 
significantly reduced comparing with using 
conventional windows. It should be noted that owing 
to the solar modulation ability, a part of the visible light 
is reflected by the HWC smart window. Therefore, in 
order to maintain the luminance of the indoor 
environment, the energy consumption of lighting using 
the HWC smart window was slightly larger than that of 
using the conventional window. Overall, the energy 
consumption using the HWC was 7% smaller than that 
using the conventional window. These analysis prove 
that employing the HWC smart windows in buildings is 
an effective way to save energy. 

Figure 3.  Energy consumption per year in different aspects in 
buildings equipped with the HWC and conventional window 

simulated by EnergyPlus. 

CONCLUSIONS	

In this study, a flexible transparent hydrogel wood 
with robust mechanical strength and smart optical 
regulation ability is developed. The HWC demonstrates 
high transparency with Tlum of 83% in the transparent 
state, high opacity with Tlum of 40% in the opaque state, 
and high solar modulation ability of ΔTsol = 38%. The 
transition temperature of HWC was 23 oC, 
demonstrating great potential in real applications. The 
HWC also exhibits the tensile strength that can be 
comparable with original wood. With respect to the 
Young’s modulus of the HWC, it was about 90 MPa 
where the Young’s modulus of the original wood was 
20 times of that of the HWC. Therefore, the HWC is 
highly flexible, making it conveniently to be used on the 
existing windows.  In addition, the energy saving 
potential of HWC was successfully proven by the 
EnergyPlus simulation and 7% of total energy in 
buildings can be saved. Notably, HWC was made by 
renewable wood as well as non-toxic hydrogel, which 
is friendly to the environment and safe for the users. 
Overall, HWC has potential to be a new generation 
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material for smart windows applied in energy-efficient 
buildings in the future. 

ACKNOWLEDGMENTS	

The funding source is from Hong Kong Research Grant 
Council (RGC) via General Research Fund (GRF) 
account 16200518, as well as City University of Hong 
Kong StartUp Fund and SRG Fund via the accounts of 
9610411 and 7005579. 

REFERENCES	

Borrega, M., Ahvenainen, P., Serimaa, R., & Gibson, L. 
(2015). Composition and structure of balsa 
(Ochroma pyramidale) wood. Wood Science and 
Technology, 49(2), 403–420. 
https://doi.org/10.1007/s00226-015-0700-5 

Catrini, P., Curto, D., Franzitta, V., & Cardona, F. 
(2020). Improving energy efficiency of 
commercial buildings by Combined Heat Cooling 
and Power plants. Sustainable Cities and Society, 
60, 102157. 
https://doi.org/10.1016/j.scs.2020.102157 

Chen, C., Kuang, Y., Zhu, S., Burgert, I., Keplinger, T., 
Gong, A., … Hu, L. (2020). Structure–property–
function relationships of natural and engineered 
wood. Nature Reviews Materials, 5(9), 642–666. 
https://doi.org/10.1038/s41578-020-0195-z 

Chen, Y., Zhu, J., Ma, H., Chen, L., Li, R., & Jin, P. (2019). 
VO 2 /Nickel-bromine-ionic liquid composite film 
for thermochromic application. Solar Energy 
Materials and Solar Cells, 196, 124–130. 
https://doi.org/10.1016/j.solmat.2019.03.047 

De Bastiani, M., Saidaminov, M. I., Dursun, I., Sinatra, 
L., Peng, W., Buttner, U., … Bakr, O. M. (2017). 
Thermochromic Perovskite Inks for Reversible 
Smart Window Applications. Chemistry of 
Materials, 29(8), 3367–3370. 
https://doi.org/10.1021/acs.chemmater.6b0511
2 

DOE. (2015). Commercial Reference Buildings. 
Retrieved from 
http://energy.gov/eere/buildings/commercial-
reference-buildings 

Fu, Q., Chen, Y., & Sorieul, M. (2020). Wood-Based 
Flexible Electronics. ACS Nano, 14(3), 3528–3538. 
https://doi.org/10.1021/acsnano.9b09817 

Gholamzadehmir, M., Del Pero, C., Buffa, S., Fedrizzi, 
R., & Aste, N. (2020). Adaptive-predictive control 
strategy for HVAC systems in smart buildings – A 
review. Sustainable Cities and Society, 63, 102480. 
https://doi.org/10.1016/j.scs.2020.102480 

Ke, Y., Chen, J., Lin, G., Wang, S., Zhou, Y., Yin, J., … Long, 
Y. (2019). Smart Windows: Electro-, Thermo-,
Mechano-, Photochromics, and Beyond. Advanced
Energy Materials, 9(39), 1902066.
https://doi.org/10.1002/aenm.201902066

Kong, M., Egbo, K., Liu, C. P., Hossain, M. K., Tso, C. Y., 
Hang Chao, C. Y., & Yu, K. M. (2020). Rapid 
thermal annealing assisted facile solution method 
for tungsten-doped vanadium dioxide thin films 
on glass substrate. Journal of Alloys and 
Compounds, 833, 155053. 
https://doi.org/10.1016/j.jallcom.2020.155053 

Li, M., Magdassi, S., Gao, Y., & Long, Y. (2017). 
Hydrothermal Synthesis of VO2Polymorphs: 
Advantages, Challenges and Prospects for the 
Application of Energy Efficient Smart Windows. 
Small, 13(36), 1–25. 
https://doi.org/10.1002/smll.201701147 

Li, Y., Fu, Q., Yu, S., Yan, M., & Berglund, L. (2016). 
Optically Transparent Wood from a Nanoporous 
Cellulosic Template: Combining Functional and 
Structural Performance. Biomacromolecules, 
17(4), 1358–1364. 
https://doi.org/10.1021/acs.biomac.6b00145 

Lin, J., Lai, M., Dou, L., Kley, C. S., Chen, H., Peng, F., … 
Yang, P. (2018). Thermochromic halide 
perovskite solar cells. Nature Materials, 17(3), 
261–267. https://doi.org/10.1038/s41563-017-
0006-0 

Liu, S., Tso, C. Y., Lee, H. H., Zhang, Y., Yu, K. M., & Chao, 
C. Y. H. (2020). Bio-inspired TiO2 nano-cone
antireflection layer for the optical performance
improvement of VO2 thermochromic smart
windows. Scientific Reports, 10(1), 1–14.
https://doi.org/10.1038/s41598-020-68411-6

Long, L., & Ye, H. (2014). How to be smart and energy 
efficient: A general discussion on thermochromic 
windows. Scientific Reports, 4, 6427. 
https://doi.org/10.1038/srep06427 

Sun, Y., Wu, Y., & Wilson, R. (2018). A review of 
thermal and optical characterisation of complex 
window systems and their building performance 
prediction. Applied Energy, 222, 729–747. 
https://doi.org/10.1016/j.apenergy.2018.03.144 

Wang, S., Owusu, K. A., Mai, L., Ke, Y., Zhou, Y., Hu, P., … 
Long, Y. (2018). Vanadium dioxide for energy 
conservation and energy storage applications: 
Synthesis and performance improvement. Applied 
Energy, 211, 200–217. 
https://doi.org/10.1016/j.apenergy.2017.11.039 

Warwick, M. E. A., & Binions, R. (2014). Advances in 
thermochromic vanadium dioxide films. Journal of 
Materials Chemistry A, 2(10), 3275–3292. 
https://doi.org/10.1039/c3ta14124a 

Warwick, M. E. A., Ridley, I., & Binions, R. (2014). The 
effect of transition gradient in thermochromic 
glazing systems. Energy and Buildings, 77, 80–90. 
https://doi.org/10.1016/j.enbuild.2014.03.044 

Healthy Buildings 2021 – Europe

- 350 -



Wheeler, L. M., Moore, D. T., Ihly, R., Stanton, N. J., 
Miller, E. M., Tenent, R. C., … Neale, N. R. (2017). 
Switchable photovoltaic windows enabled by 
reversible photothermal complex dissociation 
from methylammonium lead iodide. Nature 
Communications, 8(1), 1–9. 
https://doi.org/10.1038/s41467-017-01842-4 

Xu, F., Cao, X., Luo, H., & Jin, P. (2018). Recent 
advances in VO2-based thermochromic 
composites for smart windows. Journal of 
Materials Chemistry C, 6(8), 1903–1919. 
https://doi.org/10.1039/c7tc05768g 

Zhang, Y., Tso, C. Y., Iñigo, J. S., Liu, S., Miyazaki, H., 
Chao, C. Y. H., & Yu, K. M. (2019). Perovskite 
thermochromic smart window: Advanced optical 
properties and low transition temperature. 
Applied Energy, 254, 113690. 
https://doi.org/10.1016/j.apenergy.2019.113690 

Zhou, Y., Dong, X., Mi, Y., Fan, F., Xu, Q., Zhao, H., … 
Long, Y. (2020). Hydrogel smart windows. Journal 
of Materials Chemistry A, 8(20), 10007–10025. 
https://doi.org/10.1039/d0ta00849d 

Zhu, J., Huang, A., Ma, H., Ma, Y., Tong, K., Ji, S., … Jin, P. 
(2016). Composite Film of Vanadium Dioxide 
Nanoparticles and Ionic Liquid-Nickel-Chlorine 
Complexes with Excellent Visible Thermochromic 
Performance. ACS Applied Materials and 
Interfaces, 8(43), 29742–29748. 
https://doi.org/10.1021/acsami.6b11202 

Zhu, M., Li, T., Davis, C. S., Yao, Y., Dai, J., Wang, Y., … 
Hu, L. (2016). Transparent and haze wood 
composites for highly efficient broadband light 
management in solar cells. Nano Energy, 26, 332–
339. 
https://doi.org/10.1016/j.nanoen.2016.05.020 

Zhu, M., Song, J., Li, T., Gong, A., Wang, Y., Dai, J., … Hu, 
L. (2016). Highly Anisotropic, Highly Transparent
Wood Composites. Advanced Materials, 28(26),
5181–5187.
https://doi.org/10.1002/adma.201600427

Healthy Buildings 2021 – Europe

- 351 -



Transport of Contaminated Agents in Hospital Wards – Exposure Control 
with a Personalized Healthcare Ventilation System: Numerical Study 

Shih-Ying CHEN*1, Parastoo SADEGHIAN1, Shia-Hui PENG2 and Sasan SADRIZADEH1 

1 KTH Royal Institute of Technology, Stockholm, Sweden 
2 Chalmers University of Technology, Gothenburg, Sweden 

* Corresponding author: chensy@kth.se

ABSTRACT 

Contaminated agents in hospital wards are the source 
of nosocomial infections known as hospital-acquired 
infection (HAI) or healthcare-associated infections 
(HAIs). Ventilation plays an essential role in the 
spreading and minimizing the transport of airborne 
infectious diseases such as Covid-19 and SARS in the 
hospital ward. The goal of this study is to explore 
elimination strategies for an efficient removal of 
contaminated agents, targeting the influence of using 
local air diffuser and exhaust. Computational Fluid 
Dynamics (CFD) technique was used to model the 
airflow field and contamination distribution in the 
ward environment. Simulated results showed that the 
bacteria spread from a patient confined to his bed was 
limited and under certain conditions significantly 
eliminated. Consequently, a relatively high efficiency 
of particle removal and a moderated transmission 
were obtained. Thus, this strategy is able to shorten 
the exposure time of patient and healthcare staff, as a 
result, mitigating cross-infection risk at the hospital. 

Keywords: Ventilation system, Computational fluid 
dynamics, cross-infection risk 

INTRODUCTION 

There has been strong and sufficient evidence on the 
association between ventilation, air movements in 
buildings and the transmission/spread of infectious 
diseases (Li et al., 2007). Previous findings indicate 
that inhalation of airborne bacteria may constitute 
another dangerous exposure pathway. 

The effect of heat sources on the airflow behaviour 
and contamination level was numerically investigated. 
The result shows that the presence of heat sources 
may modify temperature distributions and 
contamination level in different spots in a room in 
accordance to the distances and positions (Sadeghian, 
et al., 2021). According to a previous study of CFD 
predictions in the ward unit, air streams were 
generated by thermal buoyancy forces around a 
patient in the bed. The thermal plume generated from 
a person in the bed transports air from the 
surrounding into the breathing zone of the lying 
patient (Holmberg et al., 2009). 

The main objective of this study is to analyse whether 
a proposed personal ventilation system, consisting of 

a local air diffuser and exhausts, is able to reduce the 
cross infection and provide acceptable comfort in a 
ward. Therefore, the temperature distribution and 
particle dispersion were prioritized in the study. 

METHODS 

The spread of diseases is closely associated to indoor 
air flow pattern created by room ventilation, which 
plays a significant role in minimizing the exposure of 
ward occupants to infectious agents. This work 
focuses on a numerical analysis of ventilation 
performance in order to monitor the transmission and 
removal of airborne infectious particles in a typical 
hospital ward using local air diffuser and exhaust. 

A two-bed hospital ward unit has been considered in 
the present numerical simulations. The computational 
setup and related boundary conditions for CFD 
calculations have been taken from an actual ward unit. 
The information of the room geometry and the 
ventilation system were provided as follows. 

Physical model 

The two-bed hospital ward has a floor area of 5.4 m × 
3.6 m, and 2.7 m in height. A general ventilation 
system is operated with 30 l/s and 20 °C in air 
diffusers under the two windows, and the air exhaust 
in the ceiling close to the opposite wall. The average 
room temperature is 21 °C. The schematic of the ward 
unit is presented in Figure 1. 

Figure1. Schematic of the ward unit used in this study with 
general ventilation 

General 
air 

diffusers 

General exhaust 
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General ventilation consists of diffusers and a general 
exhaust. Two ventilation diffusers are located at the 
bottom of both windows. Fresh air with a 
temperature of 20 °C is supplied at a 45-degree angle 
towards the windows. The ventilation air is diffused 
at a rate of 15 l/s for each diffuser. The total inflow 
rate is thus 30 l/s. The exhaust area is 0.13 m × 0.28 m 
and located at the ceiling close to the door towards 
the hallway. In winter, the air supply is heated to 
warm up the room. The Air Change per Hour rate is 
2.06 ACH. 

To prevent infectious agents and other contaminants 
from moving in the direction towards the patient, or 
in the reverse direction out from a patient generating 
infectious droplets, local ventilation protection was 
arranged and tested in the CFD simulation in order to 
control particle movement. A local semi-sphere 
shaped air diffuser with a radius of 0.16 m was placed 
0.5m above the head of the patient and forming a 
radial spread of fresh air. Two exhaust outlets below 
the breathing zone at both sides of the patient, 
functioning together with the local air diffuser, 
formed a push-and-pull air curtain protection around 
the patient as shown in Figure 2. 

The balanced air flow rate for this personalized 
healthcare ventilation is 40 l/s with an inflow 
supplied at temperature of 19 °C. The configuration of 
the personalized healthcare ventilation system is 
illustrated in Figure2. 

Figure 2. Outlines of the general ventilation and personalized 
healthcare ventilation system adopted in the ward room. 

Numerical model 

The CFD software ANSYS Fluent was used in the 
numerical simulation of the air flow in the room on a 
mesh using finite-volume method. The room is 
meshed with around 1.7 million cells. The airflow in 
the studied room is incompressible and turbulent. The 
standard k-ε turbulence model is used to deal with the 
turbulent effects. At solid wall surfaces, adiabatic 
conditions and wall functions were applied (FLUENT 
User’s Guide). The SIMPLE algorithm is used for 
pressure- velocity coupling. The equation system is 
discretized in space with a second-order upwind 
scheme (FLUENT User’s Guide). In the simulation, the 
ventilation airflow pattern, as well as inherent mixing 

properties and heat transfer, are explored. The air-
flow patterns are computed with general ventilation, 
and additional local air diffuser and exhaust. Stably-
lying patient models were taken in CFD calculations as 
heat sources. The heat flux to specify the thermal 
boundary conditions of the patient model in the 
present CFD is given in Table 1. 

The size of the particles studied here is very small (2 
µm to 20 µm) (Noble et al., 1963) with negligible 
influences on the air flow. Particle dispersion was 
thus predicted with one-way coupling using the 
particle tracking model available in ANSYS Fluent. The 
trajectories of discrete phase particles are predicted 
by integrating the force balance on the particles, 
which is formulated in a Lagrangian frame. Simulated 
particles sized 2 µm to 20 µm are released 
simultaneously from the sources close to the 
simulated patient’s nose and mouth. 

Table 1. Heat balance in bed with one person under the 
condition of ambient temperature at 20 °C 

Head Torso, arms, and legs 

Heat production (W/m ) 140 54 

RESULTS & DISCUSSION 

The CFD simulation is to numerically analyse the 
exposure control with ventilation and the particle 
removal in the hospital ward. Ventilation and spatial 
parameters are mapped for a typical hospital ward. 
The temperature and contaminant particles are 
assessed as the main factors that may impose 
significant influence on the room air quality. 
Accompanying with the predicted airflow pattern, the 
pattern of airborne transmission is discussed below. 

Flow features of the room ventilation in the 
hospital ward with no patient 

As given by the CFD prediction, the general ventilation 
behaviour in the empty double-bed ward is illustrated 
in Figure 3a and Figure 3b. Figure 3a shows the 
airflow on a mid-section plane in parallel to x-axis 
with the velocity vectors colored by velocity 
magnitude (m/s). Figure 3b illustrates the contours of 
velocity magnitude (m/s) at 4 parallel planes, from 
left to right, (1) Ventilation diffusers from two 
windows toward the room, (2) Plane through the 
middle of the left patient bed, (3) Plane through the 
middle of the right patient bed, (4) Plane through the 
middle of the ventilation exhaust. 

The ventilation system has the diffusers on the 
bottom of the window structure. The air diffused in 
the general ventilation moves upwards and exhausted 
through opening in the ceiling, as shown in Figure 3a. 
The velocity is relatively low in the middle of the 
room between two patient beds, as shown in Figure 
3b. The mixing behaviour and low velocity of the air 
movement in the room may contribute to the 
inefficiency of airborne particle removal and leading 
to possible cross infection. 

General exhaust 

Local diffuser 
Local exhausts 

General 
air 

diffusers 
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Figure 3a. General ventilation behaviour: velocity vectors in 
the empty double-bed ward. 

Figure 3b. General ventilation behaviour:  contours of velocity 
magnitude (m/s) in the empty double-bed ward. 

Flow features of the room ventilation in the 
hospital ward with 2 patients and with the aid of a 
personalized ventilation system 

In the double-bed ward with room ventilation with 2 
patients and supported further with a personalized 
ventilation system, the predicted velocity vectors 
colored by velocity magnitude (m/s) are shown in 
Figure 4a, and the contours of temperature (°C) are 
shown in Figure 4b. The low velocity (0.06m/s - 0.08 
m/s) and the moderate temperature (19.5 °C - 20.5 
°C) of the air curtain provide the patient with a 
comfortable environment. The presence of the 
patient, as a heat source, has created an uprising 
thermal plume, as shown in Figure 4a with the 
velocity field and in Figure 4b with the temperature 
contour.  

Figure 5 illustrates the velocity vectors colored by 
velocity magnitude (m/s) in the double room. Also 
further demonstrated in this figure, is the upward air 
stream by thermal buoyancy from the right patient. 
Without the personalized ventilation system, the 
upward thermal plume by the right patient may 
transports the contaminants in the room. With the 
personalized ventilation system, an air curtain is 
formed over the left patient’s breathing zone, which 
effectively prevents the spread of infectious 
contaminants. 

Figure 4a. The plane view of the predicted velocity vectors 
colored by velocity magnitude (m/s) through the middle of 

the left patient bed. 

Figure 4b. The plane view of the predicted contours of 
temperature (°C) through the middle of the left patient bed. 

Figure 5. The predicted velocity vectors in the room colored 
by velocity magnitude (m/s). 

Particle dispersion and removal 

In the simulations of contaminant dispersion, 
particles with the size ranging from 2μm to 20μm 
were released in the patient breathing zone. In the 
original ward (with no local personalized ventilation 
system), particles were dispersed along with the air 
flow produced by room ventilation and influenced by 
the surrounding heat source, namely, the patient as 
heat source. 

CFD predictions of the one-batch emission particle 
traces are shown in Figure 6. In the double-bed ward 
with one patient and the double-bed ward with two 
patients, ventilation started to remove particles after 
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50 minutes and 30 minutes, respectively, as disclosed 
in Figure 7a and Figure 7b. 

Figure 6. CFD predictions of the one-batch emission particle 
traces in the original patient room with only room 

ventilation. Particle traces colored by particle velocity 
magnitude (m/s). 

Figure 7a. Particle amount (%) in relation to time after one 
batch particles released in the double-bed ward with original 

room ventilation and one patient. 

Figure 7b. Particle amount (%) in relation to time after one 
batch particles released in the double-bed ward with original 

room ventilation and two patients. 

In the ward with a personalized ventilation system, 
the room airflow pattern is modified. The particles 
follow the plume generated by the thermal manikin 
above the head and torso. For the purpose of 
comparing the left-hand-side patient with 
personalized ventilation and the right-hand-side 
patient without, the personalized ventilation diffuser 
and exhausts are located only for the patient at the 
left. Figure 8a shows the path lines of the particles in 
the ward, colored by particle velocity magnitude 
(m/s), in the case that only the patient at the left 

releases particles. Figure 8b shows the path lines of 
the particles in the ward, colored by particle velocity 
magnitude (m/s), in the case that both patients 
release particles. 

Figure 8a. The path lines of the particles in the ward colored 
by particle velocity magnitude (m/s) with only one patient 

(left) releasing particles. 

Figure 8b. The path lines of the particles in the ward colored 
by particle velocity magnitude (m/s) with both patients 

releasing particles. 

The particle removal rate is shown in Figure 9. For the 
case when one batch of particles were released only 
from the left patient, 8% of the particles were 
removed solely through personalized ventilation after 
1060 seconds (17 minutes and 40 seconds). In a time 
duration of 1500 seconds (25 minutes), the particles 
are removed through the personalized ventilation by 
20% and, meanwhile, 9% is removed by room 
ventilation. 36% of particles were evacuated in 1800 
seconds (30 minutes). More than half (53%) of 
particles were evacuated in 2700 seconds (45 
minutes), 28% through personalized ventilation, and 
25% through room ventilation. After that, 61% of 
particles were evacuated in 3300 seconds (55 
minutes). Note that, after 3300 seconds (55 minutes), 
the remained particle amount in the room stayed 
stable for the rest of the first hour. 

For the case when two patients are admitted in the 
ward and both release particles, as shown in Figure 
8b above, the particles follow the upward plume from 
the patient at the right, inclining slightly towards the 
left. These particles subsequently move downward 
when they meet the airflow entailed by the left 
patient’s plume and by the room ventilation diffusers. 
The path lines of the particles released by the patient 
at the right reach the torso part of the left patient, 
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however, the air curtain formed by the personalized 
ventilation prevents the transport routes into the left 
patient’s breathing zone. The particle removal started 
after 150 seconds (2 minutes and 30 seconds) (Figure 
10). In the duration of 240 seconds (4 minutes), 
particles were evacuated by 15%, and were removed 
solely through personalized ventilation. Room 
ventilation started the removal of particles after 255 
seconds (4 minutes and 15 seconds) with relatively 
lower efficiency than personalized ventilation. In 360 
seconds (6 minutes), 32% of particles were 
evacuated, In 920 seconds (15 minutes and 20 
seconds), half (49%) of the particles were evacuated, 
31% through personalized ventilation, and 18% 
through room ventilation. In 60 minutes, 79% of the 
particles were evacuated, 45% through the 
personalized ventilation and 34% through room 
ventilation. An interesting result was found when 
comparing the one-patient case in the double room 
and the two-patient case in the double room: the 
removed particles in the two-patient case were 
mainly released from the right patient, nevertheless, 
the air curtain formed by the personalized ventilation 
protects the left patient’s breathing zone from the 
right patient’s particle dispersion. 

Figure 9. Particle amount (%) in relation to time after one 
batch of particles released only from the left patient in the 
ward with room ventilation and personalized ventilation 

system. 

Figure 10. Particle amount (%) in relation to time after one 
batch of particles released from both patients in the ward 

with room ventilation and personalized ventilation system. 

The amount of particles is reduced at a steady rate. 
With the installation of one personalized ventilation, 

the double room with two patients disposed of stray 
particles faster than the double room with only one 
patient. 

As shown in Figure 11, the particle removal efficiency 
in the first hour increased from 3% to 61% in the case 
of one patient. In the case of two patients, the 
efficiency increased from 6% to 79%. 

Figure 11. Remained particle amount (%) in relation to time 
after one batch of particles released in four settings. 

The particle amount in the room was reduced by 61 % 
and 79 %, predicted after one hour in the double 
room with one patient and two patients, respectively, 
with the combination of room ventilation and the 
personalized ventilation (Table 2). Note that, each 
patient releases one batch of particles in the two-
patient case, thus the particle counts are doubled of 
that in the one-patient case at time zero. However, 
after one hour, both cases only have slight difference 
in particle counts remained in the wards. 

Table 2. Particle removal (%) in the first hour after one batch 
of particles released in four cases 

Particle 
removal in 

the first hour 

Removed 
by room 

ventilation 

Removed by 
personalized 

ventilation 

Room ventilation, 
1 patient 

3% 3% N/A 

Room ventilation, 
2 patients 

6% 6% N/A 

Room ventilation 
and personalized 

ventilation, 
1 patient 

61% 31% 30% 

Room ventilation 
and personalized 

ventilation, 
2 patients 

79% 34% 45% 

CONCLUSIONS 

This work explores the elimination technology for 
effective control and removal of infectious agents. The 
factors that influence the environment and 
contaminants concentration in hospitals, along with 
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infection control information, are considered in 
reference to previous studies. The process introduces 
CFD-based simulations and analysis to investigate the 
ventilation setup and performance, targeting to 
improve the indoor environment and air quality, and 
further to prevent cross infection for patients and 
hospital staffs in the wards. Numerical simulation 
(CFD) offers possibilities to follow the routes of 
airborne contaminants. This study demonstrates how 
a personalized local ventilation system may critically 
modify the room airflow pattern in association to the 
transmission of indoor bacteria-carrying particles in 
the air. Effects of ventilation parameters, including air 
flow rates and thermal conditions as well as the 
persons in the room are analyzed. The influence of 
local air diffuser and exhausts has been analysed and 
results from this part of the work are presented. 

Particle spreading was modified in the presence of the 
local air diffuser, and the majority of particles were 
evacuated by the local exhausts with restricted 
interference to the neighbouring region. A bacteria 
spread from the one-patient case was limited and 
greatly eliminated: 53% removal in 2700 seconds 
(=45 minutes, equivalent to 3.6 times of air change) 
for the double-bed ward with one patient. For the 
double-bed ward with two patients, 49% removal in 
920 seconds (about 15.3 minutes, equivalent to 1.23 
air changes). With no local ventilation system, the 
general ventilation has ACH = 2.06. When combining 
with the personalized ventilation, ACH = 4.8, which 
contributes to the relatively high efficiency of particle 
removal, and further reducing the exposure time to 
the infectious agents for the patients and healthcare 
workers in the room. 

The local personalized healthcare ventilation system 
is able to successfully prevent airborne infectious 
agents spreading between patients and surrounding 
persons in both directions. The results indicate that a 
combined local air diffuser and exhaust system is an 
effective solution to protect both the patient and 
persons in the ward room. 

This research provides a valuable reference to 
minimize indoor contamination levels by using a 
personalized ventilation system. This local ventilation 
equipment could be a solution of hospital infection. 
Future work of this prototype will be conducted to 
optimize the ventilation system, for example, the 
heights and locations of the local diffuser(s) and the 
local exhausts or a movable equipment, to meet the 
need of providing fresh air and to enable efficient 
removal of infectious particles and bacteria in hospital 
and living environment. 
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ABSTRACT 

Aim of this experimental study is to compare different 
types of ventilation in operating rooms (OR) regarding 
the highest possible patient protection against 
airborne germs based on particle counting. Tracer 
particles with the size of the airborne colony-forming 
units (CFU) occurring in OR shall be generated to 
derive representative statements about the removal of 
germs. In addition, they origin from aerosol generators 
mounted on heated person simulators to obtain a 
realistic dispersion of the contamination.  
It can be shown that the aerosol generators designed 
produce particles in the relevant size classes of the 
airborne germs emitted by OR personnel. 

INTRODUCTION 

To determine the number of cases of nosocomial 
infections, the Robert Koch Institute carries out 
surveillance studies in cooperation with the Federal 
Statistical Office. There are 400,000 - 600,000 people 
made ill by nosocomial infections every year in 
Germany according to (Robert Koch-Institut, 2019). 
This affects all areas of the hospital. In Germany, up to 
20,000 people die from nosocomial infections every 
year. Nosocomial infections that occur as a result of 
surgical interventions are called post-operative wound 
infections (POI). Here, microorganisms get into the 
incision of the patient during an operation (OP). These 
cause infections with sometimes serious health 
consequences. Even a successful OP can result in the 
death of the patient. According to the KISS study 
(Nationales Referenzzentrum für Surveillance von 
nosikomialen Infektionen, 2019), the responsible 
germs are usually bacterial, but fungal spores are also 
responsible in rare cases. For viruses, no connection 
has been found in the study during the investigation 
period January 2017 to December 2018. During 
revision surgery for hip arthroplasty, for example, POI 
occurs in 2.48% of operations. (Nationales 
Referenzzentrum für Surveillance von nosikomialen 
Infektionen, 2019, p. 25) 
Surgical procedures on humans are performed in 
protected environments in Germany, to keep the risk 
of POI as low as possible. In addition to the hygienic 
requirements, such as prescribed and hygienic hand 
disinfection, a significant part of contamination control 
is the treatment of the room air. In many ORs, a LAF 
(laminar air flow) -field must be maintained, which is 
subject in DIN 1946-4:2018-09. 

This is to ensure that, as far as possible, no infection by 
aerogenic pathogens occurs. A study by KISS (Brandt, 
et al., 2008) shows that the number of POI resulting 
from hip and knee operations is significantly higher 
with LAF than with turbulent mixed ventilation (TMV). 
(Breier, Brandt, Sohr, Geffers, & Gastmeier, 2011) have 
also found out in a study that the size of the LAF field 
has no influence on the number of POIs.  
Since LAF also requires a significantly larger 
construction effort and, due to the increased air 
volume compared to the alternative ventilation 
systems displacement ventilation (DV) and TMV, it also 
requires significantly more energy to transport and 
condition the air, which also raises a considerable cost 
issue. This should play a subordinate role since the 
prevention of POI and the preservation of health and 
life are the most important factor. 
Also, the system tests for OR lamps required in Annex E 
of DIN 1946-4:2018-09 could become obsolete if 
alternative air ducting systems are used. Unlike LAF, 
the latter do not depend on a directed jet, in the core of 
which a geometric obstacle leads to a strong influence 
on the flow.  
To experimentally reproduce the spread of airborne 
CFU, aerosol generators are designed to disperse 
particles that represent airborne germs emitted by the 
personnel in an OR. These shall disperse particles with 
the aerodynamic properties of the airborne CFU 
occurring in OR. Especially density, size and electrical 
charge are important for the aerodynamic properties. 
Instead of collecting germs as it can be performed in 
real ORs, in the research OR these measurements are 
conducted with particle counting. 
Also, the source strength of the aerosol generators is 
important to know to make the measurements 
representative. 
As mentioned, POI occur when CFU enter the patient's 
incision and cause disease, such as inflammation. 
Pathogens of this type are usually bacteria, mostly 
staphylococcus. (Nationales Referenzzentrum für 
Surveillance von nosikomialen Infektionen, 2019) In 
the following, the CFU that have been detected during 
operations by air samplers are defined. Such germs 
usually occur on saliva drops or skin flakes (Lidwell, 
Machintosh, & Towers, 1978) but in rare cases isolated 
bacteria can also cause diseases such as e. g. 
tuberculosis. Mouth/nose protection and surgical 
clothing are intended to reduce the emission of germs 
by staff. However, this does not completely prevent the 
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release of saliva droplets and skin flakes (Dreller, et al., 
2006), (Wenzler, et al., 2002). 
In operating theatres in Chinese hospitals, in the study 
by (Li, et al., 1993), an Andersen cascade impactor with 
the preset size classes is placed in OR in Chinese 
hospitals. This is explicitly used for MRSA. It was 
placed approximately in the center of the room, one 
meter above the floor. Viable germs can be detected in 
all size classes 0.65 - 7 μm and > 7 μm. 
In the study by (Nazir, Mula, Stokoe, Colbeck, & 
Loeffler, 2015), an Andersen cascade impactor is 
placed centrally in the OR. Orthopedic operations are 
performed. In the OR ventilated with TMV most 
airborne CFU precipitate in the range 3.3 - 4.7 μm, 
whereas in the operating room with a LAF field, the 
size fraction 2.1 - 3.3 μm dominates. 
CFU do not occur on airborne particles < 1 µm. On 
larger particles, however, they can occur within a wide 
range, since bacteria carrying skin flakes have a size of 
up to 16-24 µm according to the studies of (Hughes, 
1963). In conclusion, the size range of airborne CFUs in 
OR is spread widely, usually between 1-20 µm. 
Therefore, an aerosol generator that disperses 
particles within that size range into air shall be 
designed. 
An aerosol generator is a device for producing a test 
aerosol. Typical areas of application include: 
Determination of the dusting behaviour of 
nanomaterials (solid dispersion), filter leakage tests or 
recovery time measurement in clean rooms with TVS. 
Therefore, small particles (< 1 µm) are needed. Since 
larger tracer particles are less common for air 
sampling, a new aerosol generator will be designed in 
this study.  
The aerosol generators shall be connected to person 
simulators in experimental investigations to examine 
the spread of airborne CFU in a research-OR under 
different air flow regimes using the tracer particles. 
Hence, it is important that the construction of the 
device is repeatable, preferably at low cost, and that 
there is no hose needed to lead the particles from the 
aerosol generator to the emission position, since larger 
particles would sediment gravitational or deposit due 
to various mechanisms inside of the hose. Since it is 
difficult and flawed calculating the transport efficiency, 
a commercial aerosol generator was not wanted. 

METHODS 

As aerosol generators, de-centralized two-substance 
atomizers are used. A particle suspension of 50 ml 
double-distilled water and 0.22 g hollow glass spheres 
(HGS), with a median particle diameter of 10 μm, is 
used. The reason a suspension is used is that the 
particles will not be as by dispersing solid particles due 
to the triboelectric effect. 
The aerosol is produced using a nebulizer type Pari LL. 
This device nebulizes the suspension according to the 
principle of an ejector nozzle. Compressed air creates a 
negative pressure, which sucks in the particle solution 

and disperses it into the air. The liquid droplets 
evaporate within a very short time since droplets 
< 10 µm evaporate within under a second in indoor air 
according to (Hinds, 1999), leaving behind the particle 
core of HGS. A terminal impact separator ensures that 
no liquid droplets larger than 50 μm are released. In 
addition, a droplet separator with a height of 75 mm is 
placed on top of the aerosol generator to prevent liquid 
droplets from spraying out, protecting the sensitive 
optics of the particle counters. In each aerosol 
generator, 10 ml of the suspension per test is fed.  
Furthermore, compressed air is set to 1.7 bar with a 
pressure relief valve and connected to the nebulizer. 
The droplet separator prevents oil droplets from being 
carried out of the compressor. If it is not possible to 
perform a zero count of the particles in the room, a 
terminal HEPA filter can separate other impurities 
from the compressed air. The flow chart of the aerosol 
generator is displayed in Figure 1. 

Figure 1: Flow chart of the aerosol generator, from left to right: 
compressed air, originating from a compressor is locked by a 
ball valve, the pressure relief valve enables controlling of air 
pressure, condensate separator removes possible machine oil 
particles, the volume flow meter enables control of volume flow 
and the HEPA filter filters remaining particles before the 
compressed air is led into the ejector nozzle of the aerosol 
generator  

The measurement setup is placed in a cleanroom with 
particle free inlet air with laminar air flow. For the 
determination of the source strength, the aerosol 
generator is placed inside a vertical tube with a 
diameter of 40 cm and a length of 1.8 m on top of a filter 
fan unit (FFU) (see Figures 2 and 3). The ladder is 
needed to keep the exhaust air of the duct free of 
particles.  
High flow velocities can be generated in the duct. This 
is necessary if the number of emitted particles is so 
large that the particle count exceeds the coincidence 
limit. The particle concentration in the sampling air can 
be reduced by increasing the volume flow in the pipe, 
avoiding the risk of coincidence. The laser particle 
counter (LPC) is placed below the aerosol generator, 
also inside the pipe.  
The sampling probe of the LPC type Solair 3100E is 
located at a height of 65 cm, one meter below the 
aerosol generator. It has a diameter of 3.65 cm. The 
measurement setup is displayed in Figure 2 and Figure 
3. The measurements are performed at a frequency of
1 min-1. The coincidence limit of the LPC is approx.
35 000 000 particles m-³. The sampling flow is approx.
1,7 m³h-1.

Healthy Buildings 2021 – Europe

- 359 -



Figure 2: Experimental setup for the determination of the 
source strength of the aerosol generator inside the cleanroom, 
laminizer fabric at the ceiling and raised floor, air inlet at the 
top of the duct with turbulator, aerosol generator inside the 
duct at 1.65 m height, laser particle counter (LPC) inside with 
0.65 m height of measuring probe, which is connected to the 
controller standing on top of the FFU 

The velocity measurement and the determination of 
the flow profile and volume flow are carried out using 
a pitot tube in conjunction with a differential pressure 
gauge according to the median line method. A hole is 
drilled through the outer wall of the pipe at the level of 
the sampling probe to insert the pitot tube. A pressure 
probe consists of two oppositely directed probes that 
are connected to a manometer. The positive end then 
points against the direction of flow, while the 
negatively marked probe is positioned in the direction 
of flow. The measurement was conducted twice and 
both repetitions resulted in a volume flow of 
1198 m³ h-1.  
Furthermore, it is important for particle measurement 
that a turbulent flow profile exists in the pipe to 
guarantee the best possible distribution of particles 
over the entire horizontal area at the sampling probe. 
A turbulator at the inlet of the pipe is used to generate 
a piston profile of the flow. 

Figure 3: LPC position in the test tube on top of FFU, measuring 
probe right on top of LPC 

The aerosol generators must be removed and cleaned 
after each experiment. For this purpose, an ultrasonic 
bath and cleaning with an antistatic cleanroom cloth 
are conducted.  

Also, to validate the results, sedimentation plates were 
placed on the LPC and examined using an optical 
microscope.  Since this process could not be automized, 
only a limited number of plates was examined.  
Before starting each measurement, a zero count is 
conducted. For the measurements, the aerosol 
generators are kept at a constant pressure of 1.7 bar so 
that they are operated optimally. The aerosol 
generators are then filled with a dose of 10 ml of 
particle suspension when the researcher re-enters the 
OR. The measurement ends when the particle 
concentration at the sampling point is zero again. Then, 
the LPC and the compressed air supply can be 
deactivated. Now the room can be re-entered and the 
aerosol generators are dis-attached.  After cleaning, the 
next measurement run is initialized. 
The source strength of the aerosol generator per shot 
can be calculated according to (1): 

𝑃𝑖 =
𝑃𝑝𝑟𝑜𝑏𝑒,𝑖 ∗ �̇�𝑡𝑢𝑏𝑒

�̇�𝑝𝑟𝑜𝑏𝑒 
(1) 

Pi is the particle load emitted by the aerosol generator 
per measurement [-], Pprobe,i is the particle count 
measured by the LPC per measurement[-], V̇tube is the 

turbulator

duct

FFU

controller

LPC FFU

measuring 
probe 
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volume flow inside the test tube [m³ h-1] and V̇probe is 
the sampling flow [m³ h-1]  

RESULTS 

For all 9 aerosol generators examined, the 
measurement uncertainty in the form of the student t-
distribution is calculated with the empirical rule of 
68,27 %. For the calculation of the probability density 
function, the function stats.t.pff of the python library 
scipy is used. 

As an example, the results for the measurement 
uncertainty of aerosol generator 7 are displayed in 
Figure 4. While the abscissa displays the count of 
measurements, the ordinate shows the measurement 
uncertainty. The different graphs show the particle 
size classes 1.0 - 3.0 µm, 3.0 - 5.0 µm, 5.0 – 10.0 µm and 
> 10 µm. It can be shown that the uncertainty is
reduced greatly by adding additional measurements
up to case 6. Then, the uncertainty does not variate as
much as before.

The resulting mean source strength as well as the 
corresponding measurement uncertainty of the four 
aerosol generators with the lowest measurement 
uncertainty, which shall be used for further 
investigations, are displayed in Table 1 to Table 4. 
Since in continuing measurements particle counters 
type LDPC 5-10 P0 with the size classes 0.5 – 1.0 µm, 
1.0 – 5.0 µm, 5.0 – 10 µm and > 10 µm are used, the 
particle size classes are adapted.  

Since the particle size class 0.5 – 1.0 µm is not 
interesting for further investigations, only source 
strengths of particles within the size classes 1.0 – 5.0 
µm, 5.0 – 10 µm and > 10 µm are represented. 

Figure 4: Measurement uncertainty of aerosol generator 7 
with student t-distribution (ordinate), divided by size classes: 
1-3 µm (green), 3-5 µm (yellow), 5-10 µm (orange), 10-25 µm 
(red). The number of repetitions is displayed on the abscissa.

The particle size class is not presented in the 
conventional log-normal distribution dN/dlogDP, 
since there are only four channels measured 
representing the examined size classes. Therefore, a 
log-normal graphing does not improve the readability 
of the data. 

Table 1: Mean source strength and relative measurement 
uncertainty of aerosol generator 3 for different size classes 

particle size 
class 

mean source 
strength 

rel. measurement 
uncertainty 

1.0-5.0 µm 231,482,986 0.09 

5.0-10.0 µm 33,279,336 0.10 

> 10.0 µm 18,319,725 0.12 

Table 2: Mean source strength and measurement uncertainty 
of aerosol generator 6 for different size classes 

particle size 
class 

mean source 
strength 

rel. measurement 
uncertainty 

1.0-5.0 µm 234,981,209 0.057 

5.0-10.0 µm 32,487,460 0.091 

> 10.0 µm 19,226,207 0.116 

Table 3: Mean source strength and measurement uncertainty 
of aerosol generator 7 for different size classes 

particle size 
class 

mean source 
strength 

rel. measurement 
uncertainty 

1.0-5.0 µm 226,672,818 0.086 

5.0-10.0 µm 29,849,814 0.106 

> 10.0 µm 15,979,683 0.126 

Table 4: Mean source strength and measurement uncertainty 
of aerosol generator 8 for different size classes 

particle size 
class 

mean source 
strength 

rel. measurement 
uncertainty 

1.0-5.0 µm 198,882,233 0.123 

5.0-10.0 µm 25,118,490 0.104 

> 10.0 µm 13,073,581 0.118 

Regarding the sedimentation plates with an optical 
microscope, particles within the size range 1-12 µm 
could be detected. There were no particles > 12 µm 
found, however, the quantity of large particles was low 
due to the right-skewed particle distribution. Hence, 
the particle distribution could be validated. 
In conclusion, the aerosol generator constructed 
generates a spectrum of polydisperse particles within 
a size range of 1 - 20 μm.  
In further investigations, measurements will be carried 
out in a research OR, equipment and design of which 
are chosen on the base of extensive research and 
observation. In this room it is possible to use three 
different ventilation systems LAF, TMV and DV. This 
allows them to be compared with each other in the 
same arrangement. In this research OR, experiments 
with various occupancies are conducted with person 
simulators to obtain reproducible results. This will 
allow generic statements to be made about the ability 
of the airflow systems to control any contamination 
that occurs and the influence of OR luminaires. 
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ABSTRACT 

Virus could dependently spread in the air rising human 
infection. The global awareness issues by COVID-19 of 
the virus at average size about 0.125 µm smaller than 
dust led to the lung disorder. Thus, the social 
distancing between humans is recommended for a 
minimum of 2 meters to lessen droplets infection. 
Therefore, dentist job is unavoidable to contact in high 
risk in respiration area. Thus, an outright dent guard is 
promptly designed to reduce water spreading with a 
plastic-covered shield for temporary solution that is 
required to be analysed its effectiveness for human 
health protection. The shield has distributing over 
hospitals and healthcare. A monitoring particle 
spreading inside dent guard by using computational 
fluid dynamics (CFD) simulation demonstrates a dental 
guard size 0.50 m. × 0.60 m. for virus dilution for health 
protection and position for accumulation a particle 
flow in the building on capable dent guard for design 
solution in this crisis. 

KEYWORDS 

COVID-19, dent guard, virus dilution, air cleaning, CFD  

INTRODUCTION 

Coronavirus disease or COVID-19 has formed new 
lifestyle of human wearing marks for protection from 
virus infection to others. Restricted area is announced 
with permission for avoid spreading disease. Despite, 
dentist job is unavoidable to connect near respiration 
area. Tooth scaling and root planing is prohibited when 
lockdown, the treatment for dentists’ service during 
COVID-19 pandemic situation. Besides, the treatment 
is recommended to be clean within two to six months 
to avoid risk of decay, gum disease, bleeding in tooth. 
How dentists and patients could securely in contact 
during the dental practices. Regarding to DEN1019, the 
ease down situation is possible for general dental 
check-up but not the practices of tooth scaling and root 
planning. Furthermore, the COVID-19 situation trends 
to continue more than six months since late 2019 until 
current. 

When the COVID-19 healing situation was announced 
1st lock down where both national and international 

states are closed in dental services for health 
protection. Health service is unable to be performed 
with dramatically increase of infected people. Due to 
the immediate lockdown cause inconvenience for 
people, it would be better to find solution for both 
patient and dentists to continue common situation. 
Regarding to dentists’ interviews, the major of dental 
services with risk of virus diffusion are filling, scaling 
and root planning, prosthodontic treatment, 
endodontic treatment, and oral surgery. Furthermore, 
the situation in Thailand, the dental service on scaling 
is prohibited until the COVID situation is relieved by 
the Bureau of Dental Health, Thailand (the Bureau of 
Dental Health, 2020).   Thus, the weapon for treatments 
are supported in various choices (SCG, 2020) to 
distribute for all provinces of Thailand including rural 
area.  The dent guard is designed for protection water 
spreading with clear non-reflected plastic shield.

Respiration rate in breathing contacting as the first risk 
of infection can be likely enjoy exchange on virus at 
nose and mouth area for takin into human body. (WHO 
World Health Organization, 2020). The women and 
men are averaged with breath rates on human body 
and metabolic rates. On observation of Medical report 
found an acrylic box at its form and slope might be 
investigated and overall droplet dispersion between 
three acrylics are modelled in boxes (3.3%–19.0%), 
plastic sheet (2.8%), and no coverage technique 
(26.3%) during tracheal extubation. Besides, using 
open door is recommended (Laosuwan, P., Earsakul, A., 
Pannangpetch, P. & Sereeyotin, n.d.).  In Thailand, the 
state of supporting for COVID situation for population 
and medical field to be able to work consistency. 
Architects and designers are launching two methods: 
fast and quick. First, the fast method is group of 
medical teams on rural area with van and medical 
check-up and secondly the acrylic box is built for 
protection of virus from patient to dentists. However, 
the design is widely spreading and non-testing with 
effects from particle flow from both patient and 
dentists. The particles is illustrated for invisible 
substances such as dust, virus, radon etc. Those 
particles with size of 0.06 to 0.14 µm where is larger 

than some dust and gas particles from 50 to 200 
nanometres. (Dentsplysirona, 2020).. To investigate the 
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risk on virus spreading, the tool of computational fluid 
dynamics (CFD) simulation is beneficial to evaluate for 
air distribution and particle movement.   

The motivation of research is a solution for possible to 
perform the dental practices in scaling.  Thus, this 
study is avoiding directly contact with  demonstration 
on two methods by dent guard and movable room for 
design solution during COVID-19 situation for health 
protection assessment that can be requirement of 
design guideline for rural development.  

METHODOLOGY 

This study is mentioned in current two solutions on 
dent guard and movable room as design in below;  

Dent guard 

The plastic box of dent guard is outreached design 
solution to practice in tooth scaling. The model of air 
cleaning is demonstrated of size 0.50 m. × 0.60 m. with 
two openings of 0.25 m. diameters as circle shapes. The 
simple model for dent guard for dental operation is 
with opening for hand in figure 1. illustrated with a 

clear non-reflected plastic-covered shield.  

Figure 1 CFD set up in dent guard 

Movable room 

Besides, a plastic covered-moveable room is selected 
2.00 m. × 4.00 m. × 2.40 m for isolated treatment. The 
modular design analysis is to find the best solution on 
position of openings as in figure 2 for introducing the 
natural ventilation to improve virus dilution in room. 

Figure 2 CFD set up in movable room and opening positions 

Thus, the CFD setup are modelled as 0.20 m. × 0.20 m. 
× 0.20 m. as virus sources from head of patient and 
dentist in figure 3. The models are placed at the height 
of patient of 0.60 m. as laying position where the height 
of dentist is set at 1.00 m. as sitting position in figure 4. 
Thus, the respiration area for patient and dentist is 
defined at mouth position where the virus likely found. 

Figure 3 CFD model of dentist and patient distance (plan) 

Figure 4. CFD model of dentist and patient distance (section) 

Virus flow in dent box 

The dent guard and movable room is intended for 
limited virus spreading from direct contact in figure 5. 
The current models are illustrated acrylic box in 
market with two openings for dentist ‘hand to do 
operation services. The considerable point can be at 
the leakage from two holes that is covered with globes. 

Figure 5 Dent guard and movable room (SCG, 2020).  
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In fact, the tooth scaling is recommended for dental 
check-up within 2 to 6 months to avoid unhealthy 
situation. Therefore, it is predicted that the pandemic 
period may be longer. The high risk of virus as water 
spreading is required to set a standard for air dilution 
and reduce air contaminant to solve new lifestyle. 
Thus, the objective of this study is to find design 
solution for air cleaning by using natural ventilation for 
dental practices with dent guard and movable room. 
The choice depends on treatments. In order to avoids 
infection for both people, the real practices and 
procedure in figure 6 are considered especially in the 
tooth scaling device on three aspects below;  

Tooth devices frequency 

Time practices  

Position  

The process of tooth scaling is illustrated in risk area of 
particle flow and condition on practices periods in 
tooth scaling. Due to the infection can be connected by 
droplet and water spreading, the acceleration to is 
considered with particle speed with its frequency in 
figure 7 as source from the tooth devices.  

Figure 6 Process for virus spreading in dental service 

Figure 7 Scaling and  diffusion source (Dentsplysirona, 2020) 

Thus, the tooth devices frequency is selected with the 
commercial product, time practices are required by 
interview dentists for direct contact to patient and the 
position of contact between both patient and dentist 
are controlled for real situation on dental services.  

Particle flow in CFD setup 

The flow is considered indoor room with free-flow of 
openings in both dent guard and movable room. Where 
the particle sources are set from the tooth devices. 
Regarding to current market of devices, the selected 
commercial products of filling machines, the Piezo-

Electric Crystal is sized at 19.5 cm (L) x 16.2 cm (W) x
8.3 cm (H) with general frequency at 26 KHz - 32 KHz. 
Meanwhile, the average values of particle sources is 
considered at 40 kHz . The amount of contaminant is 
set at the patient mouth where the devices is placed.  

Particle set up 

The risk conditions are demonstrated in low, medium 
and high risk for infection. The activities are normal 
breathing, coughing and tooth scaling. In table 2, the 
risk scenarios are defined for possibility of higher risk 
of infection during the dental services periods. Where 
the amount of particle flow will be accumulated inside 
the target model within certain periods of interval 30 
minutes. The selection on source contaminant is 
modelled at 20,40, and 80 pieces/square meters 
(pcs/m3) accordingly. The breathing position are
considered at height of 0.6 m. where the distance 
between patient and dentists is at 0.40 m. Also, the 
natural ventilation flow is set for freely ventilated 
through inlet and outlet of movable room.   

Table 1.  Risk scenarios in dental tooth scaling for CFD models 

Risk 
status  

Partial source  Breathing 
Position 

(m.) 

Source 
contaminant 

(pcs/m3) 

Low Normal breathing 0.6 20 

Medium Coughing 0.6 40 

High Scaling  0.6 80 

CFD and configuration setup 

The active acrylic box for dent guard and moveable 
room are calculated with air flow solution. Thus, the 
configuration is chosen in  SIMPLEC and QUICK with 
transitional analysis setting in calculation of 30 
minutes of time as per dental services to be performed. 
Besides, the k-ε methods and turbulent intensity at 
10% are choices as for suitable solution for natural 
ventilation analysis. The three models of risk situation 
are compared in results of contaminant and its 
distribution in room and other results are ;  

Air contaminant  

Distribution  

Dilution  

Natural ventilation and improvement 

Calculation period setup 

Regarding to dentists ‘interview, the tooth scaling and
root planning’s practices is generally operated within
30-32 minutes. Thus, the interval time is calculated for
transitional analysis with timing at 30 minutes for total
operational time facing with risk situation.
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RESULTS AND DISCUSSION 

Results for velocity distribution in dent guard 

The trial calculation of CFD in monitoring for 
inflection between patient and dentist show virus 
distribution in figure 8. It is found that the density 
contaminant is likely to be controlled in dent guard. 
Therefore, the leakage of contaminant in the 
bottom of dent guard is to be carefully considered.  

Figure 8 Results in dent guard and particle intensity 

Results for velocity distribution in moveable room   

The result for moveable room is investigated with 

patient inflection the flow distribution in room on  

the density of contaminant found figure 9,10. 

Figure 9 Results in diffusion for normal situation 1 

Figure 10 Results in diffusion for normal situation 2 

Moreover, the positon of nose and mouth is 0.6 m. 
at patient and at 1.00 m. of dentist found contradict 
direction on flow when the model is calculated with 
both patient and dentist are distribution virus 
sources in the ideal of separation of virus diffusion 
from others to others. 

Results for dilution 

Air cleaning and virus dilution is considered in 
three scenarios in low, mid and high risk with the 
consistency amount of particle flow from the target 
sources at patient with the tooth devices.  The 
movable room are monitored in figure 11 
illustrated position of virus distribution in room.

Low contaminant 

Mid contaminant 

High contaminant 

Figure 11 Results in low, mid and high risk diffusion 
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Besides, the risk in three scenarios on normal 
breathing, coughing and working period on tooth 
scaling of devices are illustrated in section and 
monitored at the near respiration area in figure 12 
found the possible of contaminant can be effects to 
each other and the amount that can control inside the 
dent guard. Regarding to the results, the proposed of 
reduction is required for further studies. 

.  

Low contaminant 

Mid contaminant 

High contaminant 

Figure 12 Results in low, mid and high contaminant at mouth 

Discussion for virus dilution in air cleaning process 

The demonstration two methods: dent guard and 

movable room aims for design solution in use of 
natural ventilation.  After 30 minutes in CFD 

calculation for real condition, the CFD results are 
compared in three positions that are 1) respiration 

the possible accumulation on contaminants are 
from approximately from 60k to 300k on pieces/m3. 
Regarding to acceptable contaminant, the WHO  for 
indoor air pollutant found for respiratory virus-
induced for primary human nasal epithelial of virus 
and bacteria’s from 3160 to 84,000 μg/m3 (WHO World 

Health Organizatiion, 2010) where the low 

contaminant test case found 67,708 pieces/m3 at the 

space between breathing area od dentist and 
patient. The minimum, average and maximum of 
contaminant are summarized in below; In figure 12, 

the results found the highest accumulated 
contaminant is in patient respiratory area, followed 
by dentist area and dent guard as in target volume 
in pieces/m3.  The further studies as expansion from 

this research will be continued as entitle below; 

Dent guard 

The illustration of particle flow inside dent guard and 
leakage of particle shall be performed. The simulation 
of hole is required to be re-design and re-calculated.  

Movable room 

The movable room and its position of opening for 
introducing of natural ventilation on each location in 
Thailand base on weather data. That relation to the 
current situation use of the movable room is including 
in rural area for all provinces in Thailand. This can be a 
supporting the dental staffs to low risk of infection.  

CONCLUSIONS 

 Dental services sensitively prohibit tooth scaling due 
to the risk of virus diffusion Dent guard is outreached 
solution for supporting dentist and patient on 
protection from spreading especially in tooth scaling. 
The diffusion control of COVID-19 disease is limited 
with social-distancing not higher than two meters 
avoiding infection from breathing. Therefore, the 
dental practice is prohibited for long period until 
current. Thus, to continue in dental practices, the virus 
spreading and room is required dental extra-
prevention. In current, the dent guard is designed as a 
plastic box with opening and movable room. Moreover, 
the virus control for rural development area with 
medical check-up is necessary to support with the 
moveable room. The design protections for health in 
both patient and dentists to avoid infection from virus 
in air. The invisible particle is selected case of tooth 
scaling and its working periods of working at 30 to 32 
minutes for dental service for CFD calculation, the 
number of particle flow and the acceptable range for 
human are discussed for efficient of the dent guard. 
The virus accumulated during operation can be found 
approximate 67,708 pieces/m3 of contaminants 
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calculated from CFD simulation for normal breathing 
condition.   This study is monitoring situation of using 
dent guard in low, mid and high risk for cases of normal 
breathing, coaching and scaling for decision in 
improvement methods for indoor air. Further studies 
in moveable room and particle flor behaviour in CFD 
modelling would be likely to investigate in case studies. 
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ABSTRACT 

A key challenge to fight the Covid-19 pandemic is to 
minimise the airborne transmission of the SARS-CoV-2 
virus. Highly crowded indoor environments, such as 
schools, become possible hotspots for virus spreading 
because the basic non-pharmaceutical mitigation 
measures applied until now are not effective in 
reducing the virus airborne transmission mode, which 
is the principal one in indoor environments and 
requires improved ventilation. In the present study, a 
mass balance equation was applied to typical school 
scenarios to evaluate (i) required air exchange rates 
for mechanically-ventilated classrooms and (ii) 
adequate airing procedures for naturally ventilated 
classrooms. In the case of naturally ventilated 
classrooms, a feedback control strategy was evaluated 
using the measurements of indoor CO2. Our results 
show how these procedures can be applied in real life 
to support continued in-person instruction during a 
pandemic. 

INTRODUCTION 

This worldwide uncontrolled spread of the SARS-CoV-
2 virus has put indoor environments in the spotlight 
for their significant contribution to the virus 
transmission (Blocken et al., 2020; Miller et al., 2020; 
Morawska et al., 2020). In most cases, indoor 
environments present poor ventilation, also in the case 
of highly crowded environments such as schools. This 
condition does not allow a proper dilution of the 
possible virus-laden respiratory droplets emitted by 
an infected subject, leading to high percentages of 
secondary infections amongst subjects present in the 
same confined space (Buonanno, Morawska, & Stabile, 
2020; Buonanno, Stabile, & Morawska, 2020; Li et al., 
2007; Miller et al., 2020). For this reason, governments 
worldwide have imposed temporary shutdowns of 
most of the indoor environments, including schools 
(Farsalinos et al., 2021; Klimek-Tulwin & Tulwin, 
2020; Petretto, Masala, & Masala, 2020; Viner et al., 
2020), being in the uncomfortable role of deciding 
whether to prioritize socio-economic development and 

the right to education or health. After the first 
pandemic wave, guidelines for reopening schools 
focused their attention mainly on personal behaviours 
and basic non-pharmaceutical mitigation measures, 
such as social distancing, hand washing hand, and 
wearing masks. These essential rules are most effective 
at mitigating close contact transmission (Chen, Zhang, 
Wei, Yen, & Li, 2020), which is (if a social distance is 
guaranteed) a minor route of transmission in indoor 
environments  (Z. Ai, Hashimoto, & Melikov, 2019; Z. T. 
Ai & Melikov, 2018). After the first reopening, schools 
were closed again during fall and winter in many 
countries worldwide (Edmunds, 2020; Ziauddeen, 
Woods-Townsend, Saxena, Gilbert, & Alwan, 2020), 
highlighting the limited effect of such measures in the 
indoor environments. In light of this, it becomes 
mandatory to consider the airborne transmission 
route of the virus to open schools safely because it is 
potentially the dominant mode of transmission of 
numerous respiratory infections, including SARS-CoV-
2 (Leung et al., 2020; Morawska et al., 2020; Tang et al., 
2020; Tellier, 2009). Hence, while waiting for a 
massive vaccination campaign, a possible solution to 
limit the virus transmission potential in schools is 
providing ad-hoc ventilation rates able to lower the 
virus concentration indoors (Buonanno, Stabile, et al., 
2020; de Man et al., 2020; Li et al., 2007; Rudnick & 
Milton, 2003). Nonetheless, it is not an easy solution to 
provide a proper ventilation rate because most schools 
worldwide rely upon natural ventilation and manual 
airing (e.g. 86% of the European school buildings 
(Baloch et al., 2020)). For these schools, a good 
solution could be using a proxy to provide real-time 
information on the virus concentration in the indoor 
environment and, consequently, suggest applying 
manual procedures to control and minimise the virus 
spread in indoor environments. 

Some studies propose the occupant's exhaled CO2 as a 
possible proxy for virus spreading in an indoor 
environment. (Pavilonis, Ierardi, Levine, Mirer, & 
Kelvin, 2021; Zhu et al., 2020). Still, this approach could 
be considered an extremely oversimplified way to 
against the problem of the virus spread in indoor 
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environments. In fact, whereas the exhaled CO2 could 
be a good proxy for indoor-generated gaseous 
pollutants (as VOCs) (Stabile, Buonanno, Frattolillo, & 
Dell’Isola, 2019), it can be hardly adopted to forecast 
behaviours and dynamics of virus-laden droplets that 
instead are affected by phenomena typical of airborne 
particles as deposition, filtration and virus inactivation 
(in the case of the virus). Thanks to the decay dynamics 
of the CO2 concentration, the exhaled CO2 can be used 
to estimate the air exchange rate of indoor 
environments (Bakó-Birób, Clements-Croomea, 
Kochhara, Awbia, & Williamsc, 2011; Mahyuddin & 
Awbi, 2012). 

Moreover, if droplet deposition rate and virus 
inactivation rate are known, the indoor virus 
concentration is just affected by the air exchange rate; 
thus, the exhaled CO2 could somehow predict and limit 
the virus spreading in confined-closed environments 
(Mendell et al., 2013; Pavilonis et al., 2021; Zemouri et 
al., 2020). At the time of the COVID-19 pandemic, the 
question is not just demonstrating the qualitative 
association between ventilation and the transmission 
of infectious diseases (Bhagat, Davies Wykes, Dalziel, & 
Linden, 2020; Blocken et al., 2020; Buonanno, Stabile, 
et al., 2020; Li et al., 2007; Rudnick & Milton, 2003; Zhu 
et al., 2020), but quantifying and guaranteeing 
adequate ventilation in highly crowded environments 
(e.g. schools) to reduce the virus transmission via 
airborne route whether mechanical ventilation 
systems are installed or not. For this reason, the 
present paper aims to evaluate the required air 
exchange rates for mechanically-ventilated schools 
and adequate airing procedures for naturally 
ventilated schools. Such results were estimated to 
reduce respiratory disease transmission due to the 
virus's airborne route in classrooms. Moreover, in this 
study, different mitigations (reducing vocal 
modulation, wearing face masks or reducing the lesson 
time) were taken into account to limit the virus's 
spread in classrooms. To this end, simulations based 
on the virus and exhaled CO2 mass balance equations 
considering typical school scenarios were carried out. 

METHODS 

Using the virus and CO2 mass balance equations and 
under the simplified hypothesis that the 
concentrations of both (CO2 and airborne virus) are 
instantaneously and evenly distributed in the indoor 
environment under investigation (box-model), the 
required air exchange rates and the adequate airing 
procedures to guarantee an acceptable virus 
transmission were calculated. In this study, the 
deposition and the virus inactivation phenomena were 
taken into account, and dynamic scenarios were 
simulated within a 5-hour school day. In this study, the 
authors have taken into account two different viruses 
(SARS-CoV-2 and seasonal influenza), characterised by 
extremely different emission rates (i.e. different viral 
loads and infectious doses) (A. Mikszewski). The study 

involves infected people breathing and/or speaking 
and does not apply to severely symptomatic persons 
frequently coughing or sneezing. The simulations were 
performed under the hypothesis that the students are 
adequately spaced, such that virus transmission is only 
due to the airborne route. 

Estimation of the virus transmission 

The virus transmission due to the airborne route was 
evaluated in terms of event reproduction number 
(Revent), adopting the proposed approach in our 
previous paper (Buonanno, Morawska, et al., 2020; 
Buonanno, Stabile, et al., 2020; Moreno et al., 2021). By 
means of this approach, it will be possible to evaluate 
(i) the quanta emission rate, (ii) the exposure to quanta
concentration in the microenvironment, (iii) the dose
of quanta received by exposed susceptible subjects,
(iv) the probability of infection based on a dose-
response model, (v) the individual risk of the exposed
person, and, finally, (vi) the event reproduction
number defined as the expected number of new
infections arising from a single infectious individual at
an event. Through an ad-hoc model described in
previous papers we evaluated the quanta emission rate
(ERq, quanta h-1) taking into account: viral load,
infectious dose, respiratory activity, activity level, and
droplet volume concentration expelled by the
contagious person (A. Mikszewski; Buonanno,
Morawska, et al., 2020; Buonanno, Stabile, et al., 2020).
Such a model, here not reported for the sake of brevity,
provides a distribution of quanta emission rates, i.e.
the probability density function of ERq. This approach
represents a step forward to simulate and predict
infection risk in different indoor environments. Until
now had been used estimates based on retrospective
assessments of infectious outbreaks. (Rudnick &
Milton, 2003; Wagner, Coburn, & Blower, 2009). The
indoor quanta concentration over time, n(t,ERq), is
evaluated, for each possible ERq value, adopting the
above-mentioned simplified mass balance equation:

𝑛(𝑡, 𝐸𝑅𝑞) = 𝑛0 ⋅ 𝑒
−(𝐴𝐸𝑅+𝑘+𝜆)⋅𝑡 +

𝐸𝑅𝑞⋅𝐼

(𝐴𝐸𝑅+𝑘+𝜆)⋅𝑉
⋅ (1 −

𝑒−(𝐴𝐸𝑅+𝑘+𝜆)⋅𝑡)  (quanta m-3)  (1) 

where AER (h-1) is the air exchange rate, k (h-1) is the 
deposition rate on surfaces, λ (h-1) is the viral 
inactivation rate, I is the number of infectious subjects, 
and V is the volume of the indoor environment. 

The dose of quanta (Dq) received by a susceptible 
subject exposed to a certain quanta concentration for a 
certain time interval, T, can be evaluated by integrating 
the quanta concentration over time as: 

𝐷𝑞(𝐸𝑅𝑞) = 𝐼𝑅 ∫ 𝑛(𝑡, 𝐸𝑅𝑞)𝑑𝑡
𝑇

0
      (quanta)   (2) 

where IR is the inhalation rate of the exposed subject 
which is a function of the subject's activity level and 
age  (Adams et al., 1993; ICRP, 1994). 

The probability of infection (PI, %) of exposed persons 
(for a certain ERq), is evaluated on the basis of simple 
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Poisson dose-response model (Sze To & Chao, 2010; 
Watanabe, Bartrand, Weir, Omura, & Haas, 2010) as: 

𝑃𝐼(𝐸𝑅𝑞) = 1 − 𝑒−𝐷𝑞(𝐸𝑅𝑞) (%) (3) 

The individual risk of infection (R) of an exposed 
person for a given exposure scenario is then calculated 
integrating, over for all the possible ERq values, the 
product between the conditional probability of the 
infection for each ERq (PI(ERq)) and the probability of 
occurrence of each ERq value (PERq): 

𝑅 = ∫ (𝑃𝐼(𝐸𝑅𝑞) ∙ 𝑃𝐸𝑅𝑞)𝑑𝐸𝑅𝑞𝐸𝑅𝑞
  (%)   (4) 

Such an individual risk, R, for a given exposure 
scenario, basically represents the ratio between the 
number of new infections (number of cases, C) and the 
number of exposed susceptible individuals (S); thus, 
the Revent (expected number of new infections, C, 
arising from a single infectious individual, I, at a 
specific event) can be obtained as the product of R and 
S: 

𝑅𝑒𝑣𝑒𝑛𝑡 = 𝐶 𝐼⁄ = 𝑅 ∙ 𝑆 (infections)  (5) 

Therefore, the maximum number of susceptibles that 
can stay simultaneously in the confined space under 
investigation for an acceptable Revent < 1 (hereinafter 
referred as maximum room occupancy, MRO) is: 

MRO < 1 𝑅⁄    (susceptibles)    (6) 

Evaluation of the CO2 indoor levels 

To estimate the trend of indoor (exhaled) CO2 
concentration over time (CO2-in), a mass balance 
equation was applied considering the initial indoor CO2 
concentration (at t=0) equals to the outdoor one (CO2-
out), the mass balance equation can be simplified as 
(Mahyuddin & Awbi, 2012): 

𝐶𝑂2−𝑖𝑛(𝑡) = 𝐶𝑂2−𝑜𝑢𝑡 +
𝐸𝑅

𝑉⋅𝐴𝐸𝑅
⋅ (1 − 𝑒−𝐴𝐸𝑅⋅𝑡)   (ppm) (7) 

ER represents the overall exhaled CO2 emission rate in 
the indoor environment under investigation. The 
emission rate per-capita is available in the scientific 
literature (typically expressed in L s-1 person-1) as a 
function of the activity level age, and gender (Persily & 
de Jonge, 2017). As mentioned above, for a known and 
steady-state emission rate and outdoor CO2 
concentration, the indoor concentration is just affected 
by the air exchange rate of the room, and the AER can 
be back-calculated from the eq. 7 based on continuous 
monitoring of the indoor CO2 concentration (CO2-in): 
this AER estimation method is known as "constant 
injection rate method" (Mahyuddin & Awbi, 2012; 
Nazaroff, 2021). 

Simulate scenarios 

The Revent and the individual risk of infection related to 
the virus's airborne transmission route were evaluated 
considering a high-school classroom with a floor area 
of 50 m2 and a ceiling height of 3 m. A  crowding index 
equal to 2 m2 person-1 was adopted, leading to a total 
number of occupants (including the teacher) equal to 
25 persons (15251, 2008). For the simulation we 

considered an exposure time of 5 hours. All the 
simulations have been performed considering only one 
infected subject (I=1) (the teacher or one of the 
students) and 24 exposed susceptibles (S=24), 
hypothesising that none of them is already immune. In 
light of this, to obtain a Revent < 1, the individual risk of 
infection (R) of the exposed susceptible over the 5-
hour school time should be less than 4.2%. The 
simulations were conducted for different scenarios, 
considering two different emitting subjects: the 
teacher and the student. In particular, simulations 
were performed considering (a) the infected teacher 
giving lesson (i.e. speaking or loudly speaking) for one 
hour; in particular, the first hour of the lesson was 
considered as it is the worst exposure scenario for 
susceptible students attending the lesson, or (b) the 
infected student attending lessons (just breathing). For 
the susceptibles we assumed an IR = 0.54 m3 h-1 
characteristic of people performing activities in a 
sitting position (Adams et al., 1993; ICRP, 1994). The 
quanta emission rate for SARS-CoV-2 and seasonal 
influenza viruses, as a function of respiratory activity, 
virus inactivation rate and droplet deposition rate, are 
summarised in Table 1 (Buonanno, Stabile, et al., 
2020). Additional model input parammeters are 
summarised in Table 2. For both viruses, the ERq 
increases for more severe respiratory activities; 
besides, due to its higher infectious dose, for similar 
activity levels and respiratory activities, the SARS-CoV-
2 ERq values were much higher than the seasonal 
influenza ones (A. Mikszewski; Alford, Kasel, Gerone, & 
Knight, 1966; Bueno de Mesquita, Noakes, & Milton, 
2020; Buonanno, Stabile, et al., 2020; Gale, 2020) (e.g. 
more than 10-fold). To reduce vocal modulation we 
assumed using a microphone reduced the ERq for 
loudly speaking to that of speaking (scenario T-60-S). 
Whereas concerning wearing masks we assumed an 
overall 40% reduction of the dose of quanta received 
by the susceptible (Eikenberry et al., 2020) (scenario 
T-60-LS-M). In the simulations of the CO2

concentrations we adopted an outdoor CO2 equal to
500 ppm. Instead, for indoor (exhaled) CO2 we used a
per-capita emission rate equal to 0.0044 L s-1 person-1

as an average value between males and female
teenager students (e.g. aged 17-18) with a level of
physical activity of 1.3 met (Persily & de Jonge, 2017),
which is the suggested level for reading, writing, and
typing in sitting position at school.

Table 1. Quanta emission rate (ERq, quanta h-1) expressed as 
75th percentiles for SARS-CoV-2 and Seasonal Influenza 

viruses as a function of respiratory activity. Virus inactivation 
rate, λ (h-1), and droplet deposition rate, k (h-1) are also 

reported. 

SARS-CoV-
2 

Seasonal Influenza 

Oral breathing 3.710 0.147 

Speaking 16.57 0.626 

Loudly speaking 102.2 4.271 

Virus inactivation rate, λ (h-1) 0.63 0.80 
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Droplet deposition rate, k (h-1) 0.24 

Air exchange rates and airing procedures 

Following the methodology described in the previous 
sections, especially the eq. 1-5, it is possible to calculate 
the required air exchange rate to guarantee a Revent<1. 
In fact, after defining (i) the quanta emission rate 
related to the activity of the emission subject (Table 1), 
(ii) the geometry of the classroom, (iii) the virus
inactivation rate (λ) for SARS-CoV-2 (0.63 h-1) (van
Doremalen et al., 2020) and seasonal influenza (0.80 h-

1) (Yang & Marr, 2011) as well as (iv) the droplet
deposition rate (k=0.24 h-1) (Chatoutsidou & Lazaridis,
2019); the individual risk of infection (R) and,
consequently, the event reproduction number,
depends solely on the air exchange rate and the airing
procedure of the classroom.

For mechanically ventilated classrooms, the required 
air exchange rate is guaranteed by default when it is 
within the limits of the designed outdoor air flow rate. 
However, the majority of the schools are not equipped 
with a mechanical ventilation system. For this reason, 
to guarantee a Revent < 1 in naturally-ventilated 
classrooms, ad-hoc manual airing procedures based on 
manual airing cycles (L. Stabile et al., 2019; Stabile, 
Dell'Isola, Russi, Massimo, & Buonanno, 2017) are 
needed. Indeed, unlike mechanical ventilation systems, 
which can provide a constant air exchange rate AER, 
the manual airing cycles will alternate periods at low 
AER (with the window closed) and periods at higher 
AER (with the window open). One of the most critical 
points is represented by the fact that such air exchange 
rates are not known a priori. Due to this, in naturally-
ventilated schools, the required air exchange rate 
cannot be defined and adopted as a design parameter. 
The air exchange rate of the manual airing procedure 
can just be calculated a-posteriori as school-day 
average resulting from the airing cycles: 

𝐴𝐸𝑅 =
(𝐴𝐸𝑅𝑁𝑉∙𝑡𝑁𝑉+𝐴𝐸𝑅𝑀𝐴∙𝑡𝑀𝐴)

(𝑡𝑁𝑉+𝑡𝑀𝐴)
  (8) 

AERNV and AERMA represent the air exchange rates with 
the window closed (natural ventilation, NV) and 
window open (manual airing, MA), and tNV and tMA are 
the time during which the window was kept closed and 
open. Since the air exchange rate is not constant all 
over the school day, the time at which the airing is 
adopted can affect the quanta concentration trends 
significantly. In fact, when windows are closed and a 
high quanta emission occurs, the susceptibles are 
exposed to higher quanta concentrations then leading 
to a dose of quanta larger than expected for a constant 
air exchange rate causing a higher infection risk. For 
this reason, in the case of manual airing, it is necessary 
to provide a higher AER to guarantee a Revent < 1 as 
compared to classrooms equipped with mechanical 
ventilation systems, especially when the virus 
emission is high. In this study, the manual airing cycles 
were applied at the end of each school hour, only to 
reduce the number of scenarios to be simulated. 

Nonetheless, this adoption does not undermine the 
findings and the procedures we described. Moreover, 
as mentioned above, not knowing the exact AER can 
lead to exceeding the Revent<1 condition. To avoid this 
situation, a proper feedback control strategy based on 
CO2 monitoring to correct the airing procedure was 
proposed and applied. 

RESULTS AND DISCUSSION 

Trends of quanta concentration, individual risk, 
Maximum Room Occupancy (MRO) for Revent<1, and 
indoor CO2 concentration are reported for the 
scenarios T-60-LS (teacher giving lesson loudly 
speaking for the first 60 min of the school day) and T-
60-S (i.e. speaking using a microphone instead of
loudly speaking) are reported in Figure 1 in the case of
SARS-CoV-2 virus when required AERs (to guarantee a
Revent < 1). Such examples are representative of the
school provided a mechanical ventilation system
hypothesizing a perfect (homogeneous) air
distribution in the room. In particular, for the scenario
T-60-LS, as summarized in Table 3, the required AER is
9.5 h-1 (i.e. > 15 L s-1 person-1). As shown from Figure 1,
the quanta concentration trend increases in the first 60
min (the time in which the infected subject is still in the
classroom), then quickly exponentially decays as soon
as the teacher leaves the room and goes to zero at
about 90 min. The individual risk increases reaching
the maximum permitted value (4.2%) already at 90
min, then remaining constant up to the end of the
school day (300 min), under the condition that no
infectious people enter the classroom.

The MRO decreases to the needed value of 24 persons 
at the end of the school day. The CO2 concentration in 
the classroom, due to the high (and constant) AER of 
9.5 h-1, reaches the (very low) equilibrium 
concentration (about 750 ppm) in about half an hour. 
In the case of scenario T-60-S, a much lower AER (0.8 
h-1; equal to 1.3 L s-1 person-1) is required to guarantee
a Revent < 1, indeed, the CO2 indoor concentration does
not even reach an equilibrium level and continuously
increases up to more than  3000 ppm by the end of the
school-day, and such a value is well above the
concentrations suggested by the indoor air quality
standards (15251, 2008). The necessary AERs in order
to guarantee a Revent < 1 for all the investigated
scenarios are reported in Table 3 for SARS-CoV-2 (for
mechanically-ventilated classrooms). The required
AER for Revent < 1 for seasonal influenza-infected
subjects is not reported since it is < 0.1 h-1 for all the
scenarios under investigation.

For this reason, all the ventilation techniques can 
protect against the spreading of the seasonal influenza 
virus in the classroom through the airborne route. 
Instead, for SARS-CoV-2-infected subjects, the AERs to 
guarantee a Revent<1 can be quite high: as mentioned 
above, for a teacher giving a lesson for one hour, the 
required AER is 9.5 h-1. It is possible to reduce such 
AERs keeping the voice down while speaking using 
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microphones, and this adoption could reduce the 
required AERs down to 0.8 h-1. In the case of the 
infected subject being a student, and he does not speak 
for the entire school day, the required AER to 
guarantee a Revent<1 is equal to 0.8 h-1.  

Figure 1 Trends of quanta concentration (n), individual risk 
(R), Maximum Room Occupancy (MRO), and indoor CO2 

concentration (CO2-in) resulting from the simulation of the 
base scenarios T-60-LS (infected teacher giving lesson loudly 
speaking for the first 60 min of the school day, solid lines) and 
T-60-S (infected teacher giving lesson speaking for the first 60
min of the school day; dotted lines) in the case of SARS-CoV-2

virus having adopted the required constant AERs to 
guarantee a Revent < 1 (9.5 h-1 and 0.8 h-1 for T-60-LS and T-
60-S, respectively) through a mechanical ventilation system.

Table 3 Required constant AER (h-1) to guarantee a Revent < 1 
for all the scenarios investigated for SARS-CoV-2 for 

mechanically-ventilated classrooms.  

Scenarios AER (h-1) 

Base scenarios 
T-60-LS 9.5 

S-0-S 0.8 

Voice modulation effect T-60-S 0.8 

Mask effect T-60-LS-M 5.8 

Voice modulation & mask effect T-60-S-M 0.2 

For different scenarios in the case of the SARS-CoV-2-
infected teacher (giving lesson for 60 min) as a 
function of the AER in a classroom equipped with a 
mechanical ventilation system, the individual risk R is 
showed in Figure 2 for the base scenario T-60-LS 
(teacher loudly speaking) and the mitigation solutions 
T-60-S and T-60-LS-M (voice modulation and use of
mask).  The individual risk decreases for higher AERs
and, as shown in Table 3, very high AERs are required
when the teacher is loudly speaking. Such high AERs
are likely unachievable in schools without mechanical
ventilation systems, and are potentially beyond the
design capacity of standard mechanical systems. In
Figure 2, the expected CO2 peak concentrations at the
end of the school day as a function of the AERs are also
reported. The graph shows that the CO2 level could be
misleading when not interpreted with a critical eye; in
fact, even if acceptable CO2 levels are guaranteed (e.g.
1000 ppm), an unacceptable individual risk can occur.
In light of this, for high-emitting activities (i.e. loudly
speaking), the mitigation solutions (e.g. using a

microphone) are more effective than the classroom 
ventilation itself. 

Figure 2 Individual risk R (%), for different exposure 
scenarios in the case of a SARS-CoV-2 infected teacher giving 

lesson for 60 min as a function of the air exchange rate in 
mechanically-ventilated classrooms: loudly speaking (T-60-
LS), speaking (T-60-S), loudly speaking and wearing a mask 
(T-60-LS-M). In addition, Expected CO2 peak concentrations 

(i.e. at the end of the school day) as a function of the AERs are 
also reported. 

As previously mentioned in the methodology section, 
in mechanically-ventilated classrooms, the Revent < 1 
condition is easily and automatically guaranteed if the 
required AERs obtained for the selected scenarios are 
adopted and are within the capacity limits of the 
system. In that case, a simple constant air volume flow 
system is enough to supply the necessary AER, and no 
complex control algorithms are needed. Once we 
defined the scenario, applying the methodology 
previously described, we know the required AER to 
guarantee the Revent<1. At this point, it is necessary just 
to set the needed airflow rate of the mechanical 
ventilation system. 

In the case of naturally-ventilated schools, to guarantee 
a Revent < 1 could be challenging, especially for 
scenarios characterised by high emitting infected 
subjects for two main reasons: i) keeping the windows 
opened could be not enough to guarantee very high 
fresh air flow rates, ii) keeping the windows opened for 
long periods could be detrimental for thermal comfort 
and energy conservation (Heebøll, Wargocki, & 
Toftum, 2018; Stabile, Dell'Isola, Frattolillo, Massimo, 
& Russi, 2016; Luca Stabile et al., 2019). Nonetheless, 
the adoption of manual airing cycles represents a 
practical solution to operate schools during a 
pandemic. Still, it should be kept in mind that (i) the 
scheduling of window opening and closing period can 
affect the infection risk of the exposed susceptibles and 
(ii) the required AER cannot be determined a-priori.
For example, if AERNV and AERMA were equal (and
constant) to 0.2 and 4.0 h-1, respectively, for the
scenario T-60-S, a Revent < 1 could be achievable by
opening the windows for about 10 min each hour. The
resulting school day average AER would be equal to 0.8
h-1, which is similar to that needed in the case of
mechanical ventilation systems. But for lower AERs,
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AERNV=0.15 and AERMA=0.2 h-1, the required opening 
period for each hour is 36 min then resulting in a 
school-day average AER of 1.3 h-1 that is significantly 
higher than that required in the case of the mechanical 
ventilation system (0.8 h-1). From this example, the 
airing strategies are strongly affected by the AER 
values; therefore, AERNV and AERMA need to be 
continuously monitored and corrected. As a result, the 
naturally-ventilated school's procedure is more 
complex and difficult to implement. In this study, we 
will use as feedback information the indoor CO2 
concentration continuously measured and, based on 
the number of persons and their activity levels and of 
the initial indoor CO2 concentration, we will back-
calculate the actual AERs during both the period with 
windows close (AERNV) and open (AERMA) using the 
CO2 mass balance equation (Eq. 7). Based on the actual 
AERs, the corrected tMA and tNV periods will be 
calculated and scheduled to obtain a Revent < 1. Because 
the AERNV and AERMA values are not known a-priori, 
during the first hour/cycle, it is possible to use 
tentative opening and closing periods (for example, 50 
min with windows closed and 10 min with windows 
open). Then, the evaluation of the actual AERs will 
allow scheduling the equally-spaced opening periods 
of the remaining four hours to obtain a Revent < 1 
including the entire school day (i.e. 300 minutes) in the 
calculation. At the end of the second cycle, AERNV and 
AERMA will be back-calculated again, and in case, the 
opening and closing periods will be modified again. 
This procedures is illustrated in Figure 3, showing a 
step by step schematic of the entire procedure to be 
applied to maintain Revent < 1. 

Figure 3 Scheme, step by step, of the suggested procedure to 
be applied in schools without mechanical ventilation to 

maintain Revent < 1. 

Figure 4 shows an example of the application of the 
correction procedure in scenario T-60-S, and the 
indoor CO2 concentration, SARS-CoV-2 quanta 
concentration, and individual risk trend are reported. 

In the first hour, a tentative airing cycle of 50 min with 
windows closed and 10 min with windows open was 
adopted. From the CO2 trend (related to the first cycle), 
the actual AERNV and AERMA values were back-
calculated and (in this illustrative example) resulted in 
values of 0.15 (AERNV) and 2.0 (AERMA) h-1. Based on 
the actual AERs (back-calculated), to guarantee a Revent 
< 1, we calculate a new equally spaced value of tMA of 
42 min for each hour for the remaining four hours. The 
total times during which the windows were kept closed 
and opened for the entire school day are tNV = 122 min 
and tMA = 178 min, respectively (including the 50 min 
and 10 min of window closing and opening periods 
related to the first hour). These new times resulted in 
a school-day average AER of about 1.3 h-1. In light of 
this, the tentative opening and closing periods adopted 
for the first hour were too short to achieve the 
necessary AERs. For this reason, the quanta 
concentration in the first hour increases significantly. 
In the example, the actual AERs were considered 
constant during the entire school day; however, if the 
AERs at the end of each closing and opening periods do 
no match with the expected ones, for example due to 
variation in wind speed and direction, further 
corrections are needed for each hour. 

Figure 4 Trends of quanta concentration (n), individual risk 
(R), and indoor CO2 concentration (CO2-in) for the scenario T-

60-S in the case of SARS-CoV-2 to guarantee a Revent < 1 
through (a) mechanical ventilation system (constant AER = 
0.8 h-1; bold dotted lines) and (b) manual airing procedures 

corrected for actual AER (school-day average AER = 1.3 h-1 in 
the hypothesis of measured AERNV and AERMA of 0.15 and 2.0 

h-1, respectively; thin solid lines).

The procedure presented evaluates the required 
ventilation (using mechanical systems or manual 
airing) to reduce the spread of infectious diseases via 
the airborne route and proposed a control strategy to 
monitor and adjust such ventilation in naturally 
ventilated classrooms. By the way, to effectively reduce 
the transmission potential of a disease, the uncertainty 
of the event reproduction number (Revent) calculation 
should be taken into account. The estimation of this 
uncertainty (URevent) cannot be easily evaluated as it 
depends on several parameters and models adopted. 
Indeed, to assess the Revent, the following data are 
needed: quanta emission rate, deposition rate, 
inactivation rate, inhalation rate, room volume, air 
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exchange rate, time of exposure. In our previous 
papers, we investigated the quanta emission rate, and 
we highlighted that uncertainty relates to the quality of 
data on viral load, infectious dose and particle volume. 
These data, at least for SARS-CoV-2, are not definitive 
(Abbas & Pittet, 2021; Gale, 2020; Watanabe et al., 
2010) also due to the presence of different viral 
lineages (Alteri et al., 2021). 

Regarding the deposition rate, it is mainly affected by 
the particle size (Chatoutsidou & Lazaridis, 2019). 
Adopting an average parameter, as typical of easy-to-
use box models, results in additional uncertainty as 
well; similarly, there is limited data on the virus 
inactivation rate of SARS-CoV-2 (Fears et al., 2020; van 
Doremalen et al., 2020). With regards to the inhalation 
rate, it depends on the activity levels of the subject. In 
scientific literature, different IR values are reported for 
the same activity (Adams et al., 1993; Layton, 1993), 
confirming a significant variability. Finally, room 
volume and time of exposure could be considered as 
fixed values as well as the AER if provided employing a 
mechanical ventilation system. The uncertainty 
estimation would be even more complex for indoor 
environments without mechanical ventilation where 
manual airing procedures corrected based on the 
measured CO2 values are put in place. The CO2 
measurements and the CO2 mass balance equation's 
uncertainty to back-calculate the corrected AERs 
should be included in such a case. The uncertainty 
related to the CO2 measurement is typically affected by 
the sensor accuracy, resolution, temperature effect, 
static pressure effect, dew-point effect, and probe 
positioning within the room (Mendes et al., 2015). CO2 
sensors should provide measurement data with an 
expanded accuracy of about 5% (Mendes et al., 2015; 
Sherman, Walker, & Lunden, 2014), but low-cost 
sensors may present more considerable uncertainties. 
To limit this problem it is possible to adopt a multi-
points method instead of a two-point method. In light 
of this, the uncertainty of Revent is quite complex and 
beyond the current study's aims. Further studies are 
needed in view of improving the quantification of the 
virus transmission potential for different ventilation 
systems. 

CONCLUSION 

The aim of our study was to develop procedures able 
to support regulatory authorities in view of safely 
running schools during an airborne pandemic. The 
required ventilation to reduce the spread of infectious 
diseases via the airborne route was assessed for both 
mechanically and naturally-ventilated classrooms 
through virus mass balance equations. We also 
investigated the possibility to use CO2  concentration 
as a proxy of a possible exceedance of a Revent<1 
condition. The simulated scenarios show that adopting 
a CO2 indoor concentration as a proxy for virus 
transmission is a misrepresentation; in fact, the 
dynamics of the virus-laden droplets and the 

occurrence of the virus emission may strongly differ 
from the exhaled CO2 ones. As a result, CO2 and virus 
concentrations present significantly different trends. 
Regarding seasonal influenza, due to the low emission 
rates typical of such virus, a negligible transmission 
potential via the airborne route in the classroom was 
found, even if it is in the presence of a low air exchange 
rate. Instead, for the SARS-CoV-2 virus, the required air 
exchange rates to guarantee a Revent < 1 can be very 
high for scenarios characterised by highly-emitting 
infected subjects, such as teacher giving lesson loudly 
speaking. These AERs may be even higher than those 
suggested by the indoor air quality technical standards. 
Due to this, mitigation solutions (for example, voice 
modulation in particular) are welcomed. To reduce 
virus transmission, ad-hoc procedures were defined in 
both mechanically- and naturally-ventilated 
classrooms. For mechanically-ventilated classrooms te 
procedure is straight-forward as long as the required 
AER to guarantee a Revent<1 is within the design 
capacity of the mechanical ventilation system. 

On the contrary, in naturally-ventilated classrooms, a 
suitable manual airing procedure using a novel 
feedback control strategy was investigated and applied 
in the procedure. In these classrooms, manual airing 
cycles could increase the AER, but the required air 
exchange rate cannot be defined a-priori, and the 
condition of Revent<1 becomes a design parameter. We 
propose using the CO2 indoor concentration as 
feedback to check the correct procedure and calculate 
the new AERs and time of window opening that are 
necessary to guarantee the condition Revent<1. In the 
light of the results found from this study, the authors 
believe that even though further efforts have to be 
performed in view of reducing the uncertainties of 
such models, , the suggested procedures can be 
adopted to minimise the contribution of school 
classroom environments to the spread of pandemics. 
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Table 2 Scenarios taken into account to simulate the exposure to SARS-CoV-2 and seasonal influenza viruses in the classroom: 
emitting subjects, emission duration, and respiratory activity are summarised. Descriptions of the base scenarios and the possible 

mitigation strategies are reported. 

Scenarios 
Emitting 
subject 

Emission duration 
(min), respiratory 

activity 
Description 

Base scenarios 

T-60-LS teacher 
60 min, loudly 

speaking 
Infected teacher giving lesson for the first 60 min of the school-day 

loudly speaking 

S-0-S student 
300 min, oral 

breathing 
Infected student attending lessons for five hours (100% of the school-

day) oral breathing 

Voice 
modulation 

effect 
T-60-S teacher 60 min, speaking 

Infected teacher giving lesson for the first 60 min of the school-day 
speaking (e.g. using a microphone) 

Mask effect 
T-60-LS-

M 
teacher 

60 min, loudly 
speaking 

Infected teacher giving lesson for the first 60 min of the school-day 
loudly speaking. Students and teacher wear a surgical mask. 

Voice 
modulation & 

mask effect 
T-60-S-M teacher 60 min, speaking 

Infected teacher giving lesson for the first 60 min of the school-day 
speaking (e.g. using a microphone). Students and teacher wear a surgical 

mask. 
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ABSTRACT	
The	 paper	 reviews	 studies	 conducted	 on	 human	
expiratory	 droplets	 for	 the	 purpose	 of	 defining	 the	
characteristics	of	expiratory	droplets,	their	maximum	
dispersion	 and	 the	 forces	 influencing	 that	 in	 an	
unventilated	 environment.	 	 The	 review	 shows	
coughing,	 sneezing	 and	 speaking	 droplets	 to	 have	
comparable	size	ranges,	while	breathing	droplets	have	
the	narrowest	size	range.		Sneezing	droplets	have	the	
largest	 average	 size	 and	 highest	 velocity	 among	
expiratory	 droplets.	 	 Compiled	 data	 reveal	 droplet	
Froude	number	offers	a	plausible	quantitative	measure	
of	 the	 droplet	 maximum	 spread.	 	 The	 fate	 of	 the	
airborne	droplets	is	seen	to	be	dictated	by	an	interplay	
between	 their	 inertial	 force	 and	 gravitational	 force.	
The	 higher	 the	 Froude	 number,	 the	 greater	 is	 the	
droplet	spread.		Small	droplets	with	high	flow	inertia,	
such	as	dry	sputum	droplets,	are	capable	of	reaching	
longer	 horizontal	 distances	 in	 comparison	 to	 large	
droplets.	The	review	shows	 the	maximum	horizontal	
distance	 coughing	 droplets	 can	 reach	 exceeds	 2	 m,	
while	sneezing	droplets	can	reach	distances	above	6	m,	
greater	 than	 the	 2	 m	 physical	 distancing	 currently	
adopted	to	avoid	virus	contamination.	

INTRODUCTION	
Human	 respiratory	 activities	 such	 as	 coughing,	
sneezing	and	 speaking	generate	 a	wide	 size	 range	of	
expiratory	droplets	(Xie	et	al.,	2009;	Chao	et	al.,	2009,	
Johnson	et	al.,	2011;	Duguid,	1946;	Gerone	et	al.,	1966;	
Asadi	 et	 al.,	 2019)	 that	 can	 be	 pathogen	 carriers	 for	
airborne	 viruses	 (Marr	 et	 al.,	 2019;	 Jayaweera	 et	 al.,	
2020;	Das	et	al.,	2020;	Seminara	et	al.,	2020;	Tang	et	al.,	
2013;	Zhu	&	Kato,	2006;	Yang	et	al.,	2018).		The	spread	
of	expiratory	droplets	depends	on	several	factors	such	
as	the	droplet	size,	ejection	velocity	(Asadi	et	al.,	2019;	
Tang	et	al.,	2013;	Zhu	&	Kato,	2006;	Van	Sciver	et	al.,	
2011;	Wei	&	Li,	2015;	Kwon	et	al.,	2012;	Li	et	al.,	2018),	
droplets	concentration	and	volumetric	flow	rate	(Zhu	
&	Kato,	2006;	Yang	et	al.,	2018;	Van	Sciver,	2011;	Li	et	
al.,	2018;	Gupta	et	al.,	2009),	ambient	temperature	and	
relative	 humidity	 (Wei	 &	 Li,	 2015;	 Li	 et	 al.,	 2018;	
Redrow	 et	 al.,	 2011;	 Ji	 et	 al.,	 2018).	 	 A	 substantial	
number	 of	 experimental	 and	 computational	 fluid	
dynamic	(CFD)	studies	(Lieber	et	al.,	2021;	Chen	et	al.,	
2020;	Cheng	et	al.,	2020;	Rosti	et	al.,	2021;	Zhu	&	Kato,	
2006;	Yang	et	al.,	2018;	Li	et	al.,	2018;	Ji	et	al.,	2018)	
have	been	conducted	on	airborne	respiratory	droplets.		
This	paper	reviews	past	studies	conducted	on	human	

expiratory	droplets	 for	 the	purpose	of	classifying	 the	
droplets	based	on	 their	 characteristics	 (size,	 ejection	
speed,	 flow	 rate),	 and	 determining	 the	 conditions	
influencing	 the	 droplets	 maximum	 spread	 in	 an	
unventilated	environment.	

METHODS	
Literature	review	on	the	characteristics	and	spread	of	
expiratory	 droplets	 was	 conducted	 using	
ScienceDirect,	 SpringerLink,	 and	 Web	 of	 Science	
databases.	 	 The	 review	 was	 done	 on	 literature	
published	before	April	2021,	and	it	focused	exclusively	
on	 the	 spread	 of	 expiratory	 droplets	 in	 unventilated	
environments.	 	 The	 search	 included	 experimental	
studies	and	numerical	simulations.	 	Search	keywords	
such	 as	 “expiratory	 droplets”,	 “exhaled	 droplets”,	
“coughing	 droplets”,	 “sneezing	 droplets”,	 “breathing	
droplets”,	 “droplets	 spread”,	 “droplets	 evaporation”,	
“COVID-19	 droplets”	 and	 “droplets	 dispersion”	 were	
used	in	the	search.	
In	the	first	part	of	this	review,	experimental	data	on	the	
size	and	the	percentage	distribution	of	droplets	 from	
different	 expiratory	 activities	 (coughing,	 sneezing,	
breathing,	 and	 speaking)	 were	 extracted	 from	
published	 literature.	 	 The	 droplets	 arithmetic	 mean	
size	was	then	calculated.		Data	regarding	the	droplets	
maximum	ejection	velocity	and	peak	volumetric	 flow	
rate	were	also	extracted.	
The	 second	 part	 of	 the	 review	 concentrated	 on	
expiratory	 droplets	 evaporation	 and	 their	 spread	 in	
unventilated	 environments.	 	 The	 review	 included	 a	
comparison	 in	 the	 evaporation	 rate	 between	 pure	
water	droplets,	 saline,	 saliva	and	sputum	droplets	as	
function	of	 relative	humidity.	 	Data	was	 retrieved	on	
the	 droplets	 horizontal	 spread	 as	 function	 of	 the	
droplets	 diameter	 and	 ejection	 velocity.	 	 This	
information	 was	 then	 used	 to	 calculate	 the	 droplets	
Froude	 number	 in	 order	 to	 reveal	 how	 the	 droplet	
horizontal	 spread	 is	 influenced	 by	 two	 forces:	 	 the	
droplet	 inertial	 force	 and	 the	 gravitational	 force	
pulling	the	droplet	downward.	

CHARACTERIZATION	OF	EXPIRATORY	DROPLETS	

Size	and	Distribution	of	Expiratory	Droplets	
During	the	last	few	decades,	several	studies	have	been	
conducted	on	human	respiratory	activities	that	include	
coughing,	sneezing,	speaking	and	breathing.		Figure	1	
shows	 the	 size	 and	 percentage	 distribution	 of	
respiratory	 coughing	 droplets.	 	 Data	 compiled	 from	
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various	studies	show	the	size	of	coughing	droplets	can	
range	starting	from	as	low	as	0.25	µm	and	up	to	1,500	
µm	with	an	arithmetic	average	droplet	size	of	64	µm.		
Xie	 et	 al.	 (2009)	 conducted	 a	 series	 of	 experiments	
using	aerosol	spectrometer	to	detect	smaller	droplets,	
and	 glass	 slides	 and	 a	 microscope	 to	 detect	 larger	
respiratory	 droplets	 from	 heathy	 male	 and	 female	
individuals.		Slightly	larger	average	droplet	sizes	were	
obtained	 from	 male	 individuals	 when	 compared	 to	
results	obtained	from	females,	while	the	percentage	of	
droplets	 size	 distribution	 was	 very	 close.	 	 Their	
coughing	droplet	size	ranged	from	7	µm	to	1,500	µm.		
Duguid	(1946)	used	glass	slides	and	a	microscope	 to	
quantity	 the	 respiratory	 droplets.	 	 His	 coughing	
droplets	size	and	distribution	were	comparable	to	that	
by	Xie	at	al.		Chao	et	al.	(2009)	used	interferometric	Mie	
imaging	 technique	 to	 measure	 the	 droplet	 size,	 a	
technique	 that	 allowed	 measuring	 the	 droplets	 in	 a	
close	 proximity	 to	 the	 mouth	 in	 order	 to	 avoid	 air	
sampling	 losses.	 	 Their	 coughing	 droplets	 size	 had	 a	
comparable	 range	 to	 that	 of	 Xie	 et	 al.,	 but	 the	
percentage	 of	 small	 droplet	 sizes	 was	 much	 higher	
than	those	reported	by	Xie	et	al.	and	Duguid	since	the	
system	 of	 Chao	 et	 al.	 is	 optimized	 for	 spray	
investigations	 of	 smaller	 droplets.	 	 Johnson	 et	 al.	
(2011)	 used	Aerodynamic	 Particle	 Sizer	 and	Droplet	
Deposition	Analysis	to	measure	the	size	distribution	of	
coughing	 droplets	 using	 a	 small	 closed-loop	 wind	
tunnel	into	which	the	subject	head	was	inserted.		Their	
data	 show	 the	 droplet	 size	 distribution	 had	 a	 very	
narrow	range	with	droplets	smaller	than	10	µm.		Zayas	
et	 al.	 (2012)	 used	 a	 laser	 diffraction	 system	 to	
accurately	determine	the	time-dependent	droplet	size	
distribution	of	expelled	respiratory	droplets	through	a	
cylindrical	measurement	zone.		Their	results	show	the	
majority	 of	 the	 coughing	 droplets	 were	 in	 the	 sub-
micron	range,	but	few	droplets	as	high	as	55	µm	in	size	
were	also	recorded.	

	
Figure	1.		Size	range	of	respiratory	coughing	droplets	

Figure	2	shows	the	size	and	percentage	distribution	of	
respiratory	 sneezing	 droplets.	 	 Similar	 to	 coughing	
droplets,	 the	data	 in	Fig.	2	 show	the	size	of	 sneezing	
droplets	 ranges	 from	 0.5	 µm	 to	 1,500	 µm	 with	 an	
arithmetic	 average	 sneezing	 droplet	 size	 of	 134	µm.		

Gerone	 et	 al.	 (1966)	 used	 a	 laboratory-type	
photometer	for	counting	and	sizing	sneezing	particles	
as	the	particles	pass	through	an	illuminated	area.		Very	
fine	droplet	sizes	between	0.5	µm	and	11.5	µm	were	
recorded	 with	 the	 majority	 of	 these	 droplets	 being	
around	1	µm	and	lower.		This	is	quite	different	than	the	
much	wider	droplet	size	range	that	has	been	reported	
by	Duguid.		Han	et	al.	(2013)	used	a	laser	particle	size	
analyzer	 to	measure	the	size	distribution	of	sneezing	
droplets	exhaled	immediately	at	the	mouth.		Measured	
results	 of	 tested	 subjects	 revealed	 two	 types	 of	
volume-based	size	distributions	of	sneezing	droplets:		
unimodal	and	bimodal.		Unimodal	distributions	had	a	
larger	droplets	than	bimodal	distributions	along	with	a	
narrower	droplet	size	range.		Few	droplets	as	large	as	
940	µm	were	observed.	

	
Figure	2.		Size	range	of	respiratory	sneezing	droplets	

Figure	3	shows	the	size	and	percentage	distribution	of	
respiratory	 speaking	 droplets.	 	 In	 comparison	 to	
coughing	 and	 sneezing	 droplets,	 data	 compiled	 from	
various	 resources	 show	 the	 speaking	 droplets	 size	
range	remains	virtually	 the	same	as	 that	of	 coughing	
and	 sneezing	 droplets.	 	 However	 the	 arithmetic	
average	sneezing	droplets	size	(52	µm)	is	smaller	than	
that	of	coughing	droplets.		Asadi	et	al.	(2019)	used	an	
Aerodynamic	 Particle	 Sizer	 placed	 in	 a	 laminar	 flow	
hood	to	determine	the	size	distribution	of	respiratory	
droplets	 emitted	 by	 individuals	 performing	 various	
vocalization	 activities	 such	 as	 speaking	 in	 a	 loud,	
intermediate	 or	 quite	 tone.	 	 Their	 results	 show,	 the	
percentage	of	droplets	size	and	their	distribution	range	
remain	 the	 same,	 expect	 the	 number	 of	 droplets	
produced	 during	 speaking	 activities	 increase	 as	 the	
speaking	 tone	gets	 louder.	 	Asadi	et	al.	 results	are	 in	
agreement	with	that	of	Johnson	et	al.	(2011)	who	also	
used	an	Aerodynamic	Particle	Sizer	to	measure	the	size	
distribution	 of	 speaking	 droplets.	 	 Both	 researchers	
have	 their	 speaking	 droplet	 sizes	 range	 between	 0.6	
µm	and	 7	µm.	 	 Again,	 as	was	 observed	 for	 coughing	
droplets,	 the	 results	 of	 Xie	 et	 al.	 (2009)	 and	 Duguid	
(1946)	 are	 in	 agreement.	 	 Since	 both	 of	 them	 used	
micrometry	 to	 detect	 respiratory	 speaking	 droplets,	
similar	droplet	sizes	were	detected.		Chao	et	al.	(2009)	
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detected	large	droplet	sizes	using	their	interferometric	
Mie	imaging	technique.	

	
Figure	3.		Size	range	of	respiratory	speaking	droplets	

Figure	4	shows	the	size	and	percentage	distribution	of	
respiratory	breathing	droplets.		These	droplets	are	the	
smallest	 of	 all	 respiratory	 droplets.	 	 Data	 compiled	
from	 several	 studies	 show	 the	 size	 of	 breathing	
droplets	to	range	from	0.4	µm	to	10	µm.		The	arithmetic	
average	droplet	size	in	those	studies	is	0.64	µm.		Both	
Morawska	et	al.	(2009)	and	Johnson	et	al.	(2011)	used	
Aerodynamic	 Particle	 Sizer	 to	 measure	 the	 size	
distribution	 of	 breathing	 droplets	 where	 the	 subject	
head	was	inserted	in	a	small	closed-loop	wind	tunnel.		
The	 size	 range	 and	 the	 percentage	 distribution	 of	
droplets	of	those	studies	were	comparable.		Fabian	et	
al.	(2008)	collected	exhaled	breath	from	subjects	onto	
teflon	 filters	 and	 measured	 the	 droplets	
concentrations	using	an	optical	particle	counter.		Their	
results	detected	a	droplet	size	range	that	is	wider	than	
that	 of	 Morawska	 et	 al.	 and	 Johnson	 et	 al.,	 but	 the	
percentage	of	droplets	smaller	than	0.5	µm	was	not	far	
off.	

	
Figure	4.		Size	range	of	respiratory	breathing	droplets	

Velocity	and	Flow	Rate	of	Expiratory	Droplets	
The	 velocity	 of	 expelled	 respiratory	 droplets	 is	 very	
important	 in	 predicting	 the	 droplets	 transmission	
distance.		Several	researchers	have	used	Particle	Image	
Velocimetry	 (PIV)	 to	 measure	 the	 velocity	 field	 of	

exhaled	 air	 from	 coughing	 (Zhu	 &	 Kato,	 2006;	 Van	
Sciver,	2011;	Kwon	et	al.,	2012)	and	speaking	(Kwon	et	
al.,	2012).		The	maximum	velocity	of	coughing	droplets	
reported	by	these	authors	is	seen	to	vary	from	11	to	29	
m/s	 (Fig.	 5).	 	 Using	 a	 PIV	 system,	 Kwon	 et	 al.	 have	
shown	 that	 the	 maximum	 velocity	 of	 expelled	
respiratory	 droplets	 vary	 with	 gender	 where	 males	
subjects	are	shown	to	have	44%	higher	velocities	than	
female	subjects.		Others,	Tang	et	al.	(2013),	have	used	
real	time	shadowgraph	imaging	to	capture	high	speed	
images	 of	 healthy	 subjects	 coughing.	 	 Captured	
imagery	shows	the	expelled	coughing	droplets	to	peak	
around	7	m/s,	which	 is	considerably	 lower	 than	 that	
obtained	from	PIV	measurements.		A	number	of	studies	
have	been	conducted	on	modelling	the	transport	and	
dispersion	of	coughing	droplets	(Wei	&	Li,	2015;	Li	et	
al.,	2018;	Redrow	et	al.,	2011;	Zhang	&	Li,	2012;	Zhao	
et	al.,	2005;	Mui	et	al.,	2009).	 	With	the	exception	for	
the	 numerical	 simulations	 conducted	 by	 Zhao	 et	 al.	
(2005)	 and	Mui	 et	 al.	 (2009)	 that	 imposed	 emission	
velocities	on	coughing	droplets	as	high	as	100	m/s,	the	
peak	 emission	 velocity	 of	 coughing	 droplets	 used	 in	
numerical	 simulation	 by	 the	 rest	 of	 these	 authors	
ranged	from	8	to	30	m/s,	close	to	what	is	predicted	in	
PIV	measurement	studies.	
The	 average	 peak	 emission	 velocity	 of	 sneezing	
droplets	is	shown	in	Fig.	5	to	be	slightly	larger	than	that	
of	 coughing	 droplets.	 	 Compiled	 data	 from	 several	
studies	 (Zhao	 et	 al.,	 2005,	 Tang	 et	 al.,	 2013;	
Rahiminejad	et	al.,	2016;	Scharfman	et	al.,	2016;	Bahl	
et	al.,	2020)	show	the	peak	velocity	to	range	from	4	to	
62	m/s,	except	for	the	study	conducted	by	Zhao	et	al.	
(2005)	where	the	peak	sneezing	velocity	was	100	m/s.		
The	peak	emission	velocity	of	breathing	droplet	is	seen	
to	 be	 substantially	 lower	 than	 that	 of	 coughing	 and	
sneezing	droplets,	 ranging	only	 from	1.4	 to	6	m/s	as	
studies	 reveal	 (Tang	 et	 al.,	 2013;	 Zhao	 et	 al.,	 2005;	
Villafruela,	 2013).	 	 On	 the	 other	 hand,	 the	 peak	 in	
speaking	droplets	velocity	is	seen	to	be	not	far	off	from	
breathing	droplets,	ranging	from	2.3	to	4	m/s	(Kwon	et	
al.,	2012)	with	males	having	higher	emission	velocity	
than	female	subjects.	

	
Figure	5.		Maximum	velocity	range	of	respiratory	droplets	
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Figure	6	shows	the	variation	 in	the	peak	flow	rate	of	
respiratory	 droplets	 between	 various	 studies.	
Coughing	droplets	exhibit	the	highest	flow	rates	(Zhu	
&	Kato,	2006;	Li	et	al.,	2018;	Gupta	et	al.,	2009;	Yan	et	
al.,	 2019;	 Mahajan	 et	 al.,	 1994;	 Singh	 et	 al.,	 1995;	
Lindsley	 et	 al.,	 2013;	 Zhao	 et	 al.,	 2005;	 Zhang	 et	 al.,	
2017),	followed	by	sneezing	droplets	(Rahiminejad	et	
al.,	2016),	followed	by	speaking	droplets	(Gupta	et	al.,	
2010)	and	then	breathing	droplets	(Zhao	et	al.,	2005;	
Gupta	 et	 al.,	 2010;	 Ai	 &	 Melikov,	 2018).	 	 Literature	
review	shows	limited	number	of	studies	conducted	on	
sneezing	and	speaking	respiratory	droplets.		Coughing	
droplets	peak	flow	rate	is	shown	to	range	from	4.2	to	
22	l/s,	while	the	study	on	sneezing	reveals	a	peak	flow	
rate	 of	 9.5	 l/s,	 compared	 to	 1.6	 l/s	 for	 speaking	
droplets,	and	0.01	to	0.4	l/s	for	breathing	droplets.	

Figure	6.		Peak	flow	rate	of	respiratory	droplets	

EXPIRATORY	DROPLETS	EVAPORATION	AND	
SPREAD	

Droplets	Evaporation	
Redrow	 et	 al.	 (2011)	 simulated	 the	 evaporation	 of	
different	 types	 of	 single	 droplets:	 pure	water,	 saline	
and	 sputum	 droplets.	 	 Sputum	 droplets	 had	 the	
following	 constituents:	 	 94.5%	 water,	 1.1%	 protein,	
1.5%	 lipid,	 1.23%	 carbohydrates,	 0.05%	 DNA	 and	
0.55%	salt,	while	saline	droplets	consisted	of	salt	and	
water	only.	 	Their	results	for	50	µm	size	droplets	are	
shown	in	Fig.	7.		The	initial	temperature	of	the	droplets	
was	 310.15	 K,	 initial	 velocity	 was	 10	 m/s,	 and	 the	
ambient	 air	 temperature	 and	 relative	 humidity	were	
293.15	K	and	80%,	respectively.		In	comparison	to	the	
evaporation	of	a	pure	water	droplet,	simulation	shows	
the	evaporation	rate	of	a	saline	droplet	 to	be	slightly	
lower	 resulting	 in	 a	 10	 µm	 dry	 salt	 residue	 after	
approximately	 2.5	 s,	 while	 the	 evaporation	 rate	 of	 a	
sputum	 droplet	 to	 be	 significantly	 lower	 due	 to	 the	
effect	of	the	different	constituents	in	the	droplet.		The	
sputum	droplet	reduces	to	a	dry	residue	close	to	23	µm	
after	approximately	10	s.	 	 It	 is	those	droplets	that	do	
not	settle	quickly	to	the	ground	but	remain	suspended	

in	the	air	for	long	durations	to	be	the	most	harmful	in	
carrying	viruses.	
Yan	 et	 al.	 (2019)	 simulated	 the	 evaporation	 of	 lone	
saliva	droplets	having	a	 composition	of	98.2%	water	
and	 1.8%	 non-volatile	 solid	 compounds.	 	 The	
evaporation	of	10	µm	and	100	µm	saliva	droplets	are	
shown	for	0	and	90%	relative	humidity	in	Fig.	7.		The	
evaporation	 time,	 which	 is	 driven	 by	 the	 difference	
between	the	vapor	density	at	the	droplet	surface	and	
the	surrounding	air,	is	shown	to	substantially	increase	
with	 the	 increase	 in	 relative	 humidity.	 	 Simulation	
shows	 the	 initial	 droplet	 size	 to	 strongly	 affect	 the	
onset	of	droplet	evaporation.		This	is	due	to	the	effect	
of	droplet	surface	tension.		Larger	surface	tensions	are	
associated	with	 bigger	 droplet	 sizes.	 	 The	 larger	 the	
surface	tension,	the	longer	is	the	delay	in	the	onset	of	
droplet	evaporation.	
Kukkonen	et	 al.	 (1989)	 simulated	 the	 evaporation	of	
freely	falling	pure	water	droplets	where	the	influence	
of	 droplet	 concentration	 on	 the	 evaporation	 process	
was	examined.		Figure	7	shows	the	diameter	of	a	200	
µm	 water	 droplet	 versus	 time	 for	 droplets	
concentrations	of	0.3	and	3	droplets/cm3.		For	the	high	
concentration	of	3	droplets/cm3,	simulation	shows	the	
evaporation	to	stop	after	reaching	30	s.		This	duration	
will	 increase	as	 the	droplets	concentration	 increases.	
Evaporation	 is	 shown	 to	 terminate	 as	 the	 relative	
humidity	 of	 the	 gas	 far	 away	 from	 the	 droplets	
approaches	 saturation	 condition.	 	 For	 the	 case	 of	
smaller	 concentration,	 0.3	 droplet/cm3,	 droplets	
completely	 evaporate	 before	 saturation	 condition	 is	
reached.	

Figure	7.		Evaporation	of	droplets	of	different	types	and	sizes	
Figure	 8	 shows	 the	 evaporation	 of	 saliva	 and	 water	
droplets	 at	 relative	 humidity	 of	 0%	 and	 90%	 and	
ambient	 temperature	 around	 18	 oC.	 	 Droplets	 are	
ejected	from	an	elevation	of	2	m	above	ground.		At	0%	
relative	 humidity	 (Wells,	 1934),	 water	 droplets	
smaller	 than	 140	 µm	 are	 shown	 to	 completely	
evaporate	before	hitting	the	ground.		In	this	case,	water	
droplets	larger	than	140	µm	will	reach	the	ground,	and	
the	figure	shows	the	time	it	takes	for	that	to	happen.		
Water	 droplets	 that	 are	 200	 µm	 in	 size	 reach	 the	
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ground	in	1.7	s.		However	for	the	case	of	saliva	droplets	
(Lieber	et	al.,	2021),	droplets	will	not	achieve	complete	
evaporation.	 	 Compared	 to	 water	 droplets,	 the	
airborne	 life	 time	 of	 saliva	 droplets	 substantially	
increases.		As	the	figure	shows,	a	critical	saliva	droplet	
size	 is	 reached	 below	which	 the	 droplet	will	 remain	
indefinitely	 suspended	 in	 the	 air	 (<	 60	µm	 for	 90%	
relative	 humidity,	 and	 <	 115	 µm	 for	 0%	 relative	
humidity).	

	
Figure	8.		Evaporation	of	small	droplets	versus	falling	time	of	

large	droplets	(freely	falling)	

Droplets	Horizontal	Spread	
The	maximum	horizontal	distance	respiratory	droplets	
can	reach	depends	on	two	factors:	 	the	droplet	initial	
velocity	 and	 diameter.	 	 Data	 compiled	 from	 several	
studies	 are	 presented	 in	 Fig.	 9	 showing	 the	 droplets	
horizontal	spread	as	function	of	the	droplet	diameter	
and	 initial	 velocity.	 	 Data	 shows	 sneezing	 droplets	
reach	 longer	distances	because	of	 their	higher	 initial	
velocity	 (Xie	 &	 Li,	 2006;	 Bourouiba,	 2020).	 	 This	 is	
followed	 by	 coughing	 droplets	 that	 are	 ejected	 with	
relatively	lower	speeds	(Wei	&	Li,	2015;	Ji	et	al.,	2018;	
Xie	&	Li,	2006;	Bourouiba	et	al.,	2014;	Liu	et	al.,	2017;	
Cheng	et	al.,	2020;	Chen	et	al.,	2020;	Das	et	al.,	2020;	
Wang	et	al.,	2020)	followed	by	speaking	droplets	that	
have	 substantially	much	 lower	 speeds	 (Teunis	 et	 al.,	
2010;	Xie	&	Li,	2006;	Parienta	et	al.,	2011).	 	The	case	
associated	 with	 exhaled	 droplets	 seen	 in	 the	
simulation	by	Rosti	et	al.	(2021)	resulted	in	a	droplet	
maximum	 horizontal	 reach	 that	 was	 in	 the	 range	 of	
coughing	droplets	due	to	the	high	ejection	velocity	(13	
m/s)	 that	 was	 used	 in	 the	 simulation.	 	 The	 general	
trend	 that	 the	 results	 (Fig.	 9)	 show	 is	 that	 the	
maximum	 horizontal	 distance	 speaking	 droplets	 can	
reach	 is	 close	 to	 1	 m,	 while	 coughing	 droplets	 can	
exceed	2	m,	and	sneezing	droplets	can	reach	a	distance	
above	6	m.		Smaller	droplets	are	shown	to	reach	longer	
horizontal	distances	since	they	can	remain	suspended	
for	prolonged	periods	of	time	in	comparison	to	larger	
droplets	 that	 will	 quickly	 fall	 to	 the	 ground.	 	 These	
results	are	in	agreement	with	a	recent	study	conducted	
by	Rosti	et	al.	(2020).		These	results	show	that	the	2	m	
physical	distancing	that	is	currently	adopted	to	avoid	

virus	 contamination	 may	 not	 suffice,	 and	 further	
studies,	particularly	experimental	studies,	need	to	be	
conducted.	 	 In	 the	 current	 coronavirus	 disease	 2019	
(COVID-19)	 pandemic,	 the	 recommendation	 by	 the	
World	Health	Organization	(WHO,	2021)	 for	physical	
distancing	in	order	to	reduce	exposure	to	the	virus	is	
specified	to	be	at	least	1	m,	while	that	by	the	Centers	
for	Disease	Control	and	Prevention	(CDC,	2020)	is	set	
to	1.83	m.		It	should	be	noted	here	that	even	though	this	
review	concentrated	only	on	expiratory	droplets	flow	
in	 an	 unventilated	 environment,	 the	 presence	 of	
natural	 ventilation	 can	 increase	 the	 droplet	 travel	
distance	 substantially	 (Dbouk	 &	 Drikakis,	 2020;	
Gorbunov,	2020).		Dbouk	and	Drikakis	have	shown	in	
their	 CFD	 simulation	 that	 the	 travel	 distance	 of	
coughing	droplets	(10	–	120	µm)	will	exceed	6	m	in	a	
wind	speed	of	1	m/s	and	relative	humidity	of	50%.		On	
the	 other	 hand,	 Gorbunov	 has	 shown	 that	 10	 µm	
coughing	 droplets	 ejected	 at	 a	 concentration	 of	 5	
particles/cm3,	 1	 m/s	 wind	 speed	 and	 50%	 relative	
humidity	can	reach	a	distance	of	9	m	with	a	detectable	
concentration	at	20%	of	the	initial	concentration,	and	
a	distance	of	36	m	with	a	detectable	concentration	of	
10%.	

	
Figure	9.		Effect	of	respiratory	droplets	size	on	droplets	

horizontal	spread	
The	data	from	Fig.	9	was	then	utilized	to	calculate	the	
droplets	 Froude	 number	 for	 the	 studies	 that	 are	
presented.	 	 Figure	 10	 shows	 the	 droplets	 horizontal	
spread	 as	 function	 of	 the	 droplets	 Froude	 number.		
Droplet	Froude	number,	Fr,	 is	defined	as	 the	ratio	of	
the	flow	inertia	to	the	droplet	gravitational	force:	

	 	𝐹𝑟 = 𝑉/&𝑔𝐷	 (1)	
where:	
V	 is	 the	 droplet	 velocity	 [m/s],	 D	 is	 the	 droplet	
diameter	 [m],	 and	 g	 is	 the	 gravitational	 acceleration	
[m/s2].	 	 The	 figure	 clearly	 shows	 an	 increase	 in	 the	
droplet	 horizontal	 spread	 as	 the	 droplet	 Froude	
number	 increases.	 	 Thus,	 the	 fate	 of	 the	 airborne	
droplets	 is	 dictated	 by	 the	 interplay	 between	 their	
inertial	 force	 and	gravitational	 force.	 	 Large	droplets	
with	 low	 inertial	 force	 can	 only	 cover	 a	 shorter	
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horizontal	 distance.	 	 Since	 the	 effect	 of	 the	 flow	 jet	
velocity	 on	 these	 droplets	 is	 small	 and	 their	
gravitational	force	is	high,	they	can	quickly	settle	to	the	
ground.	 	On	the	other	hand,	small	droplets	with	high	
inertial	 force	 can	 reach	 a	 longer	 horizontal	 distance	
since	 they	 can	 get	 trapped	 into	 the	 jet	 flow.	Because	
their	 gravitational	 force	 is	 small,	 they	 can	 remain	
airborne	 for	 longer	 duration	 and	 thus	will	 not	 settle	
quickly	to	the	ground.		It	is	those	droplets	that	are	most	
harmful	in	spreading	viruses.	

	
Figure	10.		Respiratory	droplets	maximum	horizontal	spread	

as	function	droplets	Froude	number	

CONCLUSIONS	
A	 review	 was	 performed	 on	 studies	 conducted	 on	
human	 expiratory	 droplets	 for	 the	 purpose	 of	
characterizing	 expiratory	 droplets	 and	 investigating	
the	 conditions	 affecting	 their	maximum	spread	 in	 an	
unventilated	environment.		The	following	conclusions	
are	reached:	
-	Coughing,	sneezing	and	speaking	droplets	can	range	
from	 sub-microns	 to	 1,500	 µm,	 while	 breathing	
droplets	have	a	narrow	size	range	from	sub-microns	to	
10	µm.	
-	Sneezing	droplets	have	the	highest	emission	velocity	
peak	 among	 all	 respiratory	 droplets,	 followed	 by	
coughing	droplets,	and	then	by	breathing	droplets	and	
speaking	droplets.	
-	Coughing	has	the	highest	volumetric	flow	rate	among	
expiratory	activities,	followed	by	sneezing,	followed	by	
speaking,	and	then	by	breathing.	
-	 The	 initial	 droplet	 size	 strongly	 affect	 the	 onset	 of	
droplet	evaporation.	 	The	 larger	 the	droplet	 size,	 the	
longer	is	the	delay	in	the	onset	of	droplet	evaporation.	
-	Evaporation	is	influenced	by	droplets	concentration.		
High	 concentrations	 can	 cause	 the	 evaporation	 to	
cease	quickly.	
-	The	decrease	in	relative	humidity	causes	the	droplets	
to	remain	airborne	longer,	resulting	in	an	increase	in	
the	droplets	maximum	spread.	
-	 Droplet	 Froude	 number	 offers	 a	 plausible	
quantitative	measure	of	the	droplet	maximum	spread.		

The	 higher	 the	 Froude	 number,	 the	 greater	 is	 the	
droplet	spread.	
-	 The	 fate	 of	 airborne	 droplets	 is	 dictated	 by	 the	
interplay	 between	 their	 inertial	 and	 gravitational	
forces.		Large	droplets	with	small	inertial	force	can	only	
cover	 a	 shorter	 horizontal	 distance,	 while	 small	
droplets	 with	 high	 inertial	 force	 can	 spread	 over	 a	
longer	distance.	
-	 Studies	 show	 that	 in	 an	 unventilated	 environment,	
the	 maximum	 horizontal	 distance	 speaking	 droplets	
can	reach	is	close	to	1	m,	while	coughing	droplets	can	
exceed	2	m,	and	sneezing	droplets	can	reach	a	distance	
above	6	m.	
-	The	2	m	physical	distancing	that	is	currently	adopted	
to	avoid	virus	contamination	may	not	be	sufficient.	
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ABSTRACT 

Human information is crucial for efforts in the field of 
buildings, health and experiences. Despite this, there 
is strikingly little focus on how it is created and may 
be understood. Division between e.g. “subjective”/ 
“feelings” vs. “objective”/ “facts” and thinking that e.g. 
questionnaires produce “facts” are examples of 
popular ideas more based on cultural myths than 
science. Traditionally, the brain is thought to register 
what happens in- and outside the body. Emerging 
knowledge indicates that the brain instead should be 
seen as creating all conscious experiences. In 
principle, the creation is an “integration” of (a) our 
previous experiences (i.e. acting as a model to 
generate predictions on future events) and (b) what 
actually happens (i.e. the inputs the brain gets, e.g. 
from our senses); (a) and (b) themselves not being 
consciously experienced. In this “integration”, factors 
(a) vs. (b) may have any distribution. If (b) dominates,
the traditional model may fit, i.e. experience is rather
equivalent to what actually happens. If (a) dominates,
the traditional model fails, experience has limited
relevance to what actually happens and may be
understood as a “copy” based on previous
experiences; e.g. still getting symptoms in a building
long time after proper renovation of a water-damage.
The new knowledge has several important
implications, like: (1) Talking, questionnaires etc.
“only” give the experience of each person, in principle
no “objective” data on causal mechanisms, buildings
etc.; (2) As all experiences are “subjective”, no persons
report “wrong” data; (3) Cultural misconstructions
like “psyche”/“feelings” vs. “soma”/“real” are invalid,
misleading and may be destructive. Taking the
emerging knowledge into account may be of
substantial help for all professions working in the
field of buildings, health and experiences.

INTRODUCTION 

In the field of buildings, health and human 
experiences reports from humans are crucial. In fact, 
one may see satisfaction among the users of the 
buildings as the most important goal of all efforts. 
Given the paramount importance of such human data, 
there is strikingly little focus on how they are created, 
and may be understood; i.e. why people report, 
experience and feel as they do. However, some ideas 

are circulating, like a division between e.g. 
“subjective”/“feelings” vs. “objective”/“facts” and 
thinking that e.g. questionnaires produce “facts”. As 
will be sought explored in this paper, such ideas are 
more based on culturally mediated myths than 
science. Emerging knowledge of fundamental 
functions of the nervous system may be of substantial 
help for practice and science in the broad field of 
buildings, not only with focus on health, but also when 
addressing more general and technical issues relevant 
for humans. 

NEW PERSPECTIVES ON THE NERVOUS SYSTEM 

Traditionally, the brain is thought to just passively 
register what happens in- and outside the body. The 
idea is that experiences, e.g. those labelled as 
symptoms, generally are preceded by biological 
stimuli, i.e. changes somehow affecting the body (Kolk 
et al., 2003, p. 2344). If this is the case, it is possible to 
access “objective” descriptions of the in- and outside 
world of individuals, based on what they experience 
and report. In reality, this is far from always the case, 
e.g. some may get substantial symptoms visiting a
certain building while others experience it as spotless.
In traditional views, such mismatches are sought
explained in several ways. One is to distinguish
between medically (a) “explained” and (b)
“unexplained” symptoms (MUS), the latter including
labels like “psychosomatic symptoms” and “functional
symptoms” (Van den Bergh et al., 2017). The (b)
terms are used when the traditional model does not
fit. Popular models like the somatosensory
amplification model (Barsky & Wyshak, 1990) are
hypothesized to explain this issue. Illness concerns of
threat-sensitive persons may lead to stress-related
physiological arousal and misattribution of normal
sensations to be caused by abnormal conditions like
diseases (Barsky & Wyshak, 1990; Kolk et al., 2003).
Physiological arousal may also elevate attention to
signals of the body, lowering the threshold for feeling
symptoms (Barsky & Wyshak, 1990). These processes
are proposed to end up in creating a vicious cycle.
However, there is limited scientific support for these
kind of models (Van den Bergh et al., 2017). Indeed,
correlation between symptom reports and objective
indicators of physiological arousal (e.g. due to stress)
are typically absent. More generally, correlations
between symptom reports and objective disease
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indicators are often low to moderate. Making a schism 
between “psyche”/“mental” and “soma”/“physical” is 
another widely accepted idea, both in- and outside 
health care. However, the scientific support for this is 
clearly limited. What symptoms perceived to be 
caused by building-related problems belongs to which 
part of the schism?, based on which rationale? E.g. 
experiencing breathlessness in a building may be 
caused by hyperventilation, asthma attack, other 
health conditions, previous experiences of 
breathlessness stored in the brain or, as often, a 
combination of such factors – in any case the 
experienced symptoms are created by the brain and 
objective investigations of the person may produce 
results only partly indicative of the bodily processes 
involved. In addition, the schism often causes 
unnecessary controversies, e.g. persons experiencing 
symptoms labelled as “psychogenic” may not accept 
such characteristics (Rief & Martin, 2014; Haanes et 
al., 2020). 

Based on knowledge originating from the late 19th 
century (von Helmholtz), the last years of 
developments in neuroscience have opened up for a 
paradigm shift, based on new understandings of 
functions of the nervous system, including the brain. 
Like the traditional view, the new one starts out with 
the brain obtaining information from in- and outside 
the body. The perception of signals originating from 
the organs of the body (e.g. heart and stomach) and 
other internal functions (e.g. glucose balance) is often 
described as interoception. Exteroception includes the 
information gathered from the external world, e.g. 
vision and audition and senses like taste and touch 
(Quadt et al., 2018). All these inputs are 
communicated through a sophisticated set of distinct 
pathways, via the nervous or humoral (e.g. hormones) 
systems. In principle, the information is directed to 
the brain. However, there is more to the picture. The 
signals propagating towards the brain meets signals 
going the opposite direction, generated by the brain 
itself and across several hierarchical levels of the 
brain. This means that there are two counterflowing 
streams of information, mainly mediated as 
unconscious neural activation; i.e. top-down and 
bottom-up processes. The top-down flow is based on 
neural representations in the brain that are produced 
from stored previous experiences, pre-existing 
information (“priors”). The brain anticipates inputs 
and activates prior information stored in the brain 
regions actually receiving stimuli from intero- and 
exteroception, i.e. through the bottom-up stream 
(Barrett & Simmons, 2015). At each hierarchical level 
from bottom to top of the nervous system, including 
the brain, stimuli that are predicted tends to be 
cancelled out, as there are “no news”. If the inputs do 
not correspond to the predictions, prediction errors 
(i.e. non-predicted input) are formed. The process 
continues further on the way to the top meeting new 
predictions all the way, bottom-up, accumulating the 

prediction errors generated through the process. In 
the final step the least overall prediction errors 
constitutes basis for a “posterior” evaluation, i.e. the 
fundament for a possible final conscious perception. 
According to the model, predictions represent 
hypotheses describing our internal and external 
world. These hypotheses are tested against the actual 
inputs, originating from the real world. The 
“posterior” evaluation is the generative result that 
overall fits best to this testing, i.e. may be seen as the 
best the brain is capable of doing and that brings the 
best possible order among all the overwhelming and 
complex stimuli we have to deal with. Posterior 
perceptions are subsequently added to the priors, i.e. 
the processes are interactive (Barrett & Simmons, 
2015; Pezzulo et al., 2019). Information has important 
influence on shaping priors, e.g. information and 
social relations may have substantial impact on 
perception of building-related factors. The described 
processes may be seen as the general biological core 
for all learning processes. 

Reduced prediction errors may be obtained by actions 
modifying priors to become closer to the world 
(internal and external) or by changing the world to fit 
the priors. This indicates that actions and planning 
can contribute to reduce prediction errors (Pezzulo et 
al., 2018). For example, in order to produce input 
consistent with the priors, the nervous system may 
initiate behaviour, e.g. change posture of the body or 
strategies for sampling information. In addition, 
prediction errors are modified not only from the 
outside world and priors, e.g. affective responses may 
contribute to imprecise prediction errors that allow 
prior beliefs to dominate the conscious experience of 
symptoms (Van den Bergh et al., 2017).  

Priors, stimuli, corresponding prediction errors and 
posteriors may be understood as probability 
distributions of neural activity in the actual parts of 
the neural system, i.e. an expected range of values for 
a given input and associated likelihood. The 
distributions may have any degree of precision, i.e. act 
as an account of reliability. Priors with low precision 
combined with high precision prediction errors/ high 
precision stimuli will generate a posterior evaluation 
closer to the original input, while high precision 
priors combined with low precision prediction 
errors/ low precision stimuli will shift the posterior 
towards the prior (Pezzulo et al., 2019). If these 
precisions are in the same range, the posterior 
evaluation ends up somewhere in-between the prior 
and what is accounted for by the stimuli. In principle, 
the processes described above are unconscious, 
except for the posterior perception, that rely heavily 
on the posterior evaluation. The latter may technically 
be understood as a neural probability distribution. In 
general, acute events are more likely to be dominated 
by the stimuli than priors, while the opposite is more 
probable in chronic ones (Van den Bergh et al., 2017). 
Fig. 1 illustrates two random, different patterns of 
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distributions of prior, observation (stimulus) and 
posterior. 

Figure 1. There are numerous possible patterns for how prior 
and stimulus generate a posterior. The graphs give two 
examples illustrating the distribution of neural activity 

(probability for a given pattern), that may reflect the final 
perception (distribution if possibilities based on the 

posterior). Upper panel: A low precision prior will have less 
impact on the formation of a posterior interpretation than a 
high precision stimulus, i.e. what is consciously perceived is 
closer to the actual stimulus. Lower panel: A low precision 

stimulus will have less impact on the formation of a posterior 
interpretation than a high precision prior, i.e. what is 
consciously perceived is closer to the prior (based on 

accumulated experiences) and with limited impact from the 
actual stimuli. 

Using statistical models may also help to understand 
the actual neural processes. Bayes' theorem describes 
the probability of an event, based on prior knowledge 
of conditions that might be related to the event. 
(Joyce, 2003). Bayesian inference is a method of 
statistical inference in which Bayes' theorem is used 
to update the probability for a hypothesis as more 
evidence or information becomes available 
(Wikipedia, retrieved 20.02.2021). The described 
functions of the neural system may be understood in 
accordance with Bayesian inference and generative 
models, i.e. models that generate new data instances 
(Parr & Friston, 2018). Based on past experiences 
(priors), the nervous system generates new 
probabilities/hypothesis of the internal and external 

world as new information arrives in the form intero- 
and exteroception (Barrett & Simmons, 2015). 
Predictive processing and predictive coding are terms 
frequently used to describe these neural phenomena 
(Pezzulo et al., 2019). 

The described models are based on emerging 
understanding of (a) anatomic structures and 
physiologic functions of the nervous system, and (b) 
phenomenon descriptions like placebo, nocebo, 
conditioning and other learning processes. Despite 
quite substantial scientific support for the models, 
clearly there is need for more documentation. 
However, the scientific support for alternative, e.g. 
more commonly used, models is though more limited 
(Barrett & Simmons, 2015; Van den Bergh et al., 
2017). Hence, a possible conclusion is that in the lack 
of anything better, and based on the available 
documentation, models like predictive coding (PC) 
should be used to understand human experiences, 
including e.g. perception of symptoms and associated 
causes. 

Summary of new perspectives on the nervous 
system 

All conscious experiences are in principle 
“integrations” of (a) our previous experiences (i.e. 
acting as models to generate predictions on future 
events by the brain) and (b) what actually happens 
(i.e. the inputs the brain gets, e.g. from our senses). 
Only the “end-product” is consciously experienced, 
not (a) and (b) themselves. In this “integration”, 
factors (a) and (b) may be of equal importance, one 
factor may dominate or even constitute the total. If (b) 
dominates, the traditional model may be acceptable, 
i.e. what is experienced is rather equivalent to what
actually happens, e.g. reporting an unpleasant smell in
a newly water damaged building. If (a) dominates, the
traditional model fails, what is experienced in the
actual situation has limited relevance to what actually
happens. Instead, the experiences may be understood
as “copies” based on previous experiences; e.g. still
getting symptoms in a building long time after proper
renovation of water-damages.

POSSIBLE IMPLICATIONS FOR THE FIELD OF 
BUILDINGS AND HUMANS 

The possible underlying mechanisms, elaborated 
above, describing conscious perceptions in general, 
may be applicated more specific to issues relevant for 
the field that may be labelled as building-related 
factors and its effects on humans, e.g. levels of 
satisfaction and symptoms. Using the term building-
related factors (BRF) implies that a broad range of 
technical issues, exposures and other kinds of factors 
may be of importance for buildings and their effects 
on occupants. Effects of BRF on human perceptions, 
e.g. generation of experiences, symptoms,
hypothesized causes and behavioural responses, are
of substantial relevance for most research and
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practice in the field. Despite this fact, the literature 
addressing these issues, based on models like PC, 
seems to be almost non-existent, although mentioned 
in Nordin, 2020. However, the literature on how 
symptoms perceived linked to BRF may be explained 
is abundant. Parts of the literature deal with 
exposures and related effects on health with 
established biological causal mechanisms (e.g. 
exacerbation of asthma in water-damaged buildings; 
Mendell et al., 2011; Kanchongkittiphon et al., 2015), 
while others focus on conditions where such causal 
mechanisms are less likely or uncertain (e.g. 
perception of headache and dizziness associated with 
BRF). For a review of the latter, see Nordin 2020. 
Proposed underlying mechanisms, like neurogenic 
inflammation and neural sensitization, have some 
elements in common with models like PC. Learning 
phenomena, e.g. conditioning and nocebo, are also 
frequently discussed in this literature. As discussed 
earlier, such phenomena are fundaments for PC as 
well. None of the models have a robust scientific base. 
However, it may be argued that models like PC have 
the broadest and most convincing grounding for 
understanding why we perceive as we do (Van den 
Bergh et al., 2017; van den Broeke et al., 2018). 

If models like PC are used to understand important 
aspects of perception regarding BRF, this may have 
substantial implications. This paper discusses some 
more general implications, while a separate 
conference paper elaborates on conditions 
characterized by symptoms associated with buildings 
(Haanes, 2021). 

Do human perceptions deliver objective or 
subjective data? 

As mentioned, according to traditional ideas, the brain 
may be thought to just passively register what 
happens in- and outside the body. If this was the case, 
human reports would give access to objective data of 
the status of the body and the outside world, e.g. an 
accurate account of the status of in principle any BRF 
affecting humans. The latter may be what is sought for 
when collecting information using questionnaires etc. 
As individual factors determine all experiences (i.e. 
posteriors in the models), what we really get may be 
seen as subjective in its nature, but at the same time, 
also as an objective account for the perception of the 
actual person. To this comes that there may be a huge 
variation in experiences between and within 
individuals over time (Van den Bergh et al., 2017). 
However, this does not mean that we should stop to 
obtain information from humans. In many situations 
data indicating perceptions, opinions and feelings are 
just what is wanted, e.g. the users' degree of 
satisfaction related to different parameters of a 
building. When objective information on e.g. BRF is 
sought, in some cases questionnaires etc. may be close 
enough to be useful; sometimes supported or 
supplemented by objective data, e.g. measurements. 

All human perceptions are true 

As all human perceptions are generated based on 
prior experiences and other factors specific for each 
individual, there is only one version of the truth; the 
one of each person. This explains that one person may 
report different from other persons and 
independently of objective data, e.g. from 
measurements. On the contrary, this also indicates 
caution taking actions regarding BRF based on human 
reports only, as they represent individual experiences 
and may not be in line with actual BRF facts, e.g. 
indoor climate may be evaluated as technically perfect 
despite occupants reporting severe symptoms or 
diseases like cancer, that they attribute to indoor 
climate. As mentioned earlier, the culturally generated 
idea of a schism between “psyche”/“mental” and 
“soma”/“physical” has limited support, and gets no 
support from models like PC (Haanes et al., 2020). In 
addition, labels like “psyche” and “mental” are often 
interpreted negative, i.e. associated with stigma. Thus, 
a lot of unnecessary controversies and 
miscommunications may be avoided if refraining from 
terms indicative of this schism. 

Some interventions may be more effective than 
others 

In the field of BRF, the goal often is changes for the 
better. Sometimes this can be achieved by entirely 
technical interventions. However, frequently, changed 
human perception may be necessary. Models like PC 
can guide on which interventions that may be 
effective (Van den Bergh et al., 2020). Traditional 
(passive) information gets better “through” in cases 
with limited earlier experiences (priors) than cases 
abundant in such experiences. Especially in the latter 
kind of cases, priors containing the “wrong messages” 
have to be overridden (they may not be erased) by 
priors that are more beneficial. In general, this is 
better achieved with active than passive methods, e.g. 
two-way communication vs. passive information. If 
possible, getting new embodied experiences are even 
more effective, e.g. giving opportunities to obtain 
neutral/positive experiences when attending a 
building usually giving unpleasant symptoms. The 
downsides of how human experiences are generated, 
is that it may be very hard to change strong 
unbeneficial priors and that heavy loads of “wrong” 
messages (e.g. undocumented statements in social 
media or negative experiences spread among 
occupants of a building) may produce strong priors. In 
addition, there is a tendency to pay more attention to 
information that fits the priors than not, i.e. 
conformation bias. This calls for realism regarding 
what are possible to achieve in cases of the practice 
field that are perceived difficult or stuck, e.g. despite 
little progression in a building related case, try to 
avoid frustrations among professionals and those 
afflicted. 
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Taking the described emerging knowledge into 
account may be of substantial help for all professions 
working in the field of buildings, health and 
experiences. 

CONCLUSION, TAKE HOME MESSAGES 

1. All data originating from human perception reflect
personal experiences.

2. All human experiences are true, but not
necessarily in accordance with technical
assessments etc.

3. Questionnaires and other inputs from humans
must be interpreted accordingly.

4. Cultural misconstructions like “psyche”/ feelings”
vs. “soma”/“real” should be avoided.

5. Active approaches are more effective than passive
for changing human experiences.
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ABSTRACT 
The bulk of literature on humans as occupants of 
buildings, is focused on comfort issues, especially 
thermal comfort. This review focuses on climate 
impacts on human airways and related health aspects.  
The paper describes design specifications, capacities, 
and limitations of conducting airways. The focus will 
be on the crucial role of the nose for the conditioning 
of breathing air to the physiological requirements of 
gas exchange in the alveoli.  
Throughout several million years of humankind’s 
evolution, the nose adapted to extreme climate 
situations in terms of moisture and temperature 
conditions. Low absolute humidity (AH) was the 
climate factor with the greatest impact on the shape of 
human noses.  Up to the present day, low AH is the 
crucial challenge for the vital air conditioning. Nose 
and bronchi of a growing aging population are over 
stressed with indoor winter conditions in temperate 
climate. The paper explains the potential consequences 
for infection defense and seasonal infections.  

UPPER AND LOWER AIRWAYS AND A CRUCIAL 
INTERSECTION 
In terms of functionality, airways may be divided in 
conducting airways (air conveying) from nares and lips 
to the 15th generation of bronchi and respiratory 
airways from the 16th generation of bronchi to the 
alveolar sacs, where gas exchange takes place . The first 
part of conducting airways, above the larynx, is a 
double duct where one duct (oropharynx) is shared as 
air and food pathway. The two pathways cross in the 
pharyngeal region Figure 4 (Lumb, 2017). The vocal 
cords mark the boundary between the doubled and 
shared upper airways and lower airways. The crossing 
of airways and foodways has far reaching 
consequences as will be shown.  

The conducting airways are lined by a two layered 
mucosa type I with cilia bearing epithelial cells that are 
covered by a mucus layer, see Figure 3. Interposed 
between the respiratory epithelium of the nasal cavity 
and the conducting airways below vocal cords is a 
section of stratified, squamous epithelium of mucosa 
type II in the oropharynx. This epithelium is resistant 
to thermal, chemical, and mechanical stress factors due 
to the processing of a wide range of foodstuff. 
Moreover mucosa type II is specialized in handling 

resistance and tolerance against pathogens and 
commensals of the local microbiota in oropharynx 
(Man, de Steenhuijsen Piters, & Bogaert, 2017). It’s 
innate and adaptive immune protective mechanisms 
differ from mucosa type I in nose cavity and lower 
conducting airways (Iwasaki, 2016). Besides, it lacks 
the mucociliary clearing system of respiratory airways. 
When confronted with airborne microbes, this might 
be a disadvantage and offer airborne microbes a 
preferential point of entry. The high viral 
concentrations in pharyngeal swabs  of SARS-CoV-2 
viruses and their predictive value for the severity of 
COVID-19 (Silva et al., 2021) seem to support this 
suspicion.  

CONDUCTING AIRWAYS MUST GUARANTEE 
HOMEOSTASIS OF RESPIRATORY AIRWAYS 
Conducting airways decouple respiratory airways 
from the potentially devastating influence of ambient 
air. In tidal nose breathing, nose, oropharynx and 
trachea protect the mucosal homeostasis of the lower 
conducting airways and the vital gas exchange by 
delivering moisture saturated  breathing air of 37°C 
core temperature below the trachea bifurcation 
(Williams, Rankin, Smith, Galler, & Seakins, 1996). This 
important level for airways homeostasis is called 
isothermic saturation boundary (ISB), Figure 4. Along 
the mucosal surface a bi-directional exchange of water 
and heat with inhaled and exhaled air takes place, 
Graph 1, (Naclerio, Pinto, Assanasen, & Baroody, 2007; 
Naftali, Rosenfeld, Wolf, & Elad, 2005; Williams et al., 
1996; Wolf, Naftali, Schroter, & Elad, 2004). On its way 
down to the ISB inhaled air reaches saturation of 
44mg/l and is heated up to 37°C (Williams et al., 1996). 
During exhalation less than one third of water and heat 
is regained (Walker, Wells, & Merrill, 1961), Graph 2. 
Homeostasis and functionality of the mucosa below the 
ISB is optimal when exposed to saturated air of core 
temperature (Williams et al., 1996). When inspired air 
deviates from the optimal level, progressive 
dysfunction occurs (Williams et al., 1996).  

AIR CONDITIONING BY UPPER AIRWAYS 
Air conditioning by conducting airways is a complex 
and highly variable task with impact on acute and 
chronic lung diseases and infections (Anderson et al., 
2015; Arundel, Sterling, Biggin, & Sterling, 1986; Brian 
Button, Anderson, & Boucher, 2016; Gallo, Locatello, 
Mazzoni, Novelli, & Annunziato, 2021; Hill et al., 2014; 
Kukwa et al., 2018; Lee, Guilleminault, Chiu, & Sullivan, 
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2015; Moriyama, Hugentobler, & Iwasaki, 2020; 
Naclerio et al., 2007; Pinto & Jeswani, 2010; Williams 
et al., 1996). The task depends on the conditioning 
capacity of the nose, breathing mode, respiratory 
volume and on absolute humidity (AH) of indoor air 
(see below). Nose breathing is the common, 
physiologic breathing mode at rest with unblocked 
nose. Mouth breathing reduces the workload for 
respiration due to lower resistance (Lumb, 2017). 
Nevertheless, forced mouth breathing has profound 
negative consequences on oral, dental and craniofacial 
development in childhood that are not fully 
understood (Lee et al., 2015). Exclusive mouth 
breathing at rest eliminates the two essential purposes 
of the nose: air-conditioning and protection against 
airborne pathogens. An increased risk of upper 
respiratory tract infections (Kukwa et al., 2018) and 
exposure to air pollutants (Brown, Zeman, & Bennett, 
2001; Everard, Hardy, & Milner, 1993) are the 
consequences. The paired nose cavities are specialized 
in air conditioning (Keck, Rozsasi, & Gruen, 2011; 
Naclerio et al., 2007; Naftali et al., 2005; Wolf et al., 
2004) and their capacity has been studied in health, 
disease and aging (Garcia, Bailie, Martins, & Kimbell, 
2007; Ho et al., 2001; Keck, Leiacker, Heinrich, 
Kühnemann, & Rettinger, 2000; Keck et al., 2011; 
Lindemann, Sannwald, & Wiesmiller, 2008; Ma et al., 
2018; Naclerio et al., 2007; Naftali et al., 2005; 
Newsome, E, Poetker, & Garcia, 2019; Pinto & Jeswani, 
2010; Wolf et al., 2004). The papers show that healthy 
young noses are capable of conditioning room air of 
different temperatures and RH up to roughly ninety 
percent of the needed temperature and moisture 
content for gas exchange (Keck et al., 2000; Keck et al., 
2011; Naclerio et al., 2007; Naftali et al., 2005; Wolf et 
al., 2004). A commonly used parameter for the 
efficiency of the nasal air conditioning is the nasal 
mucociliary transport velocity (MTV), discussed in a 
following section. 

TECHNICAL SPECIFICATION OF THE HUMAN NOSE 
The nose is a “bi-directional, cyclic, two-part mini- 
device for air conditioning, air filtration unit with 
integrated disposal, odor sensor and infection 
defense”. In 1939, Fritz Kahn, a German physician and 
painter, summarized the seven functions of the nose in 
a masterful and highly technical manner, Figure 1. 

NOSE ANATOMY  
• length: 8–10 cm, surface 150–200 cm2 
• bi-layered respiratory epithelium with cilia-

bearing cells (10 million cilia per cm2) and mucus-
producing goblet cells. Specific mucins, tethered to 
the cilia, fill the periciliary layer (PCL). Hydration of 
the PCL and the covering mucus layer is precisely 
balanced and regulated for assuring ciliary beating 
and maintaining ideal viscoelasticity of mucus. The 
mucociliary transport velocity (MTV) varies from 
0–22 mm/min, is directed towards the pharynx and 

propagated by beating cilia movements at a 
frequency of 5–20 Hz, Figure 4. 

• mucus production is 1-2 liters per day (depending 
on filtration needs, irritation, infection, and age) 

• three nasal conchae, well supplied with an 
adaptable blood flow, enlarge the surface, and 
enforce a turbulent flow profile, Figure 2. 

 
Figure 1. The seven functions of the nose, 1939,  Fritz Kahn 

(adapted, with permission from copyright owner) 

 
Figure 2. Cross- and longitudinal section of nasal cavity with 

upper-, middle and lower concha 

PHYSICAL APPROACH TO AIR HUMIDITY 
Humidity is the amount of water vapor or moisture in 
air. The amount of moisture that air may contain, 
depends on its temperature and pressure. Three 
aspects of humidity are mainly employed: relative 
humidity (RH), humidity ratio (HR) and absolute 
humidity (AH). RH is the commonly measured value 
that expresses the ratio of the actual water vapor to the 
maximal amount of water vapor that can be contained 
at a given temperature and pressure. RH expresses the 
degree of moisture saturation in percent while the 
difference to 100% expresses the saturation deficit, 
which is crucial for physiological considerations. For 
technical, thermodynamic calculations HR [g/kg], the 
weight of water vapor to the weight of dry air is mostly 
used, because it is independent of air temperature and 
pressure. AH is the weight of water vapor expressed in 
kilogram per cubic meter [kg/m3] or gram per liter 
[g/l] of ambient air and is temperature independent. 

PHYSIOLOGICAL APPROACH TO AIR HUMIDITY 
Completely dry air, as used in humidity ratio, does not 
exist in nature. Ambient air always contains at least a 
low amount of moisture. Therefore it is appropriate to 
use RH or AH for physiological considerations on 
humans in ambient air. 
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Air strives for saturation. Air is “thirsty” and therefore 
a sink for moisture until it is saturated. In buildings all 
unbound water is a potential water source for indoor 
air. This includes all reachable liquid water, from 
aerosols to the unbound water in hygroscopic 
animated and unanimated materials. The competition 
for moisture between indoor air and all reachable 
water sources is best described by the saturation 
deficit, as expressed in RH. All body surfaces of 
occupants, exposed to ambient air, from eyes to skin to 
upper airways, are part of this competition, imposed by 
subsaturated indoor air. Consequently, the body of 
literature on indoor comfort and on the impact on 
occupant’s surface areas employs RH for the 
description of heat and water exchange at the air-body 
interface (Wolkoff, 2018a, 2018b; Wolkoff, Azuma, & 
Carrer, 2021). 
The correlation between indoor air and the largest 
surface of the human body, the air-blood interface of 
respiratory airways is different. The decoupling of this 
roughly 100 square meter gas exchange surface from 
indoor air conditions is essential for human survival 
(Williams et al., 1996). The decoupling relies on 
conducting airways, first and foremost on the highly 
specialized human nose. If nasal airways are blocked, 
bypassed by mouth breathing or reduced in their 
capacity for air conditioning, other parts of the 
conducting airways must overtake this vital job, even 
at the expense of disadvantages and complications. 
Since oropharynx, trachea and bronchi are far less 
suitable for the task of air conditioning, they easily 
become overstrained, dry out (McFadden, Nelson, 
Skowronski, & Lenner, 1999; Williams et al., 1996), 
cool down and the ISB shifts deeper into the bronchial 
tree (McFadden et al., 1999). These side effects of 
overstressed air conditioning, diminish the tiered 
infection defense of nose, oropharynx, and bronchi 
which depends on optimal temperature of 37°C and 
optimal hydration of the mucosal linings (Foxman et 
al., 2015; Iwasaki, Foxman, & Molony, 2017; Kudo et al., 
2019; Moriyama et al., 2020). 
Outer surfaces of occupants and their gas exchange 
surface have a divergent relationship to indoor air.  For 
outer surfaces, the competition for water depends on 
the saturation deficit at ambient temperature.  For gas 
exchange surfaces the reference temperature is core 
temperature (37°C) and the benchmark is saturation at 
core temperature (44mg/l). It is the vital task of 
conducting airways to add this great moisture deficit to 
any needed respiratory volume (Maddux, Yokley, 
Svoma, & Franciscus, 2016; Walker et al., 1961; 
Williams et al., 1996). 

 OPERATING MODE OF THE NOSE 
In nose breathing mode, air conditioning relies to 
roughly ninety percent on the nose (Keck et al., 2000; 
Lindemann et al., 2008; Naftali et al., 2005; Wolf et al., 
2004). The switch from inhalation to exhalation 
dictates a cycle time of roughly five seconds in tidal 

breathing and a bi-directional workflow that changes 
from heat and moisture supply in inhalation to heat 
and moisture recovery in exhalation, Graph 1.  Along 
the conducting airways, down to the ISB, gradients of 
vapor pressure and temperature between mucosa and 
inhaled air change with the breathing cycle. These 
gradients dictate the efflux (evaporation) and reflux 
(condensation) of water and temperature between 
breathing air and mucosa (McFadden et al., 1999; 
Williams et al., 1996). 

Graph 1. Moisture and heat balance at the air-mucus 
interface in a breathing cycle 

Simultaneously the nose serves as self-cleaning 
efficient particle filter. Mucociliary clearance (MCC) is 
an important innate defense mechanism, essential for 
maintaining healthy airways (Anderson et al., 2015; 
Hill et al., 2014; Williams et al., 1996). The sticky mucus 
layer traps pathogens. Propelled by the coordinated 
cilia beating it removes them from the airways, thus 
reduces the risk of infections and the exposure to 
harmful airborne particles. 
Proper functioning of the respiratory mucosa in nose 
and bronchi relies on the delicate osmotic equilibrium 
between mucus and PCL The water supply from 
connective tissue and epithelium and the net water flux 
from mucus to breathing air, define the parameters, 
Figure 3 (Anderson et al., 2015; Hill et al., 2014; 
Williams et al., 1996). A prominent finding of recent 
research on respiratory mucosa is the paramount 
importance of the hydration degree of mucus for its 
physical properties and functionality. The two key 
elements of host defense, mucus clearance (macro-
rheology) and the penetrativeness of mucus and PCL 
for pathogens (micro-rheology) on their way to the 
epithelial cells, is optimal in a narrow range of 
hydration between 96 and 98 wt% (Anderson et al., 
2015; Hill et al., 2014; Williams et al., 1996). Increased 
mucus solid content above 4 wt% by dehydration, is a 
fundamental biomarker for diseased mucus in chronic 
bronchitis and chronic obstructive pulmonary disease 
(COPD) with disturbed MCC (Anderson et al., 2015; Hill 
et al., 2014). 
In exhalation roughly a third of water and heat loss 
during inhalation is regained (Walker et al., 1961; Wolf 
et al., 2004), Graphs 2. Homeostasis can be maintained 
as long as the net water loss is timely replaced by 
supply and the delicate osmotic balance between 
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mucus layer and PCL is not disturbed (Brian Button et 
al., 2016; B. Button, Boucher, & University of North 
Carolina Virtual Lung, 2008; White, Al-Jumaily, Bartley, 
& Lu, 2011; Williams et al., 1996).  

Figure 3. Balanced hydration between breathing air, mucus, 
periciliary layer and connective tissue. Mobility of cilia 

unrestricted      ©Condair Group AG 

Figure 4,”Mucociliary carpet lift”, crossing of airways and 
foodways, location of isothermic saturation boundary (ISB) 

NASAL MUCOCILIARY TRANSPORT VELOCITY 
The sticky mucus layer clears airborne pathogens by 
the “mucociliary moving carpet” that transports them 
to the pharynx, where they may be swallowed or 
coughed out, Figure 4. The mucociliary transport 
velocity (MTV) is the commonly used indicator for the 

efficiency of MCC in nose and bronchi. The two most 
common techniques for measuring nasal MTV in vivo 
are the Saccharin test and the tracking of radioactive 
tracers, positioned in the anterior nose. For a 
description of the techniques see (Deborah & 
Prathibha, 2014).  
The controversy on whether low humidity has an 
impact on MTV is discussed in the paper “Mucociliary 
clearance is humidity dependent-contrary to common 
belief” in the HB2021 congress proceedings. 

NOSE BREATHING 
In tidal nose breathing of healthy young people the 
nose provides roughly 90% of total air conditioning of 
the upper airways (Keck et al., 2000) (Lindemann et al., 
2008) (Naftali et al., 2005), Figure 5. Modelling of nasal 
air conditioning shows that in tidal breathing hot-dry 
(40°C, 5% RH) cold-dry (5°C, 5% RH) and cold-humid 
(5°C, 90% RH) air may be conditioned to 90% of 
alveolar needs (37°C and moisture saturation) by 
young individuals (Naftali et al., 2005).  

Figure 5. Humidity and temperature profile in the nasal cavity 
at the end of inspiration, measurements (Keck et al., 2000) 

WORKFLOW AND BACKUP IN CONDUCTING 
AIRWAYS 
When nose breathing is partially or totally blocked as 
it happens with any kind of rhinitis, be it infectious, 
allergic, age related or by imbalanced parasympathetic 
and sympathetic inputs (Leader & Geiger, 2021), the 
important contribution of the nose to air conditioning 
is shorted by mouth breathing. The short circuiting of 
the nose greatly reduces the efficiency of air 
conditioning shown by an increase in water loss of 42 
% (Svensson, Olin, & Hellgren, 2006). The replacement 
of the nose cavity by the oropharyngeal cavity shifts 
the ISB deeper into the bronchial tree (Ingelstedt, 
1956; McFadden et al., 1982; McFadden et al., 1985). 
From personal experience we all know, how quickly 
the oropharynx dries out when the nose is blocked by 
any reason. Whenever nose and/or oropharynx are 
overstressed by ambient dryness or an increased 
respiratory volume, the bronchial tree, as backup for 
air conditioning, is activated and must deliver the 
required air conditioning even at the expense of 
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dehydration. Dysfunction of cilia beating, reduced MCC 
by dehydration, cell damage and ultimately cell death 
have been documented in thirteen animal studies and 
two human studies, summarized in a textbook on 
critical care medicine (Williams et al., 1996). The two 
human studies were (Chalon, Dolores, & Malebranche, 
1972; Seo, Kim, Choi, Hong, & Hwang, 2014).  
The conducting airways seem to have a high short-
term back-up capacity for increased respiratory 
minute volumes during physical work or sports 
activities in combined nose and mouth breathing. How 
human lower airways handle the corresponding high 
demand for moistening, if the nose, is bypassed, is 
unknown. In vivo measuring of fast changing humidity 
in lower airways is impracticable. All existing 
information is derived from modeling parameters of 
inhaled and exhaled air and from studies with 
mechanically ventilated patients (Seo et al., 2014) 
Modelling of moisture and heat flux in moderately 
increased breathing rates (15/min., 0.82 l) for one 
minute, showed a reduction of the air-conditioning 
efficiency by 11% (Naftali et al., 2005). Increasing 
respiratory volumes and inhalation of dry air, exposes 
more and more of the tracheobronchial tree to 
incompletely conditioned air that causes dehydration 
and falling mucosa temperatures (Seo et al., 2014).  

WATER AND HEAT FLUX BETWEEN BREATHING 
AIR AND MUCOSA OF CONDUCTING AIRWAYS 
Water and heat flux between the mucous layer and the 
breathing air, are illustrated in Graph 2, adapted from 
(Walker et al., 1961).  

Graph 2. AH = absolute humidity, RH= relative humidity 
Graph 2 illustrates a breathing cycle in ambient air of 
22°C, 9.6 mg/l AH (50% RH) The heating part of air 
conditioning is easy to meet by our noses. Even at rest 
the human body represents an exothermic bioreactor 
that must get rid of 80 Watt to prevent overheating. 
The intense blood circulation in the nasal cavity 
provides plenty of heat transport capacity.  
The challenge is high for the moistening part of air 
conditioning, especially in indoor air of low AH. For 

compensation of the evaporative water losses to dry 
breathing air, mucus production increases. Water 
efflux to breathing air and the water needed for the 
hydration of mucus easely exeeds two liters per day. 
The transepithelial transport capacity may be overstressed 
by the hydration demand and the mucosal lining may 
dessicate. 

Table 1. Daily water requirement of conducting airways 
(namely the nose) for the conditioning of 18’000 liter 

breathing air in typical summer and winter indoor conditions. 

The daily respiratory volume of an adult person is 
between 10’000 liters in tidal breathing and roughly 
20’000 liters with working or exercising periods. For 
the conditioning of a daily respiratory volume of 
18’000 liters the water requirement increases from 
502 ml in summer (25°C, 16.1 mg/l AH, 70% RH) to 
722 ml in winter (22°C, 3.9 mg/l AH, 20% RH), an 
increase of almost 50%, Table 1. Evolution studies 
show that low absolute humidity climates forced 
human noses to adapt in terms of increasing 
dimensions (nasal index, see next section). This 
indicates that the moistening capacity is a limiting 
factor for human noses in dry climates. 

LESSONS FROM HUMAN EVOLUTION 
Outdoor climate influenced lifestyle, look, shape and 
physiology of humankind throughout several million 
years of evolution. Our ancestors lived and worked 
outdoors with minimal protection from rapidly 
changing climate conditions. Homo sapiens became the 
only mammal that eventually spread across all climate 
zones. Evolutionary anthropology led to the 
recognition that three evolutionary advantages made 
this possible: ability of the nose to adapt to climate 
zones with extremely low AH, ability of the “naked ape” 
to avoid overheating in extremely hot climate by 
sweating around the body and the intellectual ability to 
control fire and to produce clothes and buildings 
(Carey & Steegmann Jr., 1981; Franciscus & Trinkaus, 
1988; Tipton, Pandolf, Sawka, Werner, & Taylor, 2008; 
Zaidi et al., 2017). Note the impressive difference of the 
chimpanzee’s nose, whose habitat is tropical, 
compared to the human nose in Figure 6 and the large 
interindividual differences in nose shape. 
Studies have shown that low AH in cold climate applied 
the strongest evolutionary pressure on human noses 
indicating that this is the limiting factor of nasal air 
conditioning (Carey & Steegmann Jr., 1981; Franciscus 
& Trinkaus, 1988; Maddux et al., 2016; Zaidi et al., 
2017). The studies have investigated the correlation 
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between ethnic groups living in typical climate zones 
and the shape of their noses. The mere fact that 
moistening of the ambient air exerted selective 
evolutionary pressure, underlines the challenging 
nature of this task. In fact, “one-shape-fits-all-tasks” 
does not work. Specific dimensions in breadth and 
height, expressed as “nasal index” and complex 
geometries are needed for optimal performance in 
extremely dry environments. The “living nasal index” 
of the respective population, measured as ratio of 
breadth to height, shows a significant statistical 
correlation to the climate zones with lowest absolute 
humidity, the “cold-dry” and “cold-wet”, climates 
(Maddux et al., 2016).   
Maddux SD points out that the term “cold-wet” climate, 
widely used in older studies, is based on RH 
measurements. In fact, this climate category is less dry 
than the “cold-dry” but drier than the categories “hot-
dry” and “hot-wet” in terms of AH. (Maddux et al., 2016; 
Zaidi et al., 2017) (Carey & Steegmann Jr., 1981; 
Franciscus & Trinkaus, 1988), all pointed to the fact 
that low AH is the most challenging part of climate 
stress on noses. They show that decreasing absolute 
humidity correlates best with the shift from wide and 
flat noses (Platyrrhine) in “hot-wet” tropical zones to 
narrow and prominent noses (Leptorrhine) in “cold-
dry” and “cold-wet” climate. The correlation of the 
nasal index with temperature is less strong and even 
weaker with RH. In the history of human evolution, the 
greatest challenge and therefore the most selective 
pressure on our noses were imposed by “cold-dry” and 
“cold-wet” climates with the lowest AH’s. What is the 
significance of these findings regarding our indoor 
climate in modern buildings? 

 

Figure 6. Differences in breadth and height between 
humanoids and humans and in between individuals 

INDOOR STRESS FACTORS “LOW RELATIVE 
HUMIDITY” AND “LOW ABSOLUTE HUMIDITY” 
Winters in temperate climate are cold and dry. 
Temperatures and AH’s are low, while RH is higher or 
at least similar to summer RH, see examples Table 2. 
Heating creates comfortable air temperature, has no 
impact on absolute humidity, but increase the 
saturation deficit of indoor air, reflected by low RH. 
This increases the dehydration stress on body surfaces 
including conducting airways and justifies that low 
relative humidity dominates the discussion on health 
issues in heated buildings, with focus on skin and eyes 
(Wolkoff, 2018a, 2018b; Wolkoff et al., 2021). For the 
conducting airways, especially the nose, this is less 
than half of the challenge. For vital reasons they need 
to add the whole moisture difference between AH of 
room air and saturated breathing air at core 
temperature. Otherwise the dryness susceptible gas 
exchange would shut down (Williams et al., 1996). 

Table 2. AH in winter trimester is less than half of AH in 
summer trimester in temperate climate. 

 
Contrary to heating, ventilation has an impact on any 
moisture input by humans, human activities or by 
unbound water in reservoirs or hygroscopic materials 
of buildings. Depending on the air change rate, 
ventilation, especially not demand controlled 
mechanical ventilation, extracts indoor moisture that 
exceeds outdoor levels. 
Although indoor comfort climate is a hot topic, datasets 
including indoor temperature and relative humidity 
(absolute humidity may be calculated) covering a 
whole winter season, are scarce. Measurements in 
forty residential apartments in New York (Quinn & 
Shaman, 2017)  and in six high-quality commercial 
buildings in the Midwest (Reynolds et al., 2001), 
showed median indoor AH of 2.7 to 4.9 g/m3 and  
indoor RH of 12 to 24% in winter trimester. 
The industrial revolutions forced most people to an 
indoor lifestyle. They are exposed to an indoor climate 
that a majority perceives as comfortable. However, for 
the conducting airways, especially the most challenged 
noses, indoor climate in winter is more stressful than 
almost all outdoor climates in terms of AH. The 
measured AH’s in the study of Quinn (Quinn & Shaman, 
2017) were all lower than the mean AH in the two most 
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stressful climates, studied by Maddux SD (Maddux et 
al., 2016). The annual means of AH in “cold-dry” 
climates were 6 g/m3, in “cold-wet” climates 7,5 g/m3. 
At room temperature 22°C, RH’s below 40% are at the 
same level or below the above-mentioned annual 
means of stressful outdoor climates. 

CONSEQUENCES OF OVERBURDENED CONDUCTING 
AIRWAYS 
The persistently high humidification need for 
breathing air in low indoor AH in winter, overburdens 
all noses with suboptimal moistening capacity as 
described before (Elad, Wolf, & Keck, 2008; Ewert, 
1965; Lindemann et al., 2008; Naclerio et al., 2007; 
Naftali et al., 2005; Salah, Dinh Xuan, Fouilladieu, 
Lockhart, & Regnard, 1988; Sun, Hsieh, Tsai, Ho, & Kao, 
2002; Sunwoo, Chou, Takeshita, Murakami, & 
Tochihara, 2006; Wolf et al., 2004). As mucus 
membranes of the nasal cavities dry out and nasal MCC 
slows down, mouth, oropharynx, trachea, and bronchi 
must take over the task of air conditioning, although 
being far worse equipped for this challenge. 

 
Figure 7. If the net water loss of mucus layer is higher than 

the maximal water transport capacity from connective tissue, 
volume depletion of PCL immobilizes pressed down cilia. 

Underperforming nasal air conditioning may initiate a 
cascade of deteriorating mucosal performance that 
pushes the ISB deeper into the conducting airways 
(Williams et al., 1996, McFadden 1999). Increasing 
respiratory minute volumes further expand the 
mismatch between demand and supply of moisture to 
the inhaled air. If evaporation from the mucus layer to 
the inhaled air exceeds the supply capacity of water 
transport from blood via epithelium and PCL, the 
delicate osmotic balance mucus - PCL gets disturbed. 
The osmotic water-drawing power of mucus exceeds 

that of the PCL. The resulting water loss and volume 
shrinking of the PCL, depresses the cilia and may finally 
stop their motion (Anderson et al., 2015; Brian Button 
et al., 2016; Hill et al., 2014), Figure 7.  
The mucus layers of the nose and bronchi act like a 
“moving carpet lift”. All airborne pathogens, from air 
pollution to microbes, that stick to its surface, are 
carried towards the larynx. Here they are swallowed or 
coughed out together with a mix of mucus and saliva, 
Figure 4. This creates a time frame for penetration via 
mucus and PCL to the epithelial cells that depends on 
MTV and the entrapment site. In well hydrated mucosa 
of upper airways, the time frame is between less than 
one minute up to a maximum of thirty minutes. 
Considering the multiple obstacles on their way to the 
epithelial cells (micro- and nano-porous meshwork of 
mucins, IgA, enzymes, toxins, pH-gradients, 
electromagnetic and hydrophobic-hydrophilic 
interactions), the time window is tough (Lai, Wang, 
Wirtz, & Hanes, 2009; Zanin, Baviskar, Webster, & 
Webby, 2016). If mucus membranes are well hydrated, 
pathogens frequently lose the race against time. 
Low outdoor AH in winter of temperate climates 
triggers an indoor climate that favors airborne 
transmission of respiratory viruses and decreases the 
infection defense of human airways (Moriyama et al., 
2020). Winter epidemics of respiratory infections are 
linked to low outdoor and indoor AH (Arundel et al., 
1986; Lubart, 1962; Ritzel, 1966; Sale, 1972; Wolkoff, 
2018a; Wolkoff et al., 2021). Five intervention studies 
have shown the positive effect of humidification in 
winter by reducing respiratory infections and 
absenteeism (Ritzel, 1966; Sale, 1972), Gelperin A 
(1973) and Green GH (1974, 1985). The last two 
authors are referenced in (Arundel et al., 1986). 
Although known for more than half a century, the link 
is still not commonly recognized. 

CONCLUSION 
Winter indoor dryness in terms of low absolute 
humidity over stresses an increasing percentage of our 
aging population. With the currently available scarce 
datasets on indoor dryness, the impact on winter 
epidemics of respiratory infections is difficult to prove. 
We need widespread, large datasets including 
temperature, RH, calculated AH and CO2 from diverse 
building designs and housing technologies. Matching 
them with spatially and temporally resolved 
epidemiological data on seasonal respiratory 
infections would give us the much-needed 
consolidated database. 
The intervention studies that focused on the above 
question were conducted decades ago and the claim for 
maintaining medium RH of 40 to 60%, corresponding 
to AH of 8 to 11.5 g/m3 in the comfort temperature 
zone, has been raised for decades. The author takes the 
view that the above requested datasets and new 
intervention studies will enhance the claim that 
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maintaining 40 to 60% RH in our buildings would have 
a preventive effect against winter epidemics.   

ACKNOWLEDGMENTS    
The author is scientific adviser of Condair Group SA. 

REFERENCES 
Anderson, W. H., Coakley, R. D., Button, B., Henderson, A. G., 

Zeman, K. L., Alexis, N. E., . . . Boucher, R. C. (2015). The 
Relationship of Mucus Concentration (Hydration) to 
Mucus Osmotic Pressure and Transport in Chronic 
Bronchitis. Am J Respir Crit Care Med, 192(2), 182-190. 
doi:10.1164/rccm.201412-2230OC 

Arundel, A. V., Sterling, E. M., Biggin, J. H., & Sterling, T. D. 
(1986). Indirect health effects of relative humidity in 
indoor environments. Environmental Health 
Perspectives, 65, 351-361. doi:10.1289/ehp.8665351 

Brown, J. S., Zeman, K. L., & Bennett, W. D. (2001). Regional 
Deposition of Coarse Particles and Ventilation 
Distribution in Healthy Subjects and Patients with Cystic 
Fibrosis. Journal of Aerosol Medicine, 14(4), 443-454. 
doi:10.1089/08942680152744659 

Button, B., Anderson, W. H., & Boucher, R. C. (2016). Mucus 
Hyperconcentration as a Unifying Aspect of the Chronic 
Bronchitic Phenotype. Annals of the American Thoracic 
Society, 13(Supplement_2), S156-S162. 
doi:10.1513/AnnalsATS.201507-455KV 

Button, B., Boucher, R. C., & University of North Carolina 
Virtual Lung, G. (2008). Role of mechanical stress in 
regulating airway surface hydration and mucus 
clearance rates. Respir Physiol Neurobiol, 163(1-3), 189-
201. doi:10.1016/j.resp.2008.04.020 

Carey, J. W., & Steegmann Jr., A. T. (1981). Human nasal 
protrusion, latitude, and climate. American Journal of 
Physical Anthropology, 56(3), 313-319. 
doi:https://doi.org/10.1002/ajpa.1330560312 

Chalon, J., Dolores, & Malebranche, J. (1972). Effects of Dry 
Anesthetic Gases on Tracheobronchial Ciliated 
Epithelium. Anesthesiology, 37(3), 338-343. 
doi:10.1097/00000542-197209000-00010 

Deborah, S., & Prathibha, K. (2014). Measurement of Nasal 
Mucociliary Clearance. Clin Res Pulmonol, 2(2):1019, 4.  

Elad, D., Wolf, M., & Keck, T. (2008). Air-conditioning in the 
human nasal cavity. Respir Physiol Neurobiol, 163(1-3), 
121-127. doi:10.1016/j.resp.2008.05.002 

Everard, M. L., Hardy, J. G., & Milner, A. D. (1993). 
Comparison of nebulised aerosol deposition in the lungs 
of healthy adults following oral and nasal inhalation. 
Thorax, 48(10), 1045-1046. doi:10.1136/thx.48.10.1045 

Ewert, G. (1965). ON THE MUCUS FLOW RATE IN THE 
HUMAN NOSE. Acta Otolaryngol Suppl, 200, Suppl 
200:201-262.  

Foxman, E. F., Storer, J. A., Fitzgerald, M. E., Wasik, B. R., Hou, 
L., Zhao, H., . . . Iwasaki, A. (2015). Temperature-
dependent innate defense against the common cold 
virus limits viral replication at warm temperature in 
mouse airway cells. Proceedings of the National Academy 

of Sciences, 112(3), 827-832. 
doi:10.1073/pnas.1411030112 

Franciscus, R. G., & Trinkaus, E. (1988). Nasal morphology 
and the emergence of Homo erectus. American Journal of 
Physical Anthropology, 75(4), 517-527. 
doi:https://doi.org/10.1002/ajpa.1330750409 

Gallo, O., Locatello, L. G., Mazzoni, A., Novelli, L., & 
Annunziato, F. (2021). The central role of the nasal 
microenvironment in the transmission, modulation, and 
clinical progression of SARS-CoV-2 infection. Mucosal 
Immunology, 14(2), 305-316. doi:10.1038/s41385-020-
00359-2 

Garcia, G. J., Bailie, N., Martins, D. A., & Kimbell, J. S. (2007). 
Atrophic rhinitis: a CFD study of air conditioning in the 
nasal cavity. J Appl Physiol (1985), 103(3), 1082-1092. 
doi:10.1152/japplphysiol.01118.2006 

Hill, D. B., Vasquez, P. A., Mellnik, J., McKinley, S. A., Vose, A., 
Mu, F., . . . Forest, M. G. (2014). A Biophysical Basis for 
Mucus Solids Concentration as a Candidate Biomarker 
for Airways Disease. PLoS One, 9(2), e87681. 
doi:10.1371/journal.pone.0087681 

Ho, J. C., Chan, K. N., Hu, W. H., Lam, W. K., Zheng, L., Tipoe, G. 
L., . . . Tsang, K. W. (2001). The effect of aging on nasal 
mucociliary clearance, beat frequency, and 
ultrastructure of respiratory cilia. Am J Respir Crit Care 
Med, 163(4), 983-988. 
doi:10.1164/ajrccm.163.4.9909121 

Ingelstedt, S. (1956). Studies on the conditioning of air in 
the respiratory tract. Acta Otolaryngol Suppl, 131, 1-80.  

Iwasaki, A. (2016). Exploiting Mucosal Immunity for 
Antiviral Vaccines. Annu Rev Immunol, 34, 575-608. 
doi:10.1146/annurev-immunol-032414-112315 

Iwasaki, A., Foxman, E. F., & Molony, R. D. (2017). Early local 
immune defences in the respiratory tract. Nat Rev 
Immunol, 17(1), 7-20. doi:10.1038/nri.2016.117 

Keck, T., Leiacker, R., Heinrich, A., Kühnemann, S., & 
Rettinger, G. (2000). Humidity and temperature profile 
in the nasal cavity. Rhinology, 38(4), 167-171.  

Keck, T., Rozsasi, A., & Gruen, P. M. (2011). [Nasal-air 
conditioning]. HNO, 59(1), 38, 40-34. 
doi:10.1007/s00106-010-2219-2 

Kudo, E., Song, E., Yockey, L. J., Rakib, T., Wong, P. W., Homer, 
R. J., & Iwasaki, A. (2019). Low ambient humidity
impairs barrier function and innate resistance against
influenza infection. Proceedings of the National Academy
of Sciences, 116(22), 10905-10910. 
doi:10.1073/pnas.1902840116 

Kukwa, W., Guilleminault, C., Tomaszewska, M., Kukwa, A., 
Krzeski, A., & Migacz, E. (2018). Prevalence of upper 
respiratory tract infections in habitually snoring and 
mouth breathing children. International Journal of 
Pediatric Otorhinolaryngology, 107, 37-41. 
doi:https://doi.org/10.1016/j.ijporl.2018.01.022 

Lai, S. K., Wang, Y. Y., Wirtz, D., & Hanes, J. (2009). Micro- 
and macrorheology of mucus. Adv Drug Deliv Rev, 61(2), 
86-100. doi:10.1016/j.addr.2008.09.012 

Leader, P., & Geiger, Z. (2021). Vasomotor Rhinitis. In 
StatPearls. Treasure Island (FL). 

Healthy Buildings 2021 – Europe

- 401 -

https://doi.org/10.1002/ajpa.1330560312
https://doi.org/10.1002/ajpa.1330750409
https://doi.org/10.1016/j.ijporl.2018.01.022


Lee, S. Y., Guilleminault, C., Chiu, H. Y., & Sullivan, S. S. 
(2015). Mouth breathing, "nasal disuse," and pediatric 
sleep-disordered breathing. Sleep Breath, 19(4), 1257-
1264. doi:10.1007/s11325-015-1154-6 

Lindemann, J., Sannwald, D., & Wiesmiller, K. (2008). Age-
related changes in intranasal air conditioning in the 
elderly. Laryngoscope, 118(8), 1472-1475. 
doi:10.1097/MLG.0b013e3181758174 

Lubart, J. (1962). The common cold and humidity imbalance. 
N Y State J Med, 62, 816-819.  

Lumb, A. B. (2017). Chapter 1 - Functional Anatomy of the 
Respiratory Tract. In A. B. Lumb (Ed.), Nunn's Applied 
Respiratory Physiology (Eighth Edition) (pp. 3-16.e11): 
Elsevier. 

Ma, J., Dong, J., Shang, Y., Inthavong, K., Tu, J., & Frank-Ito, D. 
O. (2018). Air conditioning analysis among human nasal
passages with anterior anatomical variations. Med Eng
Phys, 57, 19-28. doi:10.1016/j.medengphy.2018.04.010 

Maddux, S. D., Yokley, T. R., Svoma, B. M., & Franciscus, R. G. 
(2016). Absolute humidity and the human nose: A 
reanalysis of climate zones and their influence on nasal 
form and function. Am J Phys Anthropol, 161(2), 309-320. 
doi:10.1002/ajpa.23032 

Man, W. H., de Steenhuijsen Piters, W. A., & Bogaert, D. 
(2017). The microbiota of the respiratory tract: 
gatekeeper to respiratory health. Nat Rev Microbiol, 
15(5), 259-270. doi:10.1038/nrmicro.2017.14 

McFadden, E. R., Jr., Denison, D. M., Waller, J. F., Assoufi, B., 
Peacock, A., & Sopwith, T. (1982). Direct recordings of 
the temperatures in the tracheobronchial tree in normal 
man. The Journal of Clinical Investigation, 69(3), 700-
705. doi:10.1172/JCI110498 

McFadden, E. R., Jr., Nelson, J. A., Skowronski, M. E., & 
Lenner, K. A. (1999). Thermally induced asthma and 
airway drying. Am J Respir Crit Care Med, 160(1), 221-
226. doi:10.1164/ajrccm.160.1.9810055 

McFadden, E. R., Jr., Pichurko, B. M., Bowman, H. F., Ingenito, 
E., Burns, S., Dowling, N., & Solway, J. (1985). Thermal 
mapping of the airways in humans. J Appl Physiol (1985), 
58(2), 564-570. doi:10.1152/jappl.1985.58.2.564 

Moriyama, M., Hugentobler, W. J., & Iwasaki, A. (2020). 
Seasonality of Respiratory Viral Infections. Annual 
Review of Virology, 7(1), 83-101. doi:10.1146/annurev-
virology-012420-022445 

Naclerio, R. M., Pinto, J., Assanasen, P., & Baroody, F. M. 
(2007). Observations on the ability of the nose to warm 
and humidify inspired air. Rhinology, 45(2), 102-111. 
Retrieved from 
https://www.ncbi.nlm.nih.gov/pubmed/17708456 

Naftali, S., Rosenfeld, M., Wolf, M., & Elad, D. (2005). The air-
conditioning capacity of the human nose. Ann Biomed 
Eng, 33(4), 545-553. doi:10.1007/s10439-005-2513-4 

Newsome, H., E, L. L., Poetker, D. M., & Garcia, G. J. M. (2019). 
Clinical Importance of Nasal Air Conditioning: A Review 
of the Literature. Am J Rhinol Allergy, 33(6), 763-769. 
doi:10.1177/1945892419863033 

Pinto, J. M., & Jeswani, S. (2010). Rhinitis in the geriatric 
population. Allergy, Asthma & Clinical Immunology, 6(1), 
10. doi:10.1186/1710-1492-6-10 

Quinn, A., & Shaman, J. (2017). Indoor temperature and 
humidity in New York City apartments during winter. 
Science of The Total Environment, 583, 29-35. 
doi:10.1016/j.scitotenv.2016.12.183 

Reynolds, S. J., Black, D. W., Borin, S. S., Breuer, G., 
Burmeister, L. F., Fuortes, L. J., . . . Whitten, P. (2001). 
Indoor Environmental Quality in Six Commercial Office 
Buildings in the Midwest United States. Applied 
Occupational and Environmental Hygiene, 16(11), 1065-
1077. doi:10.1080/104732201753214170 

Ritzel, G. (1966). Sozialmedizinische Erhebungen zur 
Pathogenese und Prophylaxe von 
Erkältungskrankheiten. Zeitschrift für Präventivmedizin, 
11(1), 9-16. doi:10.1007/BF02031776 

Salah, B., Dinh Xuan, A. T., Fouilladieu, J. L., Lockhart, A., & 
Regnard, J. (1988). Nasal mucociliary transport in 
healthy subjects is slower when breathing dry air. Eur 
Respir J, 1(9), 852-855.  

Sale, C. S. (1972). Humidification to reduce respiratory 
illnesses in nursery school children. South Med J, 65(7), 
882-885. doi:10.1097/00007611-197207000-00024 

Seo, H., Kim, S. H., Choi, J. H., Hong, J. Y., & Hwang, J. H. 
(2014). Effect of heated humidified ventilation on 
bronchial mucus transport velocity in general 
anaesthesia: a randomized trial. J Int Med Res, 42(6), 
1222-1231. doi:10.1177/0300060514548291 

Silva, J., Lucas, C., Sundaram, M., Israelow, B., Wong, P., Klein, 
J., . . . Iwasaki, A. (2021). Saliva viral load is a dynamic 
unifying correlate of COVID-19 severity and mortality. 
medRxiv. doi:10.1101/2021.01.04.21249236 

Sun, S. S., Hsieh, J. F., Tsai, S. C., Ho, Y. J., & Kao, C. H. (2002). 
Evaluation of nasal mucociliary clearance function in 
allergic rhinitis patients with technetium 99m-labeled 
macroaggregated albumin rhinoscintigraphy. Ann Otol 
Rhinol Laryngol, 111(1), 77-79. 
doi:10.1177/000348940211100112 

Sunwoo, Y., Chou, C., Takeshita, J., Murakami, M., & 
Tochihara, Y. (2006). Physiological and subjective 
responses to low relative humidity in young and elderly 
men. J Physiol Anthropol, 25(3), 229-238. 
doi:10.2114/jpa2.25.229 

Svensson, S., Olin, A. C., & Hellgren, J. (2006). Increased net 
water loss by oral compared to nasal expiration in 
healthy subjects. Rhinology, 44(1), 74-77. Retrieved from 
https://www.ncbi.nlm.nih.gov/pubmed/16550955 

Tipton, M., Pandolf, K., Sawka, M., Werner, J., & Taylor, N. 
(2008). Physiological adaptation to hot and cold 
environments. In (pp. 379-400). 

Walker, J. E., Wells, R. E., Jr., & Merrill, E. W. (1961). Heat and 
water exchange in the respiratory tract. Am J Med, 30, 
259-267. doi:10.1016/0002-9343(61)90097-3 

White, D. E., Al-Jumaily, A. M., Bartley, J., & Lu, J. (2011). 
Correlation of nasal morphology to air-conditioning and 
clearance function. Respir Physiol Neurobiol, 179(2-3), 
137-141. doi:10.1016/j.resp.2011.07.009 

Healthy Buildings 2021 – Europe

- 402 -

https://www.ncbi.nlm.nih.gov/pubmed/17708456
https://www.ncbi.nlm.nih.gov/pubmed/16550955


Williams, R., Rankin, N., Smith, T., Galler, D., & Seakins, P. 
(1996). Relationship between the humidity and 
temperature of inspired gas and the function of the 
airway mucosa. Crit Care Med, 24(11), 1920-1929. 
doi:10.1097/00003246-199611000-00025 

Wolf, M., Naftali, S., Schroter, R. C., & Elad, D. (2004). Air-
conditioning characteristics of the human nose. J 
Laryngol Otol, 118(2), 87-92. 
doi:10.1258/002221504772784504 

Wolkoff, P. (2018a). Indoor air humidity, air quality, and 
health - An overview. Int J Hyg Environ Health, 221(3), 
376-390. doi:10.1016/j.ijheh.2018.01.015 

Wolkoff, P. (2018b). The mystery of dry indoor air - An 
overview. Environ Int, 121(Pt 2), 1058-1065. 
doi:10.1016/j.envint.2018.10.053 

Wolkoff, P., Azuma, K., & Carrer, P. (2021). Health, work 
performance, and risk of infection in office-like 
environments: The role of indoor temperature, air 
humidity, and ventilation. Int J Hyg Environ Health, 233, 
113709. doi:10.1016/j.ijheh.2021.113709 

Zaidi, A. A., Mattern, B. C., Claes, P., McEvoy, B., Hughes, C., & 
Shriver, M. D. (2017). Investigating the case of human 
nose shape and climate adaptation. PLoS Genet, 13(3), 
e1006616. doi:10.1371/journal.pgen.1006616 

Zanin, M., Baviskar, P., Webster, R., & Webby, R. (2016). The 
Interaction between Respiratory Pathogens and Mucus. 
Cell Host Microbe, 19(2), 159-168. 
doi:10.1016/j.chom.2016.01.001 

Healthy Buildings 2021 – Europe

- 403 -



A field study of indoor air quality and overheating in newly built primary 
classrooms in low-carbon UK schools 

Sara MOHAMED1, Lucelia RODRIGUES2, John CALAUTIT2 and Siddig OMER2 

1Building, Energy & Environment Research Group, Faculty of Engineering, University of Nottingham, 
University Park, Nottingham NG7 2RD, UK 

2Department of Architecture & Built Environment, Faculty of Engineering, University of Nottingham, 
University Park, Nottingham, NG7 2RD, UK 

ABSTRACT 

School buildings confront complex design and layout 
problems due to needing to respond to a wide range of 
environmental factors while accommodating 
intermittent high-density occupancy. Despite current 
policy-driven emphases on improving building energy 
efficiency, focusing exclusively on energy issues fails to 
capture the full effect buildings have on their 
occupants and the environment. This paper 
investigates recently constructed low-carbon schools 
in the UK, examining indoor environmental quality and 
assessing overheating assessment against established 
standards. The findings reveal that carbon dioxide 
concentrations exceeded the maximum threshold 
(1,000 ppm) for more than 60% of school hours during 
both heating and non-heating seasons and that 
particulate matter levels exceeded 20 g/m3 during the 
heating season and 10 g/m3 during the non-heating 
season, indicating annual individual exposure above 
recommended health guidelines. Furthermore, the 
classrooms monitored experienced overheating for 
more than 40% of the school day. 

INTRODUCTION 

Classrooms are the second most important indoor 
environment for children after their homes (Hou, Liu, 
& Li, 2015) because they spend about 25–30% of their 
time in schools (De Giuli, Da Pos, & De Carli, 2012; 
Luther, Horan, & Tokede, 2018). 

Classrooms represent a crucial environment for air 
quality assessment because children represent a 
vulnerable population in terms of health concerns 
(Pacitto et al., 2018). 

Concerns about the adverse effects of poor indoor air 
quality (IAQ) on children's health, efficiency and 
welfare have grown more pronounced, particularly 
given indoor air can be ten times as polluted as outdoor 
air in real conditions. 

The notion of IAQ and indoor environmental quality 
(IEQ) potentially affecting students’ and teachers’ 
health and productivity is not new. 

Notably, the negative health effect of poor 
environmental conditions can negatively impact 
education outcomes. Building-related problems, such 
as ‘building-related illness’ (Assoulin-Daya, Leong, 

Shoenfeld, & Gershwin, 2002; R. McMullan, 2002), are 
known to the World Health Organisation (WHO) to 
produce ‘sick building syndrome’ (SBS), which can 
cause serious distress and illness to occupants. (Roaf S, 
1992), some of these disease symptoms cannot be 
clinically diagnosed nor treated medically. 

This paper reports findings from a field study 
evaluating the performance of classrooms at a newly 
built school in Nottingham, evaluating the case study 
school building’s performance in terms of IAQ through 
comparison between its IAQ parameters, Standers 
intent and industry standards. 

BACKGROUND 

Poor IAQ has certain psychological or physiological 
costs that impact students’ health and performance, 
particularly younger age groups. Building regulatory 
mechanisms for the supply of appropriate IAQ is 
framed around carbon dioxide (CO2) standards rather 
than considering other contaminants, with CO2, the 
most critical human bio-effluent, produced by human 
respiration in proportion to their metabolic rate.  

Regarding the effect of CO2 concentration on 
classrooms, an analysis by (Heudorf, Neitzert, & Spark, 
2009) demonstrated that CO2 concentrations above 
1,000 ppm increase absenteeism by about 10–20%. 
(Shendell et al., 2004) have suggested that decreasing 
CO2 concentrations to below 800 ppm is likely to 
decrease SBS symptoms such as headache, fatigue and 
eye/throat discomfort (Seppänen, Fisk, & Mendell, 
1999). Elsewhere, Myhrvold et al. (1996) revealed that 
CO2 concentrations above 1,500 ppm could contribute 
to headaches, dizziness, tiredness, difficulties in 
concentrating and unpleasant classroom odours. 

However, IAQ can also be considered in terms of 
particle matter concentration, with fine particle matter 
(PM2.5) identified as a key driver of IAQ’s adverse 
health effects (Brook Robert et al., 2010; W. H. O. WHO, 
2013), including being a primary cause of air-adverse 
pollution’s health consequences (Anderson, Thundiyil, 
& Stolbach, 2012; WHO, 2012) 

Given PM2.5 comprises fine particles – defined as 
inhalable particles that are 2.5 μm or less in diameter – 

PM2.5 contamination creates serious problems for the 
human body’s cardiopulmonary system (Anderson et 
al., 2012; Mullen et al., 2020). 
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Children are more vulnerable to the effects of PM2.5 
concentration due to their small bodies and growing 
lungs (Brockmeyer & D'Angiulli, 2016; Landrigan, 
Rauh, & Galvez, 2010). Additionally, children are often 
more deeply embedded in specific local environments 
than adults; for example, they spend considerable time 
at school (Kweon, Mohai, Lee, & Sametshaw, 2018) 

Not only does IAQ negatively affect the classroom, but 
overheating and consequent heat stress have major 
consequences for student learning. For example, 
during the 2006 heatwave, dozens of schools had to 
close when temperatures hit above 36°C (McLeod RS, 
Hopfe CJ, & A, 2013; Pathan, Mavrogianni, 
Summerfield, Oreszczyn, & Davies, 2017). Overheating 
is an issue of increasing significance to school building 
design.  

Beyond buildings overheating for lengthy periods 
potentially having major consequences for occupant 
wellbeing, in extreme situations, grave dangers may 
result. With surface temperatures expected to continue 
increasing around the world and more intense hot 
spells predicted, classrooms overheating could become 
more widespread in the future (ZEROCarbonHub, 
2012). 

Notably, classrooms are densely occupied spaces with 
high occupancy levels and increasingly contain large 
amounts of IT equipment Lykartsis, Bahadori-Jahromi, 
and Mylona (2018). In addition to substantial heat 
gains due to operating at full or almost full capacity 
most of the time and attendant large internal heat gains 
from equipment, intermittent occupancy presents an 
additional challenge, with pupils regularly moving 
between spaces. Recent research has posed a further 
challenge by indicating that comfortable temperature 
levels are lower for children than for adults Teli, 
Jentsch, and James (2012), with thermal comfort field 
surveys conducted during spring and summer in 
naturally ventilated classrooms in the UK finding this 
comfort temperature difference to be around 2°C 
(Lykartsis Athanasios, B-Jahromi Ali, Mylona 
Anastasia, & 2017) 

Furthermore, given higher levels of insulation and 
triple-glazed windows – part of passive house design – 
eliminate heat transfer through the thermal envelope 
and tend to maintain warmth in the winter, high 
thermal inertia and dependence on useful solar gains 
during the winter mean that buildings may be 
vulnerable to overheating in the summer, especially 
when designed with wide south- or west-facing 
windows and built with super insulation. 

There are several causes of overheating. First, sunlight 
entering through windows can heat surfaces inside. 
Modern houses (and some renovated houses) with 
double-glazed windows and good insulation tend to 
harness this heat indoors, enabling it to build up. 
Meanwhile, occupants emit ‘metabolic’ heat, which 
varies depending on their level of activity, with heat 

also produced by normal activity, such as children 
playing. 

Elsewhere, poor ventilation can lead heat to build up, 
and even low-energy lighting and appliances can 
contribute to heat gains. In the classroom context, both 
computers and whiteboards produce heat, even in 
standby mode. Figure 1 provides a schematic 
illustration of the sources of internal heat in 
classrooms. 

Figure 1. The internal gain and causes of overheating in the 
classrooms 

Concerns about overheating in buildings without 
mechanical ventilation have increasingly considered as 
global average temperatures have risen over the past 
century. Significantly, heat waves have also become 
more frequent and intense (Jenkins et al., 2010b; L. 
Rodrigues, M. Gillot, & Tetlow, 2013; Lykartsis et al., 
2018; McLeod RS et al., 2013). Accordingly, 
overheating issues are likely to become more serious 
in the future, especially given rises in temperature and 
increases in the frequency and intensity of extreme 
weather events demonstrated by the UK Climate 
Projections (Geoff Jenkins et al., 2010; Projections, 
2009b) 

However, there remains scarce data on air quality and 
globe temperatures for new school buildings during 
the summer months due to that period’s open 
schedule. That is, it is difficult to define occupant 
behaviour in clustered learning environments, with 
the school building of particular concern given the 
potential to interrupt the education process.  

Many factors contribute to thermal comfort, from low 
ventilation rates, movement, uncomfortable high 
temperatures, unsuitable daylight levels, low humidity 
and high electromagnetic radiation from appliances 
(McMullan, 2002). Numerous studies have attempted 
to examine different features affecting the internal 
environmental quality in primary school classrooms 
(see, for example,  Corgnati , Filippi M, and Viazzo S 
(2007); HSE (2013); Mohamed (2009), concluding that 
poor IAQ leads to poor health and wellbeing and 
impacts children’s performance and the quality of their 
education. 

As discussed, children's environmental adaptive 
behaviours are more limited than those of adults 
(Haddad, Osmond, & King, 2017; Wang, 2015), a factor 
compounding the obvious differences produced by the 
teachers controlling classrooms (Korsavi & 
Montazami, 2020; Sepideh Sadat Korsavi & Azadeh 
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Montazami, 2018). The impact of poor IAQ on children 
is exacerbated by the fact that they rarely complain 
(Wargocki & Wyon, 2013; Zhang & Bluyssen, 2019), 
that classrooms are more crowded than other 
workplaces (Bakó-Biró, Clements-Croome, Kochhar, 
Awbi, & Williams, 2012; Wargocki & Wyon, 2007) – 
with classroom occupancy density four times that of 
office buildings (Katafygiotou & Serghides, 2014) 
Consequently, CO2 exhalation rates in schools could be 
higher. Meanwhile, external influences, such as their 
type of schoolwork (Wargocki & Wyon, 2007, 2013) 
and their stress levels (Dascalaki & Sermpetzoglou, 
2011), may also negatively impact children's 
perceptions of IAQ. Children's schoolwork is almost 
always new to them, so although adults perform 
routine tasks on a regular basis (Katafygiotou & 
Serghides, 2014). Thus, environmental factors more 
greatly impact children's schoolwork than adults’ 
office work Lan, Wargocki, Wyon, and Lian (2011). 

This clearly demonstrates the need to improve the 
overall energy efficiency of new school buildings in the 
context of broader environmental and educational 
requirements. However, it is less clear how these 
buildings are going to perform in future climates, 
where hotter-than-average summers and an increased 
frequency of extreme heatwave events are anticipated 
(Kevin Anderson & Bows, 2008) and are obvious risk 
factors for increased overheating within the built 
environment.  

A case studies approach can enable a more thorough 
and in-depth investigation of new school buildings, 
with findings from such investigations able to guide 
potential construction projects in the education sector. 

Generally speaking, the environmental requirements 
for schools and other learning spaces are more 
demanding and complex than those of other types of 
buildings. Although meeting these standards often 
produces conflict, such design requirements are 
fundamental for the occupants, most of whom are 
pupils spending most of their time indoors away from 
their home, meaning school buildings are essential to 
both their overall wellbeing and educational 
attainment.  The approaches of the current wave of 
sustainable and low energy school building designs to 
achieving high IEQ and building user satisfaction can 
produce conflict with initiatives designed to improve 
energy efficiency. For example, overheating and poor 
IAQ can be produced by highly insulated and airtight 
modern buildings built to demanding energy 
standards. Therefore, this study’s field measurements 
aim to investigate the individual environmental 
parameters of classrooms in newly constructed 
schools, examining IAQ and assessing for overheating 
to enable comparison with the BB101 and CIBCE 
School Building Standards and identification of the 
conflicts and problems inherent to providing a holistic 
system combining technological and design solutions. 

METHODS 

This methodology’s four main steps are (1) field 
monitoring; (2) sampling the building and its 
occupants; (3) a second-level analysis acquiring data 
on the indoor and outdoor environments; (4) 
evaluation of classroom IAQ and assessment of 
overheating in comparison with standards. 

1. Field monitoring

An in-situ method was adopted for the field study, 
which was generally conducted according to the 
monitoring strategies described in ENISO 16000_1 
(2006). The centre of the classroom was generally 
considered the most suitable location for the field 
study, and monitoring equipment was set to obtain 
readings of concentration or level for every minute of 
each field study period. Continuous monitoring and 
regular readings enabled variation to be captured, 
allowing deeper insights into the dynamic indoor 
environment, which was constantly modified by 
fluctuations in pupil activities, ventilation, the 
windows and doors schedule, and miscellaneous 
externalities. The equipment was selected after 
consideration of accuracy, volume, robustness and low 
noise activity (to eliminate pupil noise). The 
equipment was calibrated and checked against the 
manufacturer’s appendix. The data were downloaded, 
and equipment was tested after each field analysis day. 
The measurement devices were positioned away from 
both sun patches (e.g., windows) and heat sources (e.g., 
computers) and 1.1 m above the floor, as 
recommended by ISO 7726. The equipment was 
positioned as such to both minimise disturbances and 
maintain proximity to the desks of pupils. Devices were 
set before children arrived each morning, allowing the 
instruments to adapt before the main measurement 
collection. 

2. Building and occupants sampling

The case study school’s main building is separated into 
two parts – KS1 and KS2 – as documented in Figure 2, 
with KS1 including reception to Year 2 classrooms. 
This school was constructed in 2013 as a low-energy 
building. 

Figure 2. Case study of a new build school 
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To study the effect of occupant-related factors, 
especially adaptive behaviours, on IAQ, the school 
chosen for this study was naturally ventilated, 
following the UK norm of using windows as the main 
source of ventilation. Accordingly, the school uses 
windows for ventilation during the summer. This 
impacts how occupants practice adaptive 
performance, with it having been demonstrated that 
manual window operation significantly improves IAQ 
(Hou et al., 2015; Stabile, Dell’Isola, Frattolillo, 
Massimo, & Russi, 2016) and occupants’ sense of 
relaxation.  

Accordingly, it is also important to analyse the types of 
windows in the classrooms being studies. Figure 3 
depicts a classroom with single-sided double openings, 
with opening level manually controlled along with the 
classroom’s length Figure 3 also depicts a classroom 
with two large windows measuring 1.8 m in height. 

Figure 3. Window designs in case study school 

3. Second-level analysis

The monitoring methodology for the case study 
classrooms incorporated real-time devices for various 
IEQ parameters, enabling dynamic changes in indoor 
and outdoor climates to be captured. The results 
compare indoor parameters (i.e. temperature, CO2, 
PM2.5, occupancy, window and door schedule) with 
outdoor parameters (i.e. ventilation, temperature, CO2 
levels) to holistically describe the classroom in terms 
of building performance and IEQ. Monitoring was 
conducted during both the heating and non-heating 
seasons. 

The second-level analysis considers classroom CO2 
level, indoor air temperature, indoor air velocity, 
occupancy, and window and door opening schedules, 
as well as outdoor air temperatures, humidity and air 
velocity. 

4. IAQ and overheating guideline criteria and
standards

Although no widely accepted UK guidance on 
benchmarks for IAQ or overheating exists for schools, 
the Chartered Institution of Building Services 

Engineering (CIBSE) has conducted considerable 
consultation and analysis on the effect of climate 
change on both the indoor environment and weather 
data. Existing guidelines for the evaluation of 
overheating in buildings have included both (a) 
deterministic, defined thresholds and (b) parameters 
based on the adaptive thermal comfort method. Both 
methods have been used for the evaluation of indoor 
overheating levels in of this study’s controlled sample. 

The results were subsequently analysed to determine 
IAQ and indoor overheating using existing and new 
standards, which are discussed individually in the 
following paragraphs and generally follow the 
Environmental Design Guide by CIBSE (2006) and 
recent report standards by the Building Bulletin 101 
(BB101; UK Government, 2018).  

Fixed and deterministic thresholds for overheating 

Two temperature thresholds have been defined by 
CIBSE for schools: a lower temperature threshold, 
which indicates when occupants will start to feel 
‘warm’ (above 25°C), and a higher threshold 
temperature, which indicates when occupants will 
start to feel ‘hot’ (above 28°C). However, to define a 
fixed ‘overheating’ measure,  an excess of more than 
1% of occupied hours per year above the higher 
temperature benchmark is adapted to indicate a failure 
of the building to control overheating risk (CIBSE 
Guide A, 2006). 

Meanwhile, BB101 establishes performance standards 
for summertime overheating in compliance with 
Approved Document L2 for Teaching and Learning 
Areas: a) The average internal to external temperature 
difference should not exceed 5°C (i.e., the internal air 
temperature should be no more than 5°C above the 
external air temperature on average). The Passive 
House School defines the threshold temperatures in 
winter as not exceeding 20°C, in summer as not 
exceeding 22°C, and, across the whole year, not 
exceeding 25°C for more than 5% of the year. This 
study collected data on actual occupancy patterns and 
window opening schedule during the monitoring 
periods. 

Building Bulletin 101 BB101 (2018) recently produced 
by the UK government and was developed to regulate 
indoor thermal conditions in UK classrooms and assess 
overheating risks overheating at the design stage and 
under operational conditions. Performance in use for 
the Priority Schools Building Programme specifies that 
when the external air temperature is above 20°C, the 
average temperature difference across 30 minutes 
intervals should not exceed 5°C. During the heating 
season, the regulatory framework establishes 
minimum indoor temperatures of 16°C in workplaces. 

Fixed and deterministic thresholds for CO2 levels 

For naturally ventilated classrooms, both sets of 
guidelines recommend an average concentration of 
CO2 during occupied periods not exceeding 1,500 ppm; 
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furthermore, at any occupied time, occupants should be 
able to reduce the CO2 concentration to 1,000 ppm, 
with the maximum CO2 concentration during a typical 
teaching day never exceeding 2000 ppm for more than 
20 minutes.  

Thresholds for particle matter 

In 2006, a WHO, committee elaborated international 
standards for deriving indoor environmental guideline 
principles WHO, (2010), establishing a scientific 
framework for legally enforceable requirements for 
indoor conditions. Fine particle matter thresholds 
indicated a maximum of 8 µg/m3 average annual 
concentration value and a maximum of 25 µg/m3 daily 
concentration value.  

Particles are classified by their diameter (usually 
referred to as particle size) because this property 
determines their movement and their suspension in 
the air and their deposition in the lungs, as well as 
being commonly linked to chemical structure 
(Morawska and Salthammer, 2003). The key indoor 
causes of particles in school environments are human 
activity, plants and building materials, particularly 
mineral fibres. Particles often infiltrate the classrooms 
through ventilation, infiltrating from the outdoor 
environment, especially in urban areas where exhaust 
from vehicles is common. 

Criteria based on the adaptive thermal comfort 
approach 

The recent publications regarding school buildings by 
the BB101 and the CIBCE have included guidelines on 
preventing overheating, which consequently impacts 
thermal comfort, IAQ, lighting and ventilation, 
according to the ‘Environmental Circle’ framework 
developed by Montazami, Gaterell, and Nicol (2015), 
which emphasises the importance of a holistic 
approach. This circle considers sub-parameters 
representing environmental conditions such as 
humidity, air temperature, air velocity, parts-per-
million, background noise, reverberation time, 
uniformity, lighting level, and radiant temperature. 
The BS EN15251 Standard and guides by the BB101 
and the CIBCE have been used to assess overheating in 
the (mostly) naturally ventilated buildings monitored. 
All three deliver formulas for calculating the 
comfortable indoor temperature, with the adaptive 
thermal comfort method describing comfort 
temperature bands as variables of outdoor ambient 
temperature ref, which is commonly recognised as a 
more rigorous alternative to evaluating indoor 
overheating. The comfort temperature is related to the 
running mean of the outside dry-bulb temperature, as 
demonstrated by Equation (1): 

𝑇𝐶 = 0.31 × 𝑇𝑟𝑚 + 17.8 (1) 

Where: 

Trm is the running mean temperture (◦C), TC is comfort
temperature.  

Standard EN15251 (2009) gives Trm = the mean 

radiant temperature which is calculated from Tg 

(globe temperature), Ta (Air Temperature and air 

Velocity V, as the diameter d of the globe 

temperatures is (0.075): 

𝑇𝑟𝑚 =  [(𝑇𝑔 + 273)
4

+ (1.2 × 108𝑑−0.4)𝑣0.6(𝑇𝑔 − 𝑇𝑎)]
0.25

−

 273  (2) 

Where all temperatures are in °C, Tg is global 
temperature, D and ε are the diameter and emissivity 
of the globe respectively, and airspeed (v) is in m/s. 
The globe thermometer used in this study (diameter: 
0.075 m) found in figure (4)below was manufactured 
and calibrated when used in the field study 

Figure (4) Indoor and outdoor Global the globe and air 
temperature device used in field study (PCE-WB-20SD) 

Operative temperature (OT or Top) combines the mean 
radiant temperature (MRT or Trm) and AT (Ta) and 
has been widely used in previous studies combining 
behavioural and adaptative temperature factors. When 
indoor airspeed is below 0.1 m/s, Equation (2) is used: 

𝑇𝑂 = 1
2⁄ 𝑇𝑎 + 1

2⁄ 𝑇𝑟𝑚 (3) 

This alternative criterion proposed by British Standard 
and developed by Nicol regarding the percentage of 
overheating is only valid for spaces engaged in mainly 
inactive activities such as offices, classrooms etc,Nicol 
et al, (2009). 

RESULTS AND DISCUSSION 

Overheating assessment 

Classrooms CSYRF and CSY1F, shown in Figures 5 and 
6, face south and north, respectively. As is typical of a 
school employing single-sided ventilation, doors and 
windows are not opened at the same time. 
Additionally, the internal roller blind was raised most 
of the time. However, windows were covered with 
pupils’ drawings and other schoolwork, helping to 
prevent solar radiation. As Figures 5 and 6 indicate, 
during summer, the recorded temperature was 23.8°C 
at the start of the day, which could be explained as a 
result of the window and the door having both been 
open when there was no occupancy (or before the start 
of the day). Temperatures began to gradually increase 
at 8:54, reaching above 26°C, before falling slightly 
when the students went to play outdoors. The global 
and air temperatures peaked at 13:30 (the end of the 
day), with temperatures recorded between 26.5°C and 
above 27°C when the windows were open, and the 
door was closed. 

The diameter of the 
Globe temperatures 
is 0.075m  

Healthy Buildings 2021 – Europe

- 408 -



The field study results demonstrate that temperatures 
were above 27.5°C from 13:00 to 14:45. There are 
many possible causes of this overheating:  the single-
sided ventilation, the presence of a wall built through 
the classroom to separate different classroom groups, 
and the occupancy, along with the school building 
having been built using super insulation in the walls to 
attain low-carbon status under Passive House 
regulations standards. 

According to the fixed benchmarks provided by BB101 
and CIBCE, for classroom, the average indoor air 
temperatures were highest between 9:00 and 10:00, at 
around 25°C; for classroom CSYRF, the mean 
temperatures were more consistent, reaching a 
maximum of 25.7°C throughout the day, particularly 
after the lunch break. On 27/02/2020, classroom 
CNYRF, the highest mean indoor air temperatures, 
above 25°C, were recorded at 13:30. To assess 
classroom overheating during school hours, it is worth 
considering that external air temperature was 
sustained at levels above 20° C. However, according to 
the BB101 benchmark, the average temperature 
difference between indoor and outdoor temperatures 
over 30-minute intervals should not exceed 5°C. 
However, when outdoor air temperatures reached 
21°C (at 14:00), the indoor classroom temperature 
reached above 27°C. 

Figure 5. The continuous measurement of classroom CNY1F’s 
indoor air temperature, globe temperature and humidity 

compared to outdoor air temperature during the non-heating 
season 

Furthermore, the results show that the significant 
variations in recorded temperatures between the 
classrooms and the outside environment reached up to 
5–6°C, falling below the BB101 standards. Figures 4 
and 5 also compare the inside air temperatures to the 
corresponding outdoor air temperatures at 30-second 
intervals, revealing that indoor air temperatures 
steadily responded to outdoor temperatures, as well as 
to the window and door operation schedule. 
Specifically, there was a steep increase in air 
temperatures inside the classroom, which reached 
between 27.3°C and 27.5°C between 9:30 and 10:11, 
followed by a slight temperature drop to the range 
26.4–26.2°C. This slight decline might have been 

caused by occupants when opening the window. These 
findings suggest that the air temperature profile of the 
classrooms monitored during the field study  

Figure 6. The continuous measurement of classroom CRYRF’s 
indoor air temperature, globe temperature and humidity 

compared to outdoor air temperature during the non-heating 
season 

experienced overheating, with the temperature 
variations between 25°C and 27°C exceeding the CIBCE 
fixed thresholds, which are rendered as dashed lines in 
the figures. As such, Figure 5 offers important insight 
into how outdoor conditions influence the 
natural ventilation inside classrooms.  

Figure 7 shows the proportion of different ranges of 
monitored temperatures during summer in the 
classrooms. The figures demonstrate the air 
temperatures, showing that the values for 
temperatures above 25°C were 41.08% for CNY1F and 
64.12% for CSYRF.  

Figure 7. Proportions of air temperatures within certain 
ranges during occupied hours during field monitoring for (a) 

classroom CNY1F (b) classroom CSYRF 

CSYRF 

CNY1F 

First Floor Plan 
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To go probe the environmental performances of the 

classrooms, Figure 8 provides minimum, maximum 

and average temperatures during school time for every 

hour, demonstrating how the temperatures in 

classrooms CN2Y2.1G and CN2Y2G exceeded the 

temperature benchmarks, with even the minimum 

temperatures exceeding the BB101 and CIBCE 

recommended inside temperatures during the summer 

monitoring period. This is represented in Figure 7 by 

the red-lined benchmark that all of the temperature 

recordings exceed (minimum, maximum, and, 

consequently, mean temperatures). 

 

 

Figure 8. The minimum, maximum and average temperatures 
during school hours during summer for (a) classroom 

CN2Y2.1G (a) and (b) CN2Y2.1G 

 

Concerning criteria for adaptive thermal comfort, 
Figure 9 shows the plotted operative temperatures 
after applying Equations (1), (2) and (3)using values 
from the air and globe temperature measures collected 
during the winter monitoring period. These 
measurements demonstrate that the plotted 
temperatures exceed the BS EN15251 (2007) 
guidelines, which dictate that outside temperatures 
between 1°C and 5°C exceed the thermal comfort zone. 
In the graphs presented, these results presented as 
differently coded lines: the unbroken red line shows 
the 80% acceptability limit, and the blue dotted line 
shows the 90% acceptability limit. Both of which 
increase gradually as the mean outdoor air 
temperature and mean indoor operative temperature 
increase. 

Regarding the winter monitoring period, both the BS 
EN15251 Standard and the BB1010 and CIBCE 
guidelines were used to assess overheating in the 
(mostly) naturally ventilated buildings. Based on their 
formulas for calculating comfortable indoor 
temperatures, Figure 10 shows the plotted operative 
temperatures following calculations using Equations 
(1) to (3) using the air and globe temperature 
measures, proving that the plotted temperatures 
exceed what is recommended by the BS EN15251 
(2007) guidelines, which dictate that outside 
temperatures between 1°C and 5°C exceed the thermal 
comfort zone. 

 

Figure 9. Indoor operative temperatures for classrooms 
CN2Y1F and CS2YRF during summer compared with the 

acceptable operative temperature ranges prescribed by BS 
EN15251 (2007) 

 

Figure 10. Indoor operative temperatures for classroom 
CS2YRF during winter compared with the acceptable 

operative temperature ranges prescribed by BS EN15251 
(2007) 

Indoor air quality results  

Typical profiles of the CO2 levels during teaching days 
in the heating season for classrooms CN1Y2.1F and 
CN1Y1.1F are presented. 

These profiles indicate that indoor CO2 levels 
increased rapidly from the start of the day, reaching 
the first peak before the morning break. This is likely 
due to the brevity of the morning break, during which 
children are sometimes asked not to leave their 
classroom, resulting in indoor levels not reaching 
equilibrium with outdoor levels. 

Ground Floor Plan 
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Figures 11 and 12 present the gradual increases after 
the lunch-time break, which exceed the average daily 
guidelines for the heating season by more than 2,000 
ppm and for more than 20 minutes. Using an operable 
approach alone did not sufficiently provide adequate 
ventilation, resulting in maximum concentrations 
averaging 1,500 ppm during the monitoring period.  

As expected, higher indoor CO2 levels were associated 
with higher indoor temperatures, with both seeming to 
increase in the presence of occupants and increasing, 
respectively, the sensible and latent heat gains. 
However, the association between CO2 levels and 
indoor temperatures remained significant after 
controlling for density and number of occupants, 
indicating that reduced ventilation rates promote 
overheating. Furthermore, opening and closing 
windows manually did not provide adequate 
ventilation. Consequently, the maximum CO2 
concentration averaged as high as 4,000ppm and 
generally 3,500 ppm between 14:00 and 15:00 on 
school days. Figures 11 and 12 show the minimum, 
maximum and average concentrations for every school 
hour during the five working days monitored. 

Figure 11. The continuous monitoring of all field study 
parameters – CO2 concentration, air velocity and air 

temperatures indoors vs CO2 level, air velocity and air 
temperatures outdoors – for classroom CN1Y1F during the 

heating season 

Figure 12. The continuous monitoring of all field study 
parameters – CO2 concentration, air velocity and air 

temperatures indoors vs CO2 level, air velocity and air 

temperature outdoors for classroom CN1Y2F during the 
heating season 

Meanwhile, Figure 13 shows the CO2 concentration for 
all classrooms during school hours in the heating 
season, indicating CO2 levels frequently exceeding 
1500 and 2000ppm for more than 20 minutes. 

Figure 13. The continuous monitoring of CO2 levels during 
teaching periods in the case study classrooms 

Regarding PM2.5 levels, Figures 14 and 15 present 
PM2.5 levels during the five days of monitoring of 
classrooms CNY1F and CN2YRF in winter, showing 
high concentrations of PM2.5, particularly during 
teaching activities. 

This result could be attributed to the continued re-
suspension of deposited indoor particles as a 
consequence of the absence of fresh air during the 
heating season when windows were not operated 
regularly. 

The indoor levels were likely also affected by the 
orientation of the classroom relative to the unpaved 
playground, which promotes maximum concentration. 

In classroom CSYR.1F, maximum concentration levels 
ranging between 35ug/m3 and 67 ug/m3 were 
recorded. However, there are several possible reasons 
for this high level of particle matter, such as the wall-
to-wall carpets and the conduct of activities with 
ventilation low. Notably, several previous studies have 
indicated that PM2.5 derives from a mixture of organic 
carbon from skin flakes and cotton fibres from 
clothing, along with other organic materials and rich 
components extracted from chalk, which are labelled 
organic textile chalk  (Amato et al., 2014). This also 
explains the high variation in PM2.5 in the reception 
classroom, particularly with regard to pupil occupancy, 
as shown in Figure 14. 

Figure 15 also demonstrates that classroom CNY2.1G 
features a large source of PM2.5 compared to classroom 
CSYR.1F. This could be due to the classroom’s position 
near the outside playground and its link to the nearest 
corridor. As noted, Figures 14 and 15 demonstrate the 
existence of particle matters and their various levels 
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throughout the day, with classroom CNY2.1G featuring 
a greater concentration than classroom CNYRF. 

Figure 14. PM2.5 concentration and indoor temperatures 
during school hours for classroom code CSYR.1F 

Figure 15. PM2.5 concentrations and indoor temperatures 
during school hours for classroom CNY2.1G compared with 

the WHO benchmark 

CONCLUSION 

This paper has considered IAQ and overheating in 
newly built primary schools that are naturally 
ventilated based on data collected during the heating 
and non-heating seasons. 

Responding to conflicts between energy and IEQ 
targets, this research confirms that building design 
focusing primarily on energy can produce unintended 
consequences for IEQ.  

The analysis of the data collected has been examined 
using a fixed and adaptive approach, indicating that the 
issue of classrooms overheating is extensive and not 
limited to newly constructed buildings, as is typically 
predicted by studies relying on dynamic thermal 
simulation. 

This research and the recordings collected have 
indicated that the internal air and globe temperatures 
fell well below the acceptable standard regulations for 
comfortable temperatures, with spaces overheated for 
more than 60% of their occupied time. Such results 
might be explained by newly constructed schools 
featuring more insulation and greater airtightness, 
causing more heat to be retained in the classrooms.  

Indoor CO2 and PM2.5 concentrations remained 
significant predictors of IAQ after controlling for 
occupancy effects. Therefore, the relationship between 
temperatures and both CO2 and PM2.5, beyond the re-
suspension of the particles, could be connected to low 
ventilation rates. 

Indoor PM2.5 levels recorded during a representative 
two-week period of the academic year suggest that 
each person’s annual exposure to PM2.5 in the 
classroom was higher than that recommended by the 
WHO 2010 guidelines. Given monitoring was 
performed over representative weeks of the non-
heating and heating seasons, this field study’s results 
suggest that the levels and concentrations could 
exceed the annual recommendation. Meanwhile, the 
results showed that the PM2.5 levels recorded in all 
classrooms were higher than 20 μg/m3 in the heating 
season and 10 μg/m3 in the non-heating season, 
indicating that each individual’s daily exposure to 
PM2.5 was also higher than the WHO 2010 guidelines. 

Elsewhere, the results indicate that achieving 
appropriate ventilation was problematic for most of 
the classrooms monitored, with cross ventilation not 
possible due to the school’s original design. This low 
ventilation rate, along with the building envelope’s 
increased airtightness and the singular learning-
cluster plan, seems to promote CO2 concentrations 
above the recommended guidelines. In reaching this 
conclusion, measuring overall CO2 concentration was 
found to be a useful proxy in the context of IAQ 
investigations in schools.  

Notably, an increased ventilation rate was not able to 
effectively remove sources of indoor pollutants, with 
building orientation in the prevailing wind direction 

1 

2 
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and outdoor air pollution being more important for 
predicting the indoor concentration of pollutants 
generated outdoors.  

Ultimately, school IAQ is diverse across space and time, 
and it is necessary to embrace a holistic and balanced 
approach to the built environment, maintaining energy 
efficiency to meet low-carbon targets as well as 
emphasising the protection of school buildings and 
occupants from poor IAQ.
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ABSTRACT 

The field of buildings, health and human experiences 
may be divided between conditions (a) with scientific 
support for causal relations between exposure and 
health effects, e.g. dampness in buildings and asthma 
exacerbation; (b) lacking such scientific support, e.g. 
“sick building syndrome” (SBS). b) conditions are 
often disregarded as imaginations, psychogenic etc. 
Traditional ideas are (1) the brain registers what 
happens in- and outside the body, thus reports of 
symptoms and experiences “objectively” reflect the 
underlying biological processes; (2) all symptoms and 
experiences result from biological processes in the 
body, often due to external causes. Emerging 
knowledge indicates that the brain instead creates all 
consciously experiences. In principle, experiences are 
“integrations” of (I) previous experiences (i.e. acting 
as models to generate predictions on future events) 
and (II) what actually happens (i.e. inputs to the brain, 
e.g. from senses); (I) and (II) themselves not being
consciously experienced. In this “integration”, factors
(I) vs. (II) may have any distribution. If (II) dominates,
the traditional model may fit, i.e. experience is rather
equivalent to what actually happens. If (I) dominates,
the traditional model fails, experience has limited
relevance to what actually happens and may be
understood as a “copy” based on previous
experiences; e.g. still getting asthma(like) symptoms
in a building long time after proper renovation of
water-damages. This new knowledge offers plausible
explanations for learned phenomena like SBS,
“multiple chemical sensitivities”, “electromagnetic
hypersensitivity” and other conditions with limited
scientific documentation for causality between
associated environmental factors, e.g. “building”,
“electromagnetic” and “chemical”, and experiences
like symptoms. Important implications are (A) the
symptoms and experiences in e.g. “SBS” are just as
real as in any other medical condition; (B) as the
symptoms and experiences in such conditions are not
caused by the associated factor (e.g. “building”), nor
through mechanisms like “syndrome”,
“(hyper)sensitivity” etc.; such misleading terms
should be abandoned. The new concept and

phenomenon description “Symptoms Associated with 
Environmental Factors” (SAEF) offers a paradigm 
shift. SAEF opens for a better understanding of such 
phenomena, including prevention, treatment and the 
need for interdisciplinary approaches. 

INTRODUCTION 

The field of buildings, health and human experiences 
includes a spectrum from conditions/issues with 
rather well-established causal connections between 
exposure and health effects to those that most likely 
have no such interconnection. Asthma exacerbation 
caused by water-damaged buildings is an example of 
the first end of the spectrum; where dampness is a 
proxy exposure, as the causal agent not yet has been 
identified, despite the widespread idea that moulds 
are established as the causal agents (Mendell et al., 
2011; Quansah et al., 2012; Kanchongkittiphon et al. 
2015). An example from the other end may be 
“electromagnetic hypersensitivity” (EHS), a condition 
characterized by persons experiencing symptoms (e.g. 
headache, dizziness and fatigue) as caused by 
exposure to sources of EMF (e.g. cell phones and Wi-
Fi). A number of double-blind experimental studies do 
not support that symptoms are caused by EMF 
exposure. However, fMRI indicates that perceived 
(sham)exposure may elevate signals in relevant parts 
of the brain, i.e. perceived exposure alone can trigger 
symptoms (Landgrebe et al., 2008; Schmiedchen et al., 
2019; Dieudonné, 2020). 

Conditions like asthma, hypersensitivity pneumonitis, 
rhinosinusitis and infections that may causally be 
associated with “building-related factors” (BRF) can 
be labelled as “building-related illness” and belongs to 
the same part of the spectrum as the asthma-example. 
Symptoms from airways, skin, mucosae and other 
common symptoms with sparse scientific grounding 
for such a causal association are sometimes labelled 
“non-specific building related symptoms” (NBRS; 
Nordin, 2020). NBRS may be seen as belonging to 
approximately the same part of such possible 
spectrum as EHS. Despite NBRS being more 
frequently reported in e.g. buildings with dampness 
and water-damaged buildings, knowledge of precise 
mechanisms for a causal relation is sparse. However, 
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there are published hypotheses and models on how 
such symptoms may arise. Neurogenic inflammation 
is a model seeking to explain the symptoms as an 
interplay between the nervous system (mainly 
peripheral nerves) and local inflammatory 
mechanisms triggered by exposure originating from 
BRF. Models like neural and central sensitization 
focus on neural mechanisms (mainly in the brain) that 
over time lead to amplified responses to stimuli. As 
the scientific grounding for the relevance of these 
models is quite limited, it may be argued that they are 
not (yet) to be used in the field of practice. In addition 
to these models exploring the physiological and 
structural mechanisms involved, models describing 
phenomena (experiences, thoughts, feelings, 
behaviour etc., i.e. the experienced final results of the 
actual biological processes of the body) are frequently 
discussed, e.g. learning like conditioning and nocebo. 
For a review, see Nordin (2020). 

PREDICTIVE CODING 

In addition to e.g. neurogenic inflammation, neural 
and central sensitization, models like predictive 
coding (PC)/ processes (Van den Bergh et al, 2017a; 
Pezzulo et al., 2019) seek to explain how the body 
(brain) generates experiences, e.g. symptoms. Of the 
models mentioned here, only PC aims to give an 
account on the creation of all conscious experiences. 
On the other hand, PC does not deal directly with 
what biologically happens outside the nervous 
system, e.g. mechanisms in peripheral tissue caused 
by exposure. 

PC models contradict “traditional” ideas like (1) the 
brain registers what happens in- and outside the 
body, thus reports of symptoms and experiences 
“objectively” reflect the underlying biological 
processes and exposures; (2) all symptoms and 
experiences result from biologic processes in the body 
and/or external causes; (1) and (2) may be distorted 
by psychologic phenomena, reduced precision etc. 
(Wade & Halligan, 2004). Emerging knowledge 
indicates that the brain instead should be seen as 
creating all our consciously experiences. PC models 
are described more detailed in another conference 
paper (Haanes, 2020). Citation from an interim 
summary of that paper: All conscious experiences are 
in principle “integrations” of (a) our previous 
experiences (i.e. acting as models to generate 
predictions on future events by the brain) and (b) 
what actually happens (i.e. the inputs the brain gets, 
e.g. from our senses). Only the “end-product” is
consciously experienced, not (a) and (b) themselves.
In this “integration”, factors (a) and (b) may be of
equal importance, one factor may dominate or even
constitute the total. If (b) dominates, the traditional
model may be acceptable, i.e. what is experienced is
rather equivalent to what actually happens, e.g.
reporting an unpleasant smell in a newly water
damaged building. If (a) dominates, the traditional

model fails, what is experienced in the actual situation 
has limited relevance to what actually happens. 
Instead, the experiences may be understood as 
“copies” based on previous experiences; e.g. still 
getting symptoms in a building long time after proper 
renovation of water-damages. 

Models like PC are based on emerging understanding 
of (a) anatomic structures and physiologic functions 
of the nervous system, and (b) phenomenon 
descriptions like placebo, nocebo, conditioning and 
other learning processes. Despite quite substantial 
scientific support for the models, more 
documentation is needed. However, the scientific 
support for alternative, e.g. more commonly used, 
models is more limited. Hence, a possible conclusion 
is that in the lack of any better, and based on the 
available documentation, models like PC should be 
used to understand human experiences, including e.g. 
perception of symptoms and associated causes 
(Barrett & Simmons, 2015; Van den Bergh et al, 
2017a; Haanes, 2020). 

SYMPTOMS ASSOCIATED WITH BUILDINGS (SAEF-
BUILDINGS) 

As elaborated (above and Haanes, 2020), previous 
experiences are a crucial part in models like PC. 
Accumulation of information is an important element 
in forming previous experiences. Van den Bergh et al. 
(2017b) describes how this may happen when 
symptoms are associated with factors in the 
environment, with special focus on conditions lacking 
grounding of a casual association between perceived 
exposures and symptoms, e.g. “idiopathic 
environmental intolerances” (IEI), “sick building 
syndrome” (SBS), “multiple chemical intolerances” 
(MCS) and EHS. Information may elevate risk 
perception, i.e. how risks are interpreted, irrespective 
of the objective risk (Sandman, 1993). This 
information may originate from social and ordinary 
media, direct social relations, organizations etc. 
Information may fuel nocebo mechanisms, i.e. 
expectations that a given exposure, or just a clue 
perceived to indicate such exposure, will cause one or 
more symptoms associated with the belief. 
Information may also influence the other way, i.e. 
symptoms experienced as related to environmental 
factors may be confirmed as such if there are clues 
indicating ongoing exposure. The latter can be 
characterized as association or attribution bias, and 
will generate new previous experiences. Most of the 
described processes are unconscious, i.e. not 
manipulation etc. The models explain possible 
mechanisms for the creation of symptoms associated 
with environmental factors, even when there is no 
causal connection between exposure and symptoms. 
This illustrates an important distinction between (a) 
models like PC applied to describe environmental 
conditions; and (b) neurogenic inflammation, neural 
and central sensitization. The first ones primarily 
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focus on enhanced responsivity, while the others 
postulate an exaggerated sensitivity to exposures, 
which may not exist. It may be relevant to pinpoint 
that causality often is impossible to observe directly, 
i.e. it has to be inferred; the first models account for
this. If further research confirms such models, it will
constitute a paradigm shift regarding these kinds of
conditions. Fig. 1 illustrates the concept SAEF-
buildings based on models like PC.

Figure 1. Highly simplified illustration of symptoms 
associated with environmental factors (SAEF), e.g. building-

related factors. Blue arrow indicates the association between 
exposure (e.g. subtle smell in a formerly water-damaged, now 

renovated, building) and experience (e.g. headache and 
fatigue), as this is consciously perceived, e.g. “the building 

gives me symptoms”. Black arrow, over-crossed, underlines 
that the exposure itself does not have a potential to cause 

biological processes that give such symptoms, i.e. the 
association is not causal. Green arrow indicates what, 

according to models like predictive coding, in reality happens 
in the brain. Unconscious processes, based on prior 

experiences (e.g. symptom-experiences from a time when a 
building was severely water-damaged), generate the 

experiences activated by stimuli acting as hints or other 
reminders (e.g. a subtle smell). Purple arrow shows the next 
step, perceived association between exposure and symptoms 
reinforce the learning of such an association. As the number 
of such learning-episodes increase, the perceived association 

appears more and more convincing. 

Haanes et al. (2020) elaborates on consequences of 
such a paradigm shift and propose a new term, 
“Symptoms Associated with Environmental Factors” 
(SAEF). SAEF maybe applicable when symptoms are 
perceived caused by environmental factors, but 
without indications for a causal association between 
symptoms and the exposure, i.e. no documentation 
supports that properties of the exposure itself cause 
biological processes explaining the symptoms. These 
characteristics, including no objective way of 
confirming the relationship, do not fit with principles 
on construction of diagnoses; hence, SAEF may be 
used as a phenomenon description, not a diagnosis. A 
person may have both characteristics of SAEF and a 
disease where a medical diagnosis can be identified, 
e.g. asthma where diagnostic criteria exist regardless
of verified or perceived exposure (Janssens et al.,
2009).

There are already enough terms and confusion –Why 
introduce SAEF? Terms like IEI, SBS, MCS and EHS are 
misleading: (a) “intolerance” and “hypersensitivity” 
may be associated with mechanisms like allergy; (b) 
terms including an exposure (e.g. “building”, 
“electromagnetic” and “chemical”) are indicative of a 
causal connection; (c) “idiopathic” and “syndrome” 
imply medical understandings with limited relevance 
for these phenomena; and (d) “sick building” is 
inappropriate as a building is not a living creature and 
though may not be sick or healthy. SAEF is supposed 
to give as neutral description as possible of these 
kinds of conditions. One of the reasons for proposing 
this overarching term, is that there tends to be a large 
overlap in symptoms irrespective which 
environmental factor the (non-causal) association is 
directed against (Palmquist et al., 2014). However, for 
practical reasons SAEF may be sub-divided according 
to the, or group of, environmental factor in focus, e.g. 
SAEF-buildings for symptoms associated with 
buildings. SAEF-buildings and NBRS (non-specific 
building related symptoms) at least partly describes 
the same phenomena. However, depending on what 
may be included, a proportion of NBRS may include 
conditions with limited support for a potential causal 
association between exposure and symptoms. If 
instead linking terminology to SAEF may underline 
that attributions related to buildings are part of a 
more global phenomenon. In addition, using the label 
“non-specific” symptoms will be avoided. It can be 
argued that there is no such thing as “non-specific” vs. 
“specific”. All symptoms and possible perceived 
causes are equally objective and real accounts for the 
person experiencing those. If instead taking the 
physicians' perspective, it may be argued that e.g. 
asthma or headache are equally “non-specific” for 
exposure to BRF, both conditions may be caused by a 
number of exposures and other factors. The 
aforementioned also applies to the term “building-
related illness”; i.e. none of the conditions included 
under that label are caused by BRF only. 

POSSIBLE IMPLICATIONS FOR THE FIELD OF 
BUILDINGS, HEALTH AND HUMAN EXPERIENCES 

On one hand, it is essential to continue the efforts to 
reveal mechanisms of how BRF causes symptoms and 
diseases, i.e. the physiological and structural 
mechanisms taking place in the body as results of the 
exposure itself. On the other hand, this paradigm 
should not be the only, or the ultimate, goal. As 
discussed in this paper, a substantial fraction of 
symptoms and other experiences associated with BRF 
are most likely not caused by the exposures 
themselves. This should be implemented, e.g. utilizing 
the knowledge emerging from models like PC and 
confronting the prevailing cultural ideas that finding 
causal relations between exposure and symptoms are 
just a matter of efforts. The last idea is closely linked 
to another problematic one; that symptoms lacking 

No causal connection

Exposure, BRF Perceived association Symptoms, experiences

Consciously 

Unconsciously 

  Clue/reminder   Prior experiences, learning; stored in the brain 
   (e.g. symptoms associated with the exposure) 
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such causal relationships tends to be evaluated as “not 
real”, “wrong perceptions”, “psychogenic” etc. Such 
ideas may hamper research and knowledge-based 
practice in the field, e.g. not considering that some 
symptoms are perceived as linked to BRF, even 
though objectively not being so. This harbours 
potential for meaningless and destructive discussions 
of what is real or not as to both symptoms and 
perceived causes (Huiberts et al, 2013).  

Use of terms like IEI, SBS, MCS and EHS may 
accentuate the problems. As discussed, such terms 
give wrong messages regarding causes and tend to be 
perceived as medical diagnosis. One of the wrong 
messages may be that avoidance is the main cure, i.e. 
in SBS avoid using the building, in MCS stay away 
from chemicals etc. Such behaviours may be regarded 
as logical, and unfortunately sometimes also 
encouraged by health practitioners, but according to 
PC models, the most likely effect is the opposite (Van 
den Bergh et al., 2020). Avoidance usually aggravate 
SAEF (Guglielmi et al., 1994), building-related 
interventions not addressing exposures that are 
causal for symptoms of the occupants may have the 
same effects, or at best have a placebo effect. This 
illustrates a crucial dilemma when dealing with BRF 
and health: (a) in conditions aggravated by the 
exposures themselves, e.g. non-allergic asthma with 
bronchial hyperreactivity in a water-damaged 
building or allergic asthma with medically confirmed 
dust mite allergy, avoidance and proper renovation 
may be the cure; but (b) in conditions like SAEF-
buildings none of these actions may be part of a cure. 
Therefore, in each specific case, the troublesome task 
is to decide what mechanisms seem to prevail, as the 
question often is not if it is assumed to be condition a) 
or b) only, but what kind of mix it seems to be. Often 
factors like social climate, organization and handling 
of the situation adds to this mix (Sandman, 1993). 
Although initially apparently being the main issue of a 
case, technical BRF not seldom turn out to be of minor 
relevance in cases ongoing for a period, i.e. situation 
a) may be less frequent than b) for cases not quickly
sorted out. Often dialogues, investigations and
evaluations reveal that SAEF-buildings and other
factors are more important. This leads to some
fundamental questions relevant for the practice field:
Is the starting point really BRF causing symptoms, or
is the true origin SAEF-buildings, organizational or
other non-BRF factors attributed to BRF? Are there
systematically differences in BRF in these two kinds of
cases or is it bias effects? The answers may be both
yes and no; sometimes symptom reports are
associated with BFR, e.g. water-damages, sometimes
the associations are weak. However, causality of the
associations is often unclear, see fig. 2 for examples of
the diversity of factors that may be relevant.

Figure 2. Examples of factors that may underly perceived 
building-related symptoms. Beige ellipses illustrate possible 
building-related factors, white ones point to examples of other 
components. In each case, one or more elements may be 
relevant, i.e. there are numerous different combinations. 
Regarding causality and mechanisms of the associations, see 
the text, including models like predictive coding and 
symptoms associated with building-related factors (SAEF-
buildings). 

If symptoms, perceived associations with, and 
shortcomings of, BRF all are self-reported, there may 
be a substantial bias. This may be explained by a 
combination of mechanisms like PC and SAEF and the 
fact that most buildings have at least some sort of 
shortcomings regarding BRF. The same kind of biases 
may also influence professionals looking for e.g. 
water-damages or shortcomings of the ventilation 
system based on symptom reports from occupants or 
vice versa, i.e. search for occurrence of symptoms 
after revealing technical defects. Possible 
consequences may be that e.g. questionnaires 
gathering information on frequencies, symptoms and 
associations have limited value and potentially 
strengthen the SAEF effects. In addition, it should be 
mentioned that symptoms and discomfort without 
disease, e.g. smells, often are confused with more 
serious conditions, i.e. diseases like asthma. 

An important implication of the discussed issues is to 
use interdisciplinary approaches, e.g. not attempting 
to solve what in reality are mainly SAEF and 
organizational problems through purely technical 
evaluations and interventions. Such monodisciplinary 
approaches may exaggerate the situation, as persons 
involved experience that their problems neither are 
understood nor solved. Interdisciplinary approaches 
may include dialogues with those involved, one-to-
one or in most cases preferably in groups, customized 
according to each case. Dialogues may reveal 
discomfort, symptoms, perceived associations to 
environmental and other factors, other elements of 
risk perception, social climate, technical issues and 
other relevant factors. Opposed to questionnaires, 
dialogues allow to adjust the collection of information 
during the process, clarify and check interpretations, 
and importantly, opens for two-way communication, 
i.e. starting the process of “treatment”, that may be
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based on elements discussed in this paper. If such 
dialogues disclose technical issues that are evaluated 
to be of significance or such issues are discovered 
without reports of discomfort and symptoms, proper 
assessments and actions may be conducted. When 
performing such interventions communication is 
important, from the start it should be stressed that 
technical assessments usually not reveal exact causes 
of symptoms and discomfort. Instead, they show 
factors that may elevate risks on a group level. 

Although treatment of SAEF-buildings is beyond the 
scope of this paper, it may be mentioned that the main 
principle is to override previous experiences by new 
ones that are more beneficial. Behavioural 
interventions seem to be most efficient, e.g. exposure 
to the factors associated with symptoms in a setting 
creating neutral or positive experiences (Van den 
Bergh et al., 2020). 

CONCLUSIONS, TAKE HOME MESSAGES 

1. All perceived symptoms and their associations to
building-related factors are both real and valid for
that person, i.e. experiences are neither wrong nor
give an objective account of e.g. building-related
factors.

2. Symptoms and other experiences associated with
building-related factors may or may not be causally
linked to the attributed exposure. In cases lacking
causality, models of the brain’s function like
predictive coding can explain the underlying
mechanisms. The concept and phenomenon
description symptoms associated with buildings
(SAEF-buildings) operationalize such mechanisms
in the field of buildings and health.

3. As the field of buildings and health consists of a
broad spectre from technical to medical, cognitive
and behavioural aspects, interdisciplinary
approaches are often required.

4. Terms like “sick building syndrome”, “multiple
chemical intolerances”, “electromagnetic
hypersensitivity” and “idiopathic environmental
intolerances” should be avoided as they give
misleading messages and may create unnecessary
problems and disputes. Such labels and related
ideas indicate that the cure is avoidance of the
associated factor. However, such behaviour often
deteriorates the health condition.
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ABSTRACT 

Speech is a common disturbance in offices. Irrelevant 
speech influences performance and subjective 
estimations. However, not many studies have 
examined simultaneously the consequences of 
irrelevant speech on humans regarding physiological, 
performance, and psychological aspects. All these 
aspects were examined in this study. The influence of 
irrelevant speech (65dB) compared to silence (35dB) 
was examined in a between-group laboratory 
experiment. Twenty-one subjects participated in the 
speech group and 19 subjects in the silence group. 
Sound conditions lasted for 50 minutes. Participants’ 
performance, subjective experience, and various 
physiological stress measures (e.g., stress hormone 
level from plasma, and heart rate variability) were 
examined. Compared to the silence group, the speech 
group had lower performance and higher physiological 
stress level. Working during speech was rated to be 
more annoying and increasing workload, but less tiring 
than silence. Therefore, the influence of irrelevant 
speech should be minimized in offices, where work 
requiring concentration is needed.  

INTRODUCTION 
Noise and lack of privacy are the two most important 
disturbances in open-plan offices (Kim & de Dear, 
2013). Irrelevant speech is one of the most disturbing 
type of noise in the office setting (Kaarlela-Tuomaala et 
al., 2009). It also influences cognitive work 
performance (Haapakangas et al., 2020). Working 
under office noise can make people to exert, i.e., to put 
more effort into their task to keep the performance 
level as high as without the noise. Both noise and 
exertion can cause stress. Stress can be seen in 
psychological and physiological consequences. Evans 
and Johnson (2000) found that working during office 
noise containing also speech caused higher adrenaline 
levels than working during silence. However, they 
found no difference in typing performance nor in 
cortisol and noradrenaline levels, but after office noise 
condition people tried to solve less puzzles and made 
less postural adjustments to their office furniture 
(Evans & Johnson, 2000). Another study examining the 
influence of office noise found effects on memory of 
words, feelings of tiredness and lack of motivation but 
no effects on other performance measures or cortisol 
or norepinephrine levels (Jahncke et al., 2011).  

Speech has been identified more disturbing for 
performance than other noise types (Szalma & 
Hancock, 2011). However, not many studies have 
examined how working under speech influences 
performance, psychological experience, and 
physiological stress reaction.  
The purpose of this study was to compare 
psychological experiences, cognitive performance, and 
physiological responses in two sound conditions: 
speech and silence. We expect that speech increases 
stress level, reduces performance, and increases 
negative subjective ratings compared to silence.    
Detailed results are presented in wider perspective by 
Radun et al. (2020). 

METHODS 

Participants 
Forty people participated the study (22 females, age 
mean 25 years, min. 19 years, max. 37 years). All 
participants had normal hearing. All participants gave 
an informed consent before participating the study. 
The ethics committee of Hospital District of Southwest 
Finland approved the study (ETMK Dnro 
20/1801/2018). 

Sound conditions 
There were two sound conditions: silence and speech. 
Silence was wideband noise presented at sound 
pressure level 35 dB LAeq. The condition corresponds to 
typical ventilation sound in open-plan offices. Speech 
was a radio dialogue at 65 dB LAeq. Both silence and 
speech had a one-third-octave spectrum that was 
interpolated from the standardized human speech 
spectrum (ISO, 2012).  

Participants division into sound conditions 
Participants were divided into two experimental 
groups (two sound conditions) according to their 
gender and noise sensitivity score, which was asked 
when they registered themselves as volunteers. 
Approximately equal distributions were the goal. Noise 
sensitivity was measured with Weinstein’s noise 
sensitivity scale (Weinstein, 1978). Total number of 
participants was 19 in silence and 21 in speech.   

Measures 

Psychological measures 
After each task, the participants rated how much 
background sound irritated, bothered, or annoyed 
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them (annoyance) and how demanding or loading 
performing the tasks was (workload). The scale for 
both questions was from 0 “Not at all” to 10 
“Extremely”. The perceived fatigue was measured 
using Swedish Occupational Fatigue Inventory (SOFI), 
which gave three scales: tiredness, lack of energy, and 
lack of motivation (Åhsberg & Gamberale, 1998).  

Performance measures 
N-back is a working memory task, where the
participant responses whether the current stimulus is
the same as n stimuli back as fast and as accurately as
possible. Four difficulty levels were used n = 0, 1, 2, and
3. Each time, 30+n repetitions of each difficulty level
were performed.
Serial recall tasks are also working memory tasks 
examining how well the participants can keep a list of 
numbers in their mind. Digits from 1-9 were presented 
one by one in a random order and participants were 
asked to write the correct order 10 seconds after the 
last digit was presented. 11 series were used. Two 
variations of the task were used: visual serial recall, 
where the numbers were presented visually on the 
display and auditory serial recall, where the 
participants heard the numbers from headphones.   

Physiological measures 
The physiological measures used were stress hormone 
concentration (cortisol and noradrenaline) 
determined from plasma, and heart rate variability 
(HRV) measured with a heart rate monitor around 
participants’ chest. Plasma was taken from the 
peripheral venous access catheter that was placed in 
participants’ arm in the beginning of the experiment. 
For HRV, the Low frequency/high frequency (LF/HF) 
relation was determined for periods of each cognitive 
task separately (visual serial recall, auditory serial 
recall, and N-back). LF refers to heart rate variability 
on frequencies 0.04-0.15 Hz and HF to frequencies 
0.15-0.4 Hz. Larger LF/HF values mean greater 
sympathetic nervous system activity, which means 
more stress.  

Procedure 
Procedure is described in Figure 1. Silence (35 dB 
ventilation sound) was present in the room in every 
phase except in the experimental phase where the 
actual sound condition (silence or speech) was 
presented.  
The experiment started at 11.45 each day and lasted on 
average for 3 h 19 min. Afternoon was chosen because 
diurnal variation in cortisol concentration is the largest 
in the morning. The experiment consisted of 
preparation, practice, baseline, experimental, and 
restoration phases. In the preparation phase, first the 
heart monitor and then the catheter were put on and 
hearing was tested. In the practice phase, all tasks were 
explained and rehearsed. The baseline phase and 
experimental phase involved the same cognitive tasks 

(visual serial recall, auditory serial recall, and N-back), 
and subjective estimations. The experimental sound 
was presented only in the experimental phase. In the 
restoration phase, participants filled questionnaires 
(personality and final questionnaire) with the silence 
in the background. The results from these two last 
questionnaires are not be reported in this article. 
The blood samples were taken 6 times during the 
experiment. Psychological estimations related to 
sound were estimated several times during the 
experiment. Annoyance and workload were estimated 
after each task in baseline and experimental phases (8 
times) and SOFI was filled each time after in the end of 
each sound condition (2 times).  

Figure 1. The procedure of the experiment. The red lines 
denote the blood samples. Questionnaires were filled after 

each task in the baseline and experimental phases. The gray 
area denotes the time the experimental sound was on (speech 

or silence). 

Statistical analysis 
To reduce the influence of individual differences, the 
difference between experimental phase and baseline 
phase was estimated for the psychological and most 
physiological measures (experimental phase – 
baseline phase). However, cortisol concentration 
showed the expected diurnal changes in cortisol levels, 
but also there seemed to be large differences in the 
baseline phase possibly due to excitement. Therefore, 
with cortisol we used the restoration phase 
measurement as the reference (experimental phase - 
restoration phase). In addition, the performance 
measures showed more variation in performance in 
the baseline phase than in the experimental phase 
possibly due to excitement of the experiment as well as 
learning the tasks. Therefore, we examined the 
performance measures with a direct between groups 
comparison without comparing them to baseline 
performance.  
The groups were compared with each other using 
mixed measures analysis of variance, if the 

Preparation phase
30 min

Practice phase 
25 min

Baseline phase Visual serial recall
N-back
Auditory serial recall

50 min N-back
10 min Break

Experimental phase Visual serial recall
N-back
Auditory serial recall

50 min N-back
Restoration phase

20 min

Whole experiment: 
3 h 20 min
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experimental phase had more than one observation on 
that variable. In those cases, time was the within-
subject variable, sound condition was the between-
subject variable and noise sensitivity was the 
covariate. If there was just one observation on that 
certain variable from the experimental phase, then 
univariate analysis of variance was used with sound 
condition as the between-subject variable and noise 
sensitivity as the covariate. From the performance 
measures of N-back task, only 3-back is reported here, 
since it was the only that filled the requirements of 
repeated measures analysis of variance. Greenhouse-
Geisser correction was used, if the sphericity 
assumptions were not filled (interaction in auditory, 
and visual serial recall).  

RESULTS 
Speech was rated to be more annoying (F(1,37)=33.0, 
p<0.001) and workload was rated to be larger 
(F(1,36)=8.6, p=0.006) than silence (Figures 2 and 3). 
Unexpectedly, tiredness was larger during silence than 
speech (F(1,37)=10.0, p=0.003) (Figure 4). There was 
no difference between sound conditions regarding the 
lack of energy (F(1,37)=0.1, p=0.7) or lack of 
motivation (F(1,37)=1.3, p=0.2). 

Figure 2. Annoyance difference compared to baseline phase in 
the studied sound conditions.  

Figure 3. Workload difference compared to baseline phase in 
the studied sound conditions. 

Figure 4. Tiredness difference compared to baseline phase in 
two studied sound conditions. 

The performance accuracy was lower in 3-back task 
during speech than silence (F(1,37)=5.1, p=0.029) 
(Figure 5). In addition, in auditory serial recall task, the 
last numbers in the serial were more difficult to 
remember during speech than silence (F(4,152)=5.2, 
p=0.001) (Figure 6). In visual serial recall, there was no 
similar effect (F(5,170)=1.4, p=0.2).  

Figure 5. Average accuracy in 3-back task in different sound 
conditions. 
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Figure 6. The accuracy in auditory serial recall task per digit’s 
presentation position in a serial in different sound conditions. 
The difference in cortisol levels between restoration 
and experimental phase was higher in speech than 
silence (F(1,27)=4.3, p=0.048). This indicates that 
physiological stress is higher during speech than 
silence. 

Figure 7. Cortisol concentration difference compared to 
restoration phase in different sound conditions.  

Two physiological measures, noradrenaline and HRV, 
showed different interaction depending on the sound 
condition in relation to time. With time, noradrenaline 
level in the silence increased, while it stayed steady in 
the speech (F(1,29)=7,8, p=0.009) (Figure 8). This 
indicates that stress increased with time during silence 
and not during speech. N-back was the only task that 
was done twice during the experimental phase, which 
enables the examination of time in HRV. From first to 
second N-back tasks, HRV increased during speech, 
while the value stayed the same during silence 
(F(1,35)=6,2, p=0.018) (Figure 9). This indicates that 
stress increased with time during speech. 

Figure 8. Noradrenaline concentration difference compared 
to baseline phase with time in different sound conditions.  

Figure 9. HRV LF/HF value difference compared to baseline 
phase for N-back tasks in different sound conditions.  

DISCUSSION 
An experimental study examining working during 
irrelevant speech and its influence on performance, 
psychological experience, and physiological stress 
measures was performed. This study shows that 
compared to silence irrelevant speech corresponding 
to the sound level of normal conversation was 
estimated to be more annoying and increasing 
workload, but also less tiring. Decreasing tiredness 
might be related to the energetic radio dialogue used 
as speech. During speech, remembering the last words 
in auditory serial recall task was harder and the 
accuracy of 3-back task was lower than during silence. 
The decrease in performance due to speech is in line 
with other research (Szalma & Hancock, 2011). 
Absence of the effect of sound condition on 
performance in visual serial recall was unexpected, 
since numerous studies have found an effect of speech 
on performance during visual serial recall task 
(Haapakangas et al., 2020).  
Speech increased cortisol levels. Previous research has 
found no effect of office noise on cortisol levels  (Evans 
& Johnson, 2000; Jahncke & Halin, 2012). However, in 
their studies, the background sound was office noise 
that contained only some speech, while in our study, 
speech involved an entire radio program (continuous 
dialogue). In addition, the level of speech was higher in 
our study than in previous studies (Evans & Johnson, 
2000) and (Jahncke et al., 2011), 55 and 51 dBA, 
respectively. Contrary to expectations, there was a 
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statistically significant interaction in noradrenaline 
levels and time indicating that during silence stress 
increased with time, but not during speech. However, 
we interpret the effect to be so small that it is not 
physiologically significant. The stressfulness of speech 
with time can be seen in HRV, which level rises with 
time during speech but not during silence.   
Working during irrelevant speech causes more stress 
than working during silence. With time, these effects 
can be harmful for employees’ health and motivation. 
For these reasons, Finland has set new building 
regulations concerning e.g. the room acoustic target 
values in open-plan offices (Hongisto & Keränen, 
2018), which one aim is to reduce the negative effects 
of irrelevant speech. 

CONCLUSIONS 
Irrelevant speech corresponding to the sound level of 
normal conversation is considered annoying and 
increasing workload, it decreases performance at least 
in tasks requiring cognitive working memory 
processing, and produces physiological stress reaction. 
For these reasons, special attention should be given for 
reducing speech noise in offices.  
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ABSTRACT 

The term affordance is used in this paper to denote the 
capacity of buildings to provide occupants the 
possibility to control the indoor-environmental 
conditions so as to meet their needs and requirements. 
This is typically facilitated via buildings’ various 
control devices and systems meant to control ambient 
conditions. In this paper, we discuss recent progress in 
developing a building affordance evaluation method. 
The idea is to evaluate buildings’ control devices and 
elements based on their availability as well as their 
effectiveness. We critically examine the strengths and 
weaknesses of the proposed affordance measurement 
method and discuss its future potential to be used as a 
performance assessment tool by professionals and 
stakeholders in building design and operation. 

INTRODUCTION 

The term affordance has been used differently, 
depending on the context (Gibson 1977, 1979). It is 
thus important to clarify the use of this term in the 
present contribution, which is more akin to the 
ecological valency concept in human ecology (Knötig 
1992a, 1992b; Mahdavi 2016, 2019). With buildings' 
affordance, we mean the aptitude of buildings to 
provide occupants the possibility to adjust ambient 
conditions so as to meet their expectations. Thereby, 
we specifically focus on the controllability of indoor-
environmental (thermal, visual, auditory, olfactory) 
conditions. 

Affordance may be provided via both passive and 
active systems and devices. The former category 
includes, for instance, manually operated windows and 
blinds for natural ventilation and solar control. The 
latter category includes mechanical systems for 
heating, cooling, ventilation, and illumination. 
Typically, occupants can interact with such systems via 
dedicated user interfaces. Interfaces may be a simple 
mechanical element (e.g., a window grip) or of digital 
nature (e.g., a control interface on a mobile phone). The 
importance of the presence and functionality of 
indoor-environmental control systems and their user 
interfaces is widely recognized. Somewhat 
surprisingly, however, they have not been the subject 
of formal building performance assessment methods 
and schemes. To be clear, there are of course a 
multitude of codes, standards, and guidelines that are 

concerned with buildings' energy, ecological, and 
indoor-environmental performance. But there have 
been, to our knowledge, few efforts to formally assess 
or rate buildings' indoor-environmental control 
interfaces with regard to the extent they accommodate 
occupants' need to modify various aspects of the 
ambient conditions. 

In this paper, we report on such an effort. This effort 
involved the introduction of a building affordance 
assessment method together with an associated 
protocol. Thereby, the objective was to systematically 
document and evaluate the availability and 
effectiveness of indoor-environmental control systems 
and their user interfaces. The assessment protocol 
includes five effectiveness categories, namely i) spatial 
distribution, ii) objective performance, iii) subjective 
performance, iv) interface quality, and v) ecological 
performance. The protocol included procedures to 
allocate credits depending on the availability and 
functionality of the interfaces as well as methods to 
aggregate such credits over the buildings' different 
systems and different spaces so as to arrive at both 
room-level and building-levels indicators of 
affordance. 

AN AFFORDANCE EVALUATION PROTOCOL 

The proposed protocol for affordance assessment 
builds upon earlier work in this area (Mahdavi et al. 
2019). The focus of the entailed procedures in this 
protocol is not to assess buildings' indoor-
environmental (specifically, thermal, visual, auditory, 
olfactory) conditions at any specific point in time. 
Rather, the intention is to assess the principal 
availability and effectiveness of indoor-environmental 
control elements, devices, and systems.  

The proposed method incorporates a point (or credit) 
assignment strategy. This aids the derivation of a so-
called "affordance index" (AI). AIs can be obtained for 
individual zones or rooms within the building and 
subsequently aggregated in terms of whole-building 
overall AI value. Thus, buildings could be benchmarked 
and compared. Toward this end, the proposed 
affordance evaluation protocol is designed to consider 
the means and opportunities buildings offer for 
controlling indoor environmental conditions. Such 
means include, for example, windows, shading 
elements, luminaires, and equipment for space heating 
and cooling (see Figure 1).  
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Figure 1. Structure of a room-level affordance evaluation protocol 
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The initial version of the protocol (Mahdavi et al. 2019) 
was structured based on a listing of such devices, 
whereby available devices had to be selected in a first 
step. In the present modified version, the protocol is 
structured in terms of categories pertaining to thermal 
and visual control domains (see Figure 1). It is thus no 
longer necessary to first select applicable devices. 
Specifically, the devices are currently evaluated in two 
main categories, namely the visual category (daylight 
and shading, electrical light) and the thermal category 
(heating, cooling, and ventilation). 

The evaluation of the control devices includes two 
parts. The first part is concerned with the availability 
of the devices and their key properties. In the process, 
points can be assigned based on the device availability 
and the functions it offers. Part two address the 
effectiveness of the devices, whereby five key 
evaluation criteria are taken into consideration 
(Mahdavi 2019; Mahdavi and Berger 2019). We refer 
to these criteria as spatial distribution, effectiveness 
(both objective and subjective), interface quality, and 
ecological quality. A brief description of these criteria 
is provided in the following. 

The spatial distribution criterion is intended to probe 
if and to which extent the devices allocated to a space 
provide a full and possibly uniform coverage of the 
respective services throughout the space. Evaluation 
with regard to this criterion can also consider the 
extent to which occupants can control their near 
surroundings.  

The interface quality criterion pertains to the usability 
of control devices, that is, if the occupants can operate 
the devices in an easy and intuitive manner.  

Regarding the effectiveness of the devices, two aspects 
are considered, addressing the objective and the 
subjective perspectives. The objective effectiveness 
would be ideally assessed via measurements of the 
relevant performance variables such as temperature or 
illuminance levels. Respective data could be obtained, 
if available, via BMS (building management system) or 
through short-term mobile diagnostics. Subjective 
effectiveness is intended to capture occupants' view on 
the performance of the devices and if these sufficiently 
achieve their intended task (Mahdavi 2019; Mahdavi 
and Berger 2019).  

The final criterion, that is the ecological quality is 
meant to address the relative performance of devices 
in view of their estimated energy use and 
environmental impact. The related evaluation step can 
be admittedly challenging and could benefit from 
expert input. Generally speaking, passive control 
opportunities such as daylight availability and natural 
ventilation could be viewed as more in line with the 
ecological performance criteria. Moreover, certain 
types of active thermal control (for instance those 
involving radiant elements) may be considered to 
entail a higher potential with regard to ecological 
quality criterion. Needless to say, availability of 

operation data with regard to energy use or design 
stage data concerning life-cycle analysis could, if 
available, could contribute to the robustness of the 
respective evaluation process.    

For each evaluation criteria, the perceived 
performance of the devices is evaluated using a typical 
qualitative scale with attributions "good", "rather 
good", "rather poor", or "poor". We adopted this 
arguably limited scale in order to keep the evaluation 
process simple. Nonetheless, we do recognize that such 
a scale affords only a rather coarse evaluation vehicle. 
To probe the potential benefits of alternatives, future 
efforts are intended to apply scales of higher 
resolution.  

The AI of a zone or a room is obtained via aggregation 
of the points assigned to the individual devices. Note 
that additional weighting coefficients may be assigned 
to specific devices or rooms. Candidate weighting 
criteria include, for instance, the room size (e.g., net 
area) and/or its usage intensity by occupants. 

PROTOCOL APPLICATION STUDIES 

Approach 

The aforementioned building affordance assessment 
method was tested in the course of a number of 
explorative case studies. In a previous effort, we 
explored the degree to which the evaluation results 
diverge if multiple people evaluate the same room 
using the developed assessment protocol (Teufl et al. 
2020).  

The main focus of the present contribution was to 
analyse the relationship of participants’ overall 
evaluation of a room and its affordance index (total 
points of a space). This relationship can provide 
information on the consistency of the selected points 
and weighting factors. A key objective was to examine 
the relative share of points allocated to specific device 
categories and if this allocation scheme requires 
adjustments to more accurately reflect participants’ 
overall evaluation of a space. 

The selected point scheme for the deployed building 
affordance assessment protocol involved, in case of the 
effectiveness evaluation (part two), the qualitative 
evaluation of a control element as "poor", "rather 
poor", "rather good", and "good". These labels 
correspond numerically to zero, one, two, and three 
points respectively. As a result, in each device category, 
maximum 15 points can be received for the 
effectiveness (part two).  

The assigned points for the availability diverge 
depending on the device category. Depending on the 
availability and functionality, a device receives a 
certain number of points. Table 1 shows the specified 
points awarded for the availability (part 1) of devices 
in different domains (i.e., daylighting, shading, 
electrical lighting, heating and cooling, ventilation). 
Hence, the distribution of the maximum number of 
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points for part one is as follows: 9 points for daylight 
and shading, 8 points for electrical light, 15 points for 
heating and cooling, and 8 points for ventilation. As a 
result, the maximum number of points for a room (sum 
of part one and part two) amounts to 100. 

In the course of aforementioned explorative case 
studies, a total of 356 different rooms were evaluated 
by multiple (mostly student) participants. 27 of them 
were female and 14 were male. The majority of the 
participants were between 20 and 30 years old. The 
evaluated rooms belonged to seven different building 
types. Table 2 presents, in more detail, the number of 
evaluated rooms in each specific building type. 

Results 

Figure 2 shows the relationship of participants’ overall 
evaluation of a room and the corresponding affordance 
index. As mentioned before, the latter represents the 
total number of received points for a space. Figure 3 
presents the distribution of the affordance index 
scores via a boxplot. The numeric values of the x-axis 
refer to an overall evaluation of "poor" (0), "rather 
poor" (1), "rather good" (2), and "good" (3). 

Figure 4 illustrates the relationship between the 
overall evaluations (x-axis) and the corresponding 
points for individual device categories (daylight and 
shading, electrical lighting, heating and cooling, and 
ventilation). These relationships are illustrated via 
linear regression lines. 

Discussion 

The explorative application of the proposed affordance 
assessment protocol in the course of the 
aforementioned studies warrants certain conclusions. 
Already previous experiences with previous use of the 

earlier versions of the protocol suggest that 
participants could handle it conveniently and found it 
intuitive (Mahdavi et al. 2019). In the present paper we 
specifically address the relationships between (and 
consistency among) various constituent elements of 
the protocol.  

One query pertains to the relationship between the 
obtained numeric value of the AI on the one hand and 
participants' overall qualitative evaluation of the 
assessed rooms. This relationship is illustrated in 
Figures 2 and 3. As Figure 2 shows, the Affordance 
Index results appear to be somewhat correlated with 
the overall qualitative evaluations (Pearson 
correlation coefficient = 0.5). Nonetheless, a widely 
distributed set of AI values maybe associated with a 
specific score in the four-point scale of overall 
evaluations. This circumstance is clearly visible in the 
boxplot visualization of Figure 3. Higher overall 
evaluation scores correspond to higher AI values. 
There is no overlap visible when comparing the 
interquartile ranges (IQR) for evaluation scores 1 and 
2. And, in case of an overall evaluation score of 3 and 2,
the interquartile ranges (IQR) overlap only slightly.
However, this is not the case for the two lowest overall
evaluation scores (0 and 1). In this context, it is
important to mention that an overall evaluation score
of 0 was only selected in case of 12 rooms. In
comparison, the overall evaluation scores of 1, 2, and 3
were selected 71, 221, and 52 times, respectively.

We explored also the relationship between the overall 
evaluation scores on the one hand and the points 
received in the four device categories (i.e., daylight and 
shading, electrical lighting, heating and cooling, and 
ventilation (see Figure 4). The main motivation behind 
this exploration was as follows. 

Table 1. Specified points for the evaluation of the availability (part one) 

daylight and shading electrical light heating and cooling ventilation 

daylight 3 ambient 2 heating/cooling 3/3 tilt function 3 

interior shading 2 on/off 2 air-conditioning  3 turn function 3 

exterior shading 2 dimming 2 radiant panel 3 other 2 

other 2 task 2 other 3 

Table 2. Overview of the evaluated rooms 

Building type Number of evaluated rooms 
Total number of 
evaluated rooms 

Office Office space (176), meeting room (28), kitchen (58) 262 

Residential Living room (5), kitchen (11), bedroom (15), bathroom (6), storage room (2), hallway (1) 40 

Educational Lecture room (17), study room (10), computer room (8) 35 

Sport Training area (3), changing room (4), bathroom (2) 9 

Gastronomy Eating area (3) 3 

Health care Patients room (1), staff room (1), meeting room (1) 3 

Library Reading area (4) 4 
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Figure 2. Relationship of affordance index and participants’ 
overall evaluation of a room 

Figure 3. Boxplot of affordance index and participants’ overall 
evaluation of a room 

Figure 4. Relationship of participants’ overall evaluation of a 
room and their points for daylight and shading (1; R2=0.43), 

electrical lighting (4; R2=0.08), heating and cooling (3; 
R2=0.22), and ventilation (2; R2=0.36) 

Theoretically, the match between the AI values and 
subjective evaluations could be improved, if the 
assignments of credits to the four categories would 
take their relative implicit influence in the formation of 
the overall (subjective) evaluations of the assessed 
rooms into account. 

As the regression functions in Figure 4 imply, the 
respective correlation degrees for the four categories 
vary. The highest correlation is in the category daylight 
and shading, followed by ventilation, and heating and 
cooling. The electrical lighting category shows no 
noteworthy correlation. These results will be 
processed together with those of ongoing assessment 
exercises to collect information on the relative 
influence of specific control device groups on people’s 
overall subjective evaluations. In other words, we hope 
to identify the device categories that may be perceived 
by occupants as more important and thus could receive 
a higher weighting coefficient when compared to other 
device categories. As such, the respective findings 
could further improve the point scheme and weighting 
procedures and hence the entire evaluation protocol. 
In the course of such improvement efforts, we need 
also address the range of numeric values of AI and their 
association with descriptive categories such as "poor" 
or "good". The results thus far show that none of the 
evaluated rooms received an affordance index below 
15 or above 84. 

CONCLUSION 

This paper explored recent improvement and testing 
steps concerning a previously developed building 
affordance evaluation method. This method makes use 
of an assessment protocol that can document the 
availability and effectiveness of indoor environmental 
control devices and systems in a room or building. A 
number of participants applied the protocol to existing 
rooms. Thereby, the potentials and limitations of the 
protocol could be examined in detail. To this end, 356 
different rooms were assessed. The evaluated rooms 
were located in buildings belonging to seven different 
building types. Participants specifically assessed the 
availability and effectiveness of the control devices in 
these rooms. Moreover, they recorded their perceived 
overall evaluation of the rooms. 

The focus of this contribution was to analyse the 
relationship of the participants’ overall subjective 
evaluations with the respective numeric values of the 
Affordance Index. This index refers to the total number 
of received points for a room and was obtained by 
using the proposed building affordance evaluation 
protocol. This relationship can provide information on 
the accuracy of the allocated points and weighting 
factors. Hence, it would be possible to determine 
whether the fractions of points assigned to the 
different device categories need adjustments to further 
improve the reliability of the assessment protocol. 
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Generally speaking, the AI and the respective protocol 
appear to provide promising concepts and tools for the 
systematic inclusion of the highly relevant affordance 
aspect in building evaluation procedures. Nonetheless, 
additional studies with a large set of buildings 
(preferably various building types in multiple, 
climatically and culturally distinctive locations) and 
participants are required before the proposed tool 
could be embedded in common building evaluation 
and rating schemes. 
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ABSTRACT
Due to COVID-19, people spend more and more time
indoors. Healthy buildings, therefore, become more
attractive to people than ever before. By summarizing
specific requirements on relevant standards for
healthy indoor thermal condition, this paper adopts
numerical simulation and field survey to study indoor
thermal comfort with a Lingnan residential building
as a study case. After optimizing by building design
strategy, the research results show that (1) The
numerical simulation method can evaluate the indoor
thermal environment, comparing the results from the
field survey. (2) The study case did not meet the
healthy indoor thermal environment requirements
under natural ventilation. (3) By adding sunshades on
windows, optimization measure is worked for healthy
indoor thermal comfort. (4) Numerical simulation is
used for predicting in advance. It helps the designers
to solve practical problems.

INTRODUCTION

Healthy building
Healthy building is much more important nowadays.
More and more people become aware of this because
of COVID-19. How to ensure healthy environments for
users' health and comfortable is crucial and essential.
From part of the literature review of the healthy
building, the necessity of research will be more
clearly revealed.
In 1981, the 14th International Union of Architects
(UIA) Congress held in Warsaw, Poland, published a
declaration to emphasize the relationship of
Architecture, Man and Environment, aiming to
promote healthy living environment "Z.T. Zhong, J.H.
Ding, J.M. Meng. (2018)". In 1986, WHO implemented
the Healthy Cities Project to drive substantial

development for healthy living environment "Takano,
Takehito. (2003)". In 1988, the first Healthy Buildings
Conference was held in Stockholm. Up to now, the
17th Healthy Buildings conference is planning to
open online in Oslo. In 1990, Building Research
Establishment (BRE) published BREEAM, the first set
of standards for assessing, rating and certifying
building environment. To this day, it still contains a
"Healthy and Well-being" chapter focusing on healthy
building "BRE. (2016)". In 1992, the USA established
the National Center for Lead-Safe Housing to solve
housing-related health problems. In 1999, China
National Engineering Research Center for Human
Settlements (CNERCHS), joining hands with
professionals in areas of Architecture, Physiology,
Hygiene, Sociology and Psychology, initiated research
on healthy residential buildings "Publisher. (2016)".
In 2004, the first Forum of Theory and Practice on
Healthy Housing held in Beijing, China "Publisher.
(2004)". In 2006, Professor Hugh Barton from WHO
and Marcus Grant published the Health Map
developed from Dahlgren and Whitehead's model in
1991, explaining the circle effect in healthy
environment "H. Barton, M. Grant. (2006)". In 2014,
the International WELL Building Institute (IWBI)
published the WELL standard for assessing healthy
building based on the LEED standard, which is the
first integral healthy building standard in the world
"Y. X. Tao, Y. Zhu, U. Passe. (2020)". In 2016, Healthy
Building Evaluating Standard T/ASC02 was published
in China, emphasizing building healthy environment
according to local conditions. Its latest version will be
published soon in 2021 "P. Mao, J. Qi, Y. Tan, J. Li.
(2017)". In 2020, WELL Health-Safety Rating was
published by the Task Force on COVID-19. This helps
buildings and organizations address the health, safety
and wellbeing of their most valuable asset—people.
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So the healthy building developed in the Architecture
discipline at least 40 years until now (Fig. 1). It
started from the international organizations, then
developed in more and more countries, whether in
academic, standard, practice or other aspects. China is
focusing on this more than before, partly because it
started at the end of the 1990s. But now China is
developing fast. Moreover, affecting by COVID-19 is
also one of the reasons. With the global and local
focus on this, further research is needed.

Indoor thermal comfort
The thermal environment affects people's health all
the time. In fact, most people spend almost 90% of
their time indoors "D' Amico A, Pini A, Zazzini S, et al.
(2021)". The indoor thermal environment is an
indispensable part of a healthy building. Given this,
research on indoor thermal comfort is required for
the development of the healthy building.
Thermal comfort is one of the primary concerns
during artificial climate design in a building and has a
significant impact on health. In the 1920s, the term
"thermal comfort" was generated to control the
microclimate indoors "Karyono, K., Abdullah, B.M.,
Cotgrave, A.J., Bras, A. (2020)". In the 1930s, Thomas
Bedford collected data of temperature, humidity,
wind speed, and mean radiant temperature by
questionnaires, reaching the conclusion that 18 ℃ is
the most comfortable indoor temperature for
factories in the UK. In 1966, ASHRAE started to use a
7-level thermal sensation standard which existed
concurrently with the one proposed by Bedford in
1936. In 1970, Professor Fanger proposed Predicted
Mean Vote (PMV) to evaluate the thermal sensation of
people in the thermal environment "Fanger P O.
(1970)". In 1973, Humphreys and Nicol put forward
an adaptive model to improve human self-regulation
in the thermal environment "Nicol JF, Humphreys MA.
(1973)". In 1984, PMV became an international
standard (ISO 7730). In 1992, an ASHARE 55
standard named Thermal Environmental Conditions
for Human Occupancy published and had been
renewed several times by 2017. In 1998, Brager and
Dear further developed the adaptive model of
thermal comfort "Brager GS, de Dear RJ. (1998)". In
2002, Peter Höppe researched different aspects for
assessing indoor and outdoor thermal comfort "Peter
Höppe. (2002)". In 2008, Hoof, J. van. investigated
Fanger's PMV model for thermal comfort of all users
"Hoof, J. van. (2008)". In 2011, Hassan et al. analyzed
Tuskegee Healthy House by Visual DOE-4 software
and field study "Hassan M A, Shebl S S, Ibrahim E A, et

al. (2011)". In 2012, the Chinese standard Evaluation
Standard for Indoor Thermal Environment in Civil
Buildings published based on ISO 7730 and ASHARE
55 "GB/T 50785. (2012)". In 2013, Roudsari et al.
used plugin Honeybee for Grasshopper to research
the ASHRAE Adaptive Comfort Calculations to help
designers create an environmentally-conscious
design "Roudsari M S, Pak M. (2013)". In 2015,
Croitoru et al. reviewed the most popular thermal
comfort models and CFD methods of assessing
thermal comfort in buildings and vehicular spaces
"Croitoru C, Nastase I, Bode F, et al. (2015)". In 2018,
Naboni et al. reviewed the simulation tools of CitySim
Pro, ENVI-met, Autodesk Thermal CFD, Grasshopper
plugins Honeybee/Ladybug from the designer
perspective to compare the results of thermal
comfort "Naboni E, Silvia C, Meloni M, Scartezzini J L,
Ashrae. (2018)". In 2020, Farzaneh et al. researched
the relationship between design variables with
adaptive thermal comfort based on Ladybug and
Honeybee environmental plugins. Results show how
an enhanced design can significantly increase the
thermal comfort in courtyard houses in a hot arid
climate "F. Soflaei, M. Shokouhian, A. Tabadkani, et al.
(2020)".
As shown in the above literature review, thermal
comfort is essential to a healthy building as an
architectural concept of almost 100 years of history.
While being developed further with increasing
maturity, these theories have been defined and
incorporated into relevant standards. Moreover, the
adaptive thermal comfort method is widely used
under natural ventilation. The main methods for
indoor thermal comfort research focus on field survey
and software simulation. Now the critical issue is to
use these mature theories and methods to solve
practical problems. Here, an actual project located in
China is used to do further research.

Research Framework
From the above introduction, this paper figured out
the research framework (Fig. 2). Then, based on an
actual project, the numerical simulation and field
survey methods were used to evaluate the current
situation, find out the problems and put forward the
optimization design strategies to realize the
comfortable indoor thermal environment for healthy
building.

Figure 1. Healthy building developing timeline
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Figure 2. Research framework

OBJECTIVES

Lingnan residential building
The actual project for research is a standard layout of
Lingnan residential building in Yuedao Residential
Area (hereinafter referred to as Yuedao Courtyard),
located in Jiangmen city, China. Yuedao Residential
Area extends from north to south, with roads dividing
it into different residential groups. Therefore it can be
classified into 'neighbourhood', 'block', and 'single
courtyard' by scale (Fig. 3). Moreover, the whole area
is mirrored on the east and the west based on the
standard layout of Yuedao Courtyard. The standard
layout features two floors (Fig. 4) with a high
courtyard wall. So the indoor thermal comfort is
hardly affected by nearby buildings. This research
focused on the entrance facing west Yuedao
Courtyard. The standard building's results have
universal in this situation.

Relevant requirements
Another objective is based on the Yuedao Courtyard
and refers to the related requirements of healthy
thermal comfort that should be observed in the
research. Standards related to the healthy building
include WELL and the Healthy Building Evaluating
Standard T/ASC02, related to indoor thermal comfort
include ISO 7730, ASHRAE 55 and GB/T 50785. Given
the influence of the local environment, the Chinese
standards T/ASC02 and GB/T 50785 are used in this
paper. T/ASC02, which requires thermal comfort
evaluation, follows GB/T 50785. Therefore, the
relevant requirements in this paper are mainly
derived from GB/T 50785, especially for the field
survey. In fact, as mentioned above, GB/T 50785 is
generated based on ISO 7730 and ASHARE 55. So the
results of the study should show the same trend.
According to GB/T 50785, evaluation of indoor
thermal environment should be conducted in main
rooms or a single building. When evaluating a single
building, at least 90% of its main rooms should meet
relevant requirements before it can be regarded as
reaching the corresponding level. There are three
levels for the natural ventilation environment, as
shown in Table 1. APMV refers to the "adaptive
predicted mean vote" generated by optimizing PMV
affected by the local environment. The equation is as
below:

�PMV=PMV/(1+λ·PMV) (1)
where:
APMV refers to adaptive predicted mean vote, PMV is
predicted mean vote, andλ is the adaptive coefficient.

Figure 3. Yuedao Residential Area
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For Yuedao Courtyard,λ is 0.21 according to GB/T
50785.

Figure 4. Yuedao Courtyard

This equation is for evaluation calculation. Relevant
data can be simulated by software or measured by
instruments, which will be introduced in the
METHODS part.

Table 1. Evaluation levels of natural ventilation environment
Level Range

Ⅰ -0.5<=APMV<=0.5
Ⅱ -1<=APMV<-0.5 or 0.5<APMV<=1
Ⅲ APMV<-1 or APMV>1

Figure 5. Simulation model

METHODS

Numerical simulation
ASHRAE Adaptive Comfort of a whole year in Yuedao
Courtyard was calculated via numerical simulation
based on Rhinoceros software with Ladybug and
Honeybee plugins. Ladybug imports standard
EnergyPlus Weather files (.epw) into Grasshopper.
The honeybee is an extension of Ladybug that
increases the ability to work with EnergyPlus for
calculating the adaptive thermal comfort "Lucarelli et
al. (2020)". The simulation model showed in Figure 5
was built based on the standard building. The
simulation condition was natural ventilation. After

Figure 6. Simulation workflow
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completing the workflow and setting up all the
parameters, the calculation was started (Fig. 6).

Field survey
The field survey was conducted for 24 hours starting
from 1:30 AM on July 18, 2019. The BX portable
weather station was used to collect the data of
outdoor air velocity (V), wind direction, atmospheric
pressure (atm), air temperature (tout), and humidity
(RHout). At the same time, TES-1341 anemometers
and JTR04 black-bulb thermometers were used in 9
rooms to record indoor air temperature (tin),
humidity (RHin), air velocity (Va), and black globe
temperature (tg). According to Standard of Test
Methods for Thermal Environment of Building JGJ/T
347, RHin and tg data were collected 0.6 metres above
the ground, tin and Va data were collected 1.1 metres
above the ground (Fig. 7 & Tab. 2).

Figure 7. Outdoor and indoor field survey
Table 2. Instruments and parameters

RESULTS

Initial results
The numerical simulation results are shown in Table
3 and Figure 8. The comfort percentage of 10 rooms
are no more than 50% of the whole year except for
the No. 4&7 bathrooms. As shown in Fig. 4, these
bathrooms all located in the corner of the building
with small north-facing windows. So the indoor

thermal comfort is better than the others. But all in all,
Yuedao Courtyard should be optimized to solve the
hot indoors problem. The comfort percentage of No.2
living room on the first floor and No. 8&9 bedroom
with bathroom on the second floor is 48.48% and
24.32% separately. They are main rooms for
receiving public or private living. And the second-
worst indoor thermal environment is the cloakroom,
and the comfort percentage is just 24.47%. These
should be optimized for the user's health.

Table 3. Initial simulation results

Figure 8. Initial simulation results chart
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By field survey, the temperature data of outdoor and
indoor were recorded, as shown in Figure 9. The BX
portable weather station recorded a daily mean
temperature of outdoor is 32.61 ℃ . The indoor
temperature of the No.1 kitchen is higher than the
outdoor temperature during 14:30-16:00. That
because the window of the kitchen faced west, so the
sunshine went into indoors directly. The indoor data
was collected from 9 rooms to evaluate the adaptive
thermal comfort. Due to a bit of operation error, the
No. 4 bathroom data did not record successfully.
However, that still meets the requirements according
to GB/T 50785, which should evaluate at least 90% of
the rooms. The result shows that the thermal comfort
level of the measurement rooms is level Ⅲ whatever
for the single room or the whole building (Fig 10).
Therefore, it is hot indoors that should be optimized.

Figure 9. Outdoor and indoor temperature

Figure 10. Field survey results

Optimized results
Yuedao Courtyard (entrance faced west) indoor
thermal environment is hot under nature ventilation
from the numerical simulation and field survey
evidence. But these buildings have been built, so how
to solve the hot problem with as little as possible
energy consumption is a question. Therefore, the
passive design strategies were considering first.
Combining with the field survey, as shown in Figure
11, the building shading is not enough. Based on the
local culture of the Lingnan building, the residential
buildings always shaded by the eaves. Figure 12
shows an example of the Lingnan building with
sunshades. So the optimization strategies combined
with sunshades try to solve the problems and reflect
the culture of local architecture characteristics.
The optimized model showed in Figure 13. Yuedao
Courtyard mainly added the sunshades on windows
of the kitchen, living room, bedroom and cloakroom,
where the problems should be solved first that
analyzed above.

After simulating, the optimized results showed that
each room’s hot indoors problem was solving to
varying degrees. The compared simulation results of
initial and optimized showed in Figure 14. The indoor
thermal environment is optimized 25.78% in No. 8&9
bedroom with bathroom. Furthermore, the hot
problem of kitchen and cloakroom is solved 17.57%
and 20.80% respectively. The living room is facing
north with big windows, so it is not optimized too
much (9.76%).

Figure 11. Inside of Courtyard Figure 12. Sunshade

Figure 13. Optimized model

Figure 14. Compared simulation results

DISCUSSION

Contributions
This research focus on indoor thermal comfort used
numerical simulation and field survey methods to do
a case study for healthy building. The simulation-

Healthy Buildings 2021 – Europe

- 437 -



based on Ladybug and Honeybee plugins simulated
indoor adaptive comfort for the whole year.
Considering local environment effects, the field
survey did on a summer day according to Chinese
standards of T/ASC02 and GB/T 50785. The results of
two different methods show the same trend that is
hot indoors. This simulation is effective that also
verifies other researchers' conclusion to a certain
extent "Elwy et al. (2018)".
Comparing the results of numerical simulation with
that of field survey, the indoor thermal environment
of Yuedao Courtyard was hot, no matter in the whole
year simulation or the typical day measurement. Thus,
the natural ventilation of this standard building,
Yuedao Courtyard, failed to provide a healthy indoor
thermal environment.
Such a problem should be solved. Based on the field
survey founding and passive building design thinking,
the sunshades for the building is used to try to solve
the hot indoors problem, by the way, reflect Lingnan
architectural culture "B. Li, W. Guo, M.A. Schnabel, Z.
Zhang & B. Li, W. Guo, M.A. Schnabel, T. Moleta
(2020)".
The sunshades added on the windows help reduce
indoors hot in summer. And due to the solar elevation
angle is small during the winter, so it is almost no
effect indoors lighting and heating by the sunshine in
winter. Moreover, Jiangmen city located in south
China in a "hot summer and warm winter" climate
zone, so the vital issue should solve the hot indoors
first "GB 50176. (2016)".
After comparing the initial and optimized results, the
hot indoors problem could be solved in varying
degrees. Even though the sunshades did not
completely solve all the problems, but it is better than
before. So it can be used in all the entrance facing the
west Yuedao Courtyard. It has a particular
contribution meaning.
Moreover, maybe it is too hot in south China, so only
the shading method maybe not enough to form a
comfortable indoor thermal environment to achieve a
healthy building. However, more strategies could be
found in Figure 12, except for the sunshades, the
water pool and greening are also solutions for
reducing indoor temperature. Because this
optimization is based on the built Yuedao Courtyard
under architecture design context, so minimal
intervention is considered. More other strategies and
situations could be done by the numerical simulation
method. This explains that the simulation method
could be used almost anywhere and anytime to some
extent. Even if the field survey results are more
authentic than simulation. The simulation can also
evaluate projects under design in advance.

Limitations
The limitations of this paper, due to the field survey
conditions, is the inability to collect data anywhere

and anytime. Thermal environment measurement
was not conducted in all the ten rooms, even though
nine rooms are enough according to GB/T 50785.

CONCLUSIONS
This paper explores indoor thermal comfort for
healthy building. Based on the literature review on
healthy building and indoor thermal comfort, creating
a healthy indoor thermal environment has been a
pivotal point in this research. According to the
objectives of Yuedao Courtyard and relevant
requirements by standards, numerical simulation and
field survey methods were used for evaluating the
indoor thermal environment of Yuedao Courtyard.
Their initial results were obtained. Furthermore, the
optimization results were also obtained based on
adding sunshades. After comparison and analysis, the
main conclusions are as follows:
(1) The numerical simulation method could be used
for evaluating indoor thermal comfort based on
Ladybug and Honeybee plugins. The results have the
same trend as the field survey.
(2) Yuedao Courtyard did not meet healthy indoor
thermal environment requirements under natural
ventilation. It is hot indoors, whatever during the
whole year simulation or on the measurement day.
(3) The optimization measures could be considered
by adding sunshades on the windows under the
passive building context. It can be universally used
for the standard building which entrance faced west.
(4) Numerical simulation is almost not restricted by
working conditions, especially for buildings under
design, which can evaluate whether the indoor
thermal comfort condition is healthy or not. It is
useful for designers to solve practical problems for
better design.
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ABSTRACT 

This article introduces a numerical model to project 
and construct a Double Skin Facade (DSF) in windows 
facing south, in order to be used on thermal energy 
generation in winter conditions. The DSF system is 
applied to a virtual chamber similar to a real 
experimental chamber and it is connected to a mixing 
ventilation system. The thermal energy generated by 
this DSF system is used to further indoor air quality 
and thermal comfort for occupants. The numerical 
simulation is done by a software that simulates the 
virtual chamber and the DSF thermal response. This 
software uses energy and mass balance integral 
equations for the opaque surfaces, transparent 
surfaces and internal air. It also considers the solar 
radiation simulator, the glass radiative properties and 
the assessment of radiative and convective 
coefficients. The results show that the proposed DSF 
system, using solar radiation, contributes to having 
acceptable conditions of thermal comfort, during most 
of the occupation cycle, and indoor air quality. 

INTRODUCTION 

Double Skin Facade (DSF) is one of the most promising 
technical solutions applied to building facades that 
allows control of the building's inside environment 
from the outside environment (Ghadamian et al., 
2012). DSF can be defined as “a special type of 
envelope, where a second skin, usually a transparent 
glazing, is placed in the front to a regular building 
facade” (Hazem et al., 2015). The air cavity between 
these two “skins” (panes) has a width between 20 cm 
to 2 m (Parra et al., 2015). Devices such as Venetian 
blinds (Hazem et al., 2015) or photovoltaic cells (Luo 
et al., 2018) can be settled in this air cavity. The air 
ventilation in this cavity can be regulated by natural, 
mechanical or hybrid (applying fans) ventilation 
techniques (Ghaffarianhoseini et al., 2016). The 
performance of the DSF depends on the type of facade, 
the second pane coverage, the air cavity dimensions 
and the shading devices here installed, the air 
ventilation strategies, the use and location of the 
building, among others (Poirazis, 2004). The use of DSF 
is a good solution for obtain several improvements 
such as “heat gain control, thermal buffer zone, energy 
savings and aesthetics” (Ahmed et al., 2019). 

Buildings sound insulation and thermal performance 
can be upgraded by using shading devices within the 
DSF (Hazem et al., 2015; Lee et al., 2015). The air 
velocity, airflow and air temperature in the cavity are 
affected by the blinds geometry, materials, properties 
and orientation, which in turn will influence energy 
production and thermal behavior in the DSF (Parra et 
al., 2015; Lee et al., 2015; Lee & Chang, 2015; Li et al., 
2019). 

Usually, the evaluation of the indoor air quality and 
ventilation system performance of a building can be 
done using indoor measurements of carbon dioxide 
(CO2) concentrations (Asif et al., 2018; Conceição et al., 
2008a; Laverge et al., 2011). The relationship between 
CO2 concentration and ventilation rate, under steady-
state conditions, is presented in ASHRAE Standard 
62.1:2016. This standard also shows that an acceptable 
indoor air quality can be achieved for a CO2 
concentration below 1800 mg/m3. 

Developed by Fanger (1970), PMV (Predicted Mean 
Vote) and PPD (Predicted Percentage of Dissatisfied) 
indexes are mostly used to evaluate the indoor thermal 
comfort in occupied spaces. These indexes were 
introduced in ISO 7730:2005 to define three comfort 
categories: category A (−0.2 < PMV < +0.2; PPD < 6%), 
category B (−0.5 < PMV < +0.5; PPD < 10%) and 
category C (−0.7 < PMV < +0.7; PPD < 15%). 

This numerical work uses a software, developed by the 
authors over the last years, that simulates the building 
thermal dynamic response. As example, it was applied 
to vehicles (Conceição et al., 2000), and to buildings 
with internal greenhouses (Conceição et al., 2008b), 
with implemented active and passive solutions 
(Conceição & Lúcio, 2010a) and with the use of solar 
radiation from windows (Conceição & Lúcio, 2009). 
This software also calculates PMV and PPD indexes 
using the indoor air temperature, indoor air velocity, 
indoor air relative humidity, and occupants’ clothing 
and activity levels, as was shown, for example, in the 
studies of Conceição & Lúcio (2016) and Conceição et 
al. (2009, 2010a, 2018). Concerning the indoor air 
quality evaluation, this software calculates the CO2 
concentration inside the occupied spaces (Conceição et 
al., 2010b; 2013). 
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The objective of this work is the development of a 
numerical model of design and construction of DSF in 
windows facing south in order to heat interior spaces 
in winter conditions. In this way, it is possible to 
achieve thermal comfort conditions and indoor air 
quality for the occupants using a passive technical 
solution with consequent energy savings. 

MODELS 

In this work, a whole building thermal response 
software, founded in numerical methods developed by 
the authors over the years, is applied (Conceição & 
Lúcio, 2010a; Conceição et al., 2000). The building 
thermal response numerical model was presented and 
applied in the study of Conceição & Lúcio (2010a). The 
solar radiation and glass radiative proprieties 
numerical models, and the convection heat transfer 
coefficients were introduced in the study of Conceição 
et al. (2000). The building thermal response numerical 
model was validated in winter conditions (Conceição 
et al., 2004) and in summer conditions (Conceição & 
Lúcio, 2006). 

The numerical model uses energy and mass balance 
linear of first order integral equations, which are 
solved by the Runge-Kutta-Felberg method with error 
control. These equations are used to calculate, in 
transient conditions, the temperature field of the DSF 
system and of the virtual chamber opaque and 
transparent bodies, and the water and contaminants 
mass field of the air within the DSF system and virtual 
chamber. 

The energy balance linear integral equations take into 
account the phenomena of convection, conduction and 
radiation: 

 The heat transfers by natural, forced and mixed
convection are evaluated using dimensionless
coefficients, which are used in the opaque and
glazed surfaces;

 The heat transfer by conduction is verified within
the opaque surfaces, between the different layers;

 The considered radiative heat exchanges are the
incident solar radiation, the absorbed solar
radiation by transparent (glasses) and opaque
bodies and the transmitted solar radiation through
the transparent (glasses) surfaces;

 The radiation phenomenon considers the shading
devices within the DSF system. Details about this
phenomenon are presented in the study of
Conceição & Lúcio (2010b), where a curtain of
trees is used to improve the thermal comfort level
of the occupants, and in the study of Conceição &
Lúcio (2008), where a building structure shading
device is applied according to the same objective.

The energy balance linear integral equations are used 
to evaluate the temperature of the: 

 Venetian blind, inner (window) and outer glasses,
DSF surrounding structure and air inside the
ventilated DSF;

 Opaque bodies (door, walls, floor and ceiling),
transparent (glazed) bodies, indoor bodies and
internal air of the virtual chamber.

The mass balance linear integral equations, 
considering the convection phenomenon, are used to 
evaluate mass concentration of the water vapour and 
contaminants (for example, CO2) concentration inside 
the DSF and inside the virtual chamber. 

MATERIALS 

The virtual chamber (Figure 1) used in this work is 
similar to an existing experimental chamber and it has 
the dimensions presented in Table 1. It consists of 
wood and is insulated with extruded polystyrene with 
a thickness of 40 mm. The virtual chamber is built with 
square-section bars, that support 108 square modules 
of 6060 cm2 distributed as follows: 28 modules in 
each side wall and ceiling; 16 modules in the rear wall; 
and 8 modules in the front wall. The virtual chamber 
has two doors, each one with 0.6 m by 2.5 m 
dimensions, and three windows, each one with 0.6 m 
by 1.2 m dimensions. 

a) 

b) 

Figure 1.  Virtual chamber: a) without and b) with the 
representation of the square modules. Grey colour represents 

the opaque walls, orange colour represents the ceiling and 
blue colour represents the windows  
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The projected and constructed DSF system by the 
numerical model is constituted by three DSF (Figure 2) 
and each one has the dimensions presented in Table 1. 
The DSF are installed in the south-facing envelope of 
the virtual chamber and are subject to the effect of 
incident solar radiation. Each DSF consists of two 
glazed surfaces, each one with a thickness of 4 mm, and 
a surrounding structure. It is outfitted with a Venetian-
type blind with an adjustable set of eight aluminium 
lamellae located in the air cavity. The dimensions of 
each lamella are presented in Table 1. The DSF consists 
of two transparent surfaces (glasses), each one with a 
thickness of 4 mm and a surrounding structure. It has 
an adjustable set of eight aluminium lamellae located 
between the transparent surfaces. The dimensions of 
each lamella are presented in Table 1. 

a) 

b) 

Figure 2.  Virtual chamber with DSF system: a) without and b) 
with the representation of the square modules. Grey colour 
represents the opaque walls, orange colour represents the 
ceiling, blue colour represents the windows and red colour 

represents the Venetian blinds 

Table 1.  Dimensions of the main elements 

Element 
Virtual 

Chamber 
DSF Lamella 

Length (m) 4.50 0.60 0.60 

Width (m) 2.55 0.20 0.12 

Height (m) 2.50 1.20 - 

Thickness (mm) - - 10 

The input data of the numerical simulation are the 
outdoor air temperature, air relative humidity, wind 
velocity and wind direction, obtained in a winter 
typical day by a weather station located in the South 
region of Portugal. The simulation was done for 24 
hours supposing clean sky. A typical winter day, as the 
21st December, was used to determine the evolution of 
solar radiation on that day. 

The virtual chamber has eight occupants during an 
occupation cycle between the 8 and 12 hours and 
between the 14 and 18 hours of the day. In the 
assessment of the PMV index, a metabolic rate of 1.2 
met and a clothing insulation level of 1 clo were used 
(ISO 7730:2015). During occupation, an airflow rate of 
0.0778 m3/s, suggested by the standards for an 
occupation of eight persons, was used in the numerical 
simulation. In the vacancy period, one renewal airflow 
rate per hour is used. 

RESULTS AND DISCUSSION 

At this point, the numerical results obtained, for winter 
conditions, in the virtual chamber and DSF will be 
presented and discussed, where appropriate, 
according to the following parameters: CO2 
concentration, Mean Radiant Temperature (MRT), air 
temperature, PMV index, thermal power and thermal 
energy. 

Indoor air quality 

Indoor air quality is assessed by the concentration of 
CO2 (ASHRAE 62.1:2016). Figure 3 shows the evolution 
of the CO2 concentration inside the virtual chamber. 

Figure 3. Evolution of the CO2 concentration inside the virtual 
chamber 

The evolution of the CO2 concentration inside the 
virtual chamber presents values below the limit of 
1800 mg/m3, so it can be concluded that, during the 
occupation cycle, the indoor air quality is acceptable 
for the occupants. 

Air temperature 

Figure 4 shows the evolution of the MRT inside the 
virtual chamber and the air temperature outside, 
inside the DSF and inside the virtual chamber. Note 
that the values shown correspond to the average of the 
values obtained inside the space. 
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Throughout the day, the MRT varies between the 
minimum value of 15.9C and the maximum value of 
18.6C, values obtained during the occupation period. 

Throughout the day, the MRT varies between the 
minimum value of 15.9C and the maximum value of 
18.6C, values obtained during the occupation period. 

During the occupation period, the indoor air 
temperature of the virtual chamber varies between 
16.3C and 21.1C in the morning and between 19.7C 
and 22.2C in the afternoon. The air temperature inside 
the virtual chamber is higher during the afternoon, 
generally above 20C, than during the morning, most of 
the time below 20C. 

Under the effect of solar radiation, the indoor air 
temperature in the DSF increases between 8.3C, 
calculated in the early morning, and 21.4C, obtained 
at 1.30 pm, and then decreases until 10.8C, calculated 
in the late afternoon. As the façade where the DSF are 
located faces south, so the evolution of the air 
temperature inside the DSF follows the evolution of 
solar radiation, typically obtained from facades facing 
south in the region where the simulated building is 
located. The DSF system allows to heat the outside air 
that is insufflate into the interior space of the virtual 
chamber between 0.8C (early morning) and 8.4C 
(around 1 p.m.). 

Figure 4. Evolution of the MRT, outdoor air temperature 
(Tair(out)), indoor air temperature (Tair(in)) and air 

temperature inside the DSF (Tair(DSF)) 

The MRT is lower than the air temperature inside the 
virtual chamber, which shows that the building's 
surroundings (walls, ceiling) are cooled by the outside 
air, which will negatively affect the level of thermal 
comfort of the occupants. Therefore, it is necessary to 
improve the insulation of the building envelope by, for 
example, increasing the thickness of the insulating 
material.  

The use of the DSF system allows passively heating the 
air blown inside the virtual chamber, thus contributing 
to an improvement in the thermal conditions of that 
space in winter conditions. In these conditions, 
between 8 a.m. and 6 p.m., the average temperature of 
the interior space is around 19.4C. 

Thermal comfort 

Thermal comfort of the occupants is assessed by the 
PMV index (ISO 7730:2005). Figure 5 shows the 
evolution of the average PMV index inside the virtual 
chamber to which the occupants are subjected. 

During the occupation period, the PMV index values 
are in the range between -0.7 and 0 from mid-morning. 
Until mid-morning, the PMV index values gradually 
increase until they enter this range, which is associated 
to category C of ISO 7730:2005. This increase follows 
the increase in the indoor air temperature of the DSF. 
The gradual increase in the thermal energy provided 
by the DSF, whose value is highest around the middle 
of the day, allows to ensure acceptable levels of 
thermal comfort during the afternoon occupation 
period. 

Figure 5. Evolution of average PMV index inside virtual 
chamber 

It can thus be said that the use of DSFs ensures from 
mid-morning acceptable levels of thermal comfort for 
the occupants. The level of thermal comfort is achieved 
by negative values of the PMV index within the 
category C of ISO 7730: 2005.  

Thermal power 

Figure 6 shows the evolution of the thermal power 
inside each DSF. 

Figure 6. Evolution of thermal power (QDSF) inside each DSF 

The thermal power increases during the morning and 
decreases during the afternoon. The maximum thermal 
power of 125.8 W is obtained at about 2 p.m. The 
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evolution of thermal power throughout the day is 
proportional to the difference between the air 
temperature inside the DSF and the temperature of the 
outdoor air. It is also found that the availability of 
thermal power is much greater when the virtual 
camera is occupied than when it is unoccupied, 
because the airflow rate also increases significantly. In 
this way, DSF's contribution to the significant increase 
in the availability of thermal power for heating the 
interior space of the virtual chamber is confirmed. 

Thermal energy 

Figure 7 shows the evolution of the thermal energy 
accumulated throughout the day by the system made 
up of the six DSF. 

Figure 7. Evolution of the thermal energy accumulated 
(Wacc(DSF)) throughout the day by the DSF system 

The total daily energy provided by the DSF system is 
1946 Wh, of which about 47% (921 Wh) are available 
by the end of the morning. This value corresponds to 
about 85% of the value needed to heat this space 
during the occupation time. Therefore, the availability 
of this energy obtained through a passive solar device 
allows to obtain energy gains, since it is not necessary 
to have to resort to electrically driven ventilation 
systems during about 85% of the occupation time. 

CONCLUSIONS 

In this article was introduced a numerical model to 
project and construct a DSF system in windows located 
on the south facade of a building. This passive solar 
technique will be used, in winter conditions, to 
produce thermal energy used to heat the interior 
spaces of the building in order to guarantee acceptable 
conditions of thermal comfort for the occupants. At the 
same time, the ventilation system associated with it 
will have a sufficient airflow rate to guarantee 
acceptable levels of indoor air quality. 

The proposed solution makes it possible to guarantee 
these three objectives at the same time. As the results 
show, indoor air quality is acceptable throughout the 
occupation period by CO2 concentration values below 
1800 mg/m3 (ASHRAE 62.1: 2016). The evolution of 
the PMV index inside the occupied space presents 
values within category C (ISO 7730: 2015) during most 

of the day. Only until mid-morning, these values are 
below, although close to, the acceptable limit. 
Therefore, it can be concluded that it is possible to 
guarantee acceptable levels, or close to that, of thermal 
comfort for the occupants during the day. The daily 
energy gains obtained are equal to 1946 Wh. 
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ABSTRACT
The ventilation rate of dormitory in winter affects the
living quality and learning state of students, while the
balcony will affect the indoor ventilation of dormitory.
In order to explore the influence of different locations,
floor heights and building types on the ventilation
rate and indoor environment of the dormitory in
winter, this paper used the computational fluid
dynamics software PHOENCIS and the multi-area
network model software CONTAM coupling
calculation method to simulate the indoor ventilation
conditions of the dormitory in a university with or
without balconies under three building types. The
results show that the average ventilation volume with
balcony is 44.04 m3/h lower than that without
balcony. When there are balconies, the room
ventilation rate of the first floor of ordinary
rectangular building, the second floor of L-type
building and the first floor of rectangular-ambulatory-
plane building are the largest. The room ventilation
rate of different positions on the same floor of
ordinary rectangular building is the lowest.
Considering comprehensively, it is better to choose
rectangular-ambulatory-plane dormitory buildings
when there is a balcony.

INTRODUCTION
At present, many college dormitories adopt natural
ventilation. Due to the low temperature in winter,
dormitory staff choose to open fewer windows or not
to open windows in order to reduce heat dissipation,
which seriously affects the air circulation in the
dormitory, making the ventilation volume and
environmental conditions of the dormitory fail to
reach the expected goal Lei et al. (2017). Low
ventilation in dormitory has significant influence on
the transmission of respiratory diseases Li et al.
(2019). Using natural ventilation can greatly improve
the indoor environment of winter dormitory Sun et al.
(2011). The balcony will affect the indoor and outdoor
airflow profile and indoor air velocity, thus changing
the indoor thermal comfort.
Dormitories in colleges and universities are relatively
densely populated dwellings, so the slight change of
ventilation rate is more likely to affect the study and
life of indoor personnel. Izadyar et al. (2020b)showed
that the influence of balcony depth on average indoor
air quality significantly depends on the orientation of
the building. Han et al. (2015)combined CFD wind

environment simulation, CONTAM multi-area airflow
simulation and EnergyPlus energy consumption
simulation software to compare the accuracy of
different air infiltration rate calculation methods for
building energy simulation, and pointed out that in
energy simulation, CFD multi area coupling method
should be selected to estimate the permeability, so as
to consider the complexity of building structure,
weather profile, surrounding terrain and shielding
effect. Herring et al. (2016)combined the CONTAM
multi-area building simulation tool with the outdoor
dispersion model to evaluate how the fidelity of wind
pressure input and the complexity of indoor model
affect the predicted ventilation rate of the study
building. It can be seen that many studies adopt the
method of combining CONTAMwith other software.
Although predecessors have done a lot of research,
there is currently a lack of large-scale research data
on the influence of balconies on indoor ventilation,
and it is difficult to support reasonable improvement
of balconies Izadyar et al. (2020a). There are fewer
studies on the influence of university dormitory
balconies on indoor ventilation and environment, and
such buildings deserve more attention because of
their high population density. Accurate wind pressure
coefficients are required when CONTAM is applied to
air flow simulation, and PHOENICS can provide these
parameters. Therefore, through the combination of
PHOENICS simulation and CONTAM ventilation
simulation, this paper focuses on exploring the
influence of dormitory balcony, dormitory location,
dormitory building type and other factors on indoor
ventilation. This study takes university dormitory as
the entry point and enriches the research results of
building balcony.

METHODS

Numerical study strategy
Accurate meteorological parameters and wind
pressure coefficient files are needed when the
software CONTAM is used for ventilation simulation.
Using PHOENICS to simulate the outdoor wind
environment, the wind pressure on the building
surface can be obtained and the wind pressure
coefficient file can be provided for CONTAM. The
simulated coupling strategy is shown in Figure 1.
First, a full-scale model of PHOENICS dormitory
building was established to simulate the outdoor wind
environment, and the wind pressure coefficients of
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different rooms under different building types were
obtained. Secondly, the air pressure coefficient was
input into CONTAM as a necessary parameter, and the
result of ventilation volume of the dormitory was
simulated by combining with other parameter
settings. The results of ventilation volume were
analysed, and the influence of balcony on dormitory
ventilation was obtained. The type of dormitory with
balcony studied is shown in Figure 2.The balcony
studied in this paper is a glass enclosed balcony with
openable windows to enhance dormitory ventilation.

Figure 1. Simulation coupling strategy

Figure 2. Side view of a dormitory with balcony

PHOENICS simulation
The wind environment around the dormitory building
was simulated by PHOENICS, and then the wind
pressure on the building surface was obtained. Each
full-scale model contains 9 buildings, with the middle
one as the research object. The height of the building
is 18 m, and the boundary distance of the building is
15H. Considering that different dormitory building
types were affected by different outdoor wind
environment, three full-scale dormitory models of
different building types were established, which were
ordinary rectangular, L-type and rectangular-
ambulatory-plane respectively. The geometric models

(a)

(b)

(c)
Figure 3. Schematics of buildings' layout: (a) rectangular
configuration, (b) L-shape configuration, (c) rectangular-

ambulatory-plane configuration
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of the three types of dormitory buildings are shown in
Figure 3.
In the outdoor wind environment simulation, the air
flow is turbulent flow, and the RNG k-ε model is
applied. The k-ε two equations are expressed by
Equations (1) and (2).
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where k is turbulent kinetic energy, C1ε and C2ε are
empirical constants of 1.42 and 1.68 respectively, μeff
is the diffusion coefficient. The full-scale wind
environment simulation results of the dormitory
(taking the wind direction of 90° as an example) are
shown in Figure 4.
Jinan is the representative of the typical cold climate
zone in Chinese. The monthly average temperature in
January is about -3.0 ℃. The dominant wind direction
in Jinan in winter is east. The average wind velocity in
Jinan in winter is 2.9 m/s MHURD (2012). The
velocity variation of a typical design day ranges from
2.0m/s to 4.0m/s. In order to consider the influence of
different flow directions on the wind pressure on the
building surface, the wind environment around the
building and the wind pressure on the building
surface were obtained when the flow directions were
0°, 45°, 90°, 135°, 180°, 225°, 270° and 315°
respectively. Taking L-type building as an example,
the wind pressure coefficient of the room on the south
side of the third floor is shown in Figure 5.

CONTAM simulation
The same dormitory building model in CONTAM was
divided into two types: with balcony and without
balcony. The overall dimensions of the dormitory are
6.0m in length, 3.2m in width and 3m in height, and
the balcony area is 4.8m2. The dormitory building
model is shown in Figure 6(a) (taking the ordinary
rectangle building as an example). The airflow
channel of the room with balcony is the door, inner
window and outer window, and the airflow channel of
the room without balcony is the door and window.
Doors and windows adopt two-way flow paths, and

(a)

(b)

(c)
Figure 4. Simulation results of full-scale wind environment of
dormitory building (taking the wind direction of 90° as an
example): (a) ordinary rectangular building, (b) L-type
building, (c) rectangular-ambulatory-plane building

Figure 5. Wind pressure coefficient of the room on the south
side of the third floor (taking L-type building as an example)
staircases are designed with one-way orifice paths. In
this study, the model was simplified and the room was
divided into areas such as southeast, northwest and
so on. The specific division is shown in Figure 6(b)
(taking the ordinary rectangle building as an example).
The room temperature was set at 20 ℃. The wind
speed was set according to the weather file. The wind
direction was E which was the most in winter MHURD
(2012). In the two-way flow path, the flow index was
0.78, and the width of the external window was 0.08m.
The wind pressure coefficient used in the study was
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calculated by Equation (3) after the external surface
pressure of the building was obtained by PHOENICS
simulation.

�� =
2∆�
��0

2 (3)

where ΔP is the wind pressure difference on the
exterior surface of the building, Cp is the wind
pressure coefficient, u0 is the wind speed at the
reference height [m/s].

Evaluation criteria
The evaluation criteria of the research results are as
follows: the dormitory personnel density is less than
0.4 persons/m2, the minimum fresh air volume is 26
m3/h MHURD (2012), the dormitory is naturally
ventilated, the fresh air volume is equal to the
ventilated volume, and the default is four-bed room,
and the ventilation rate should not be less than 104
m3/h.

RESULTS

Ventilation rate of different floors with or without
balcony
A room on the north side and a room on the south
side of the three building types were selected for
comparison. The ventilation rate of the two rooms
with and without balconies was analysed respectively,
and the difference value of the ventilation rate of the
rooms with and without balconies was calculated.
When the building type is ordinary rectangular, the
comparison of ventilation rate of rooms on different
floors with and without balconies is shown in Figure 7.
As can be seen from the figure, the ventilation rate of
the room on the north side and the room on the south
side has a similar trend with the change of floors.
When there is no balcony, the ventilation rate of the
south and north rooms on the third floor is the
minimum, which are 91.04 m3/h and 91.32 m3/h
respectively. When there is no balcony, the ventilation
rate of the fifth and sixth floors basically meets the
standard requirements of 104 m3/h. When there is a
balcony, the ventilation rate of the rooms on the south
and north sides is the largest on the first floor, which
is 67.38 m3/h and 66.26 m3/h respectively, while the
ventilation rate of the rooms on the second and sixth
floors fluctuates slightly, around 55 m3/h. When there
is a balcony, the ventilation rate of each layer does not
meet the requirements. The ventilation rate difference
between floor three and floor six with and without
balcony increases successively.

(a)

(b)
Figure 7. Comparison of ventilation rate of rooms on different
floors in rectangular dormitories with or without balconies:

(a) north, (b) south
When the building type is L-type, the comparison of
ventilation rate of rooms on different floors with and
without balconies is shown in Figure 8. Different from
ordinary rectangular buildings, L-type buildings with
or without balconies have the maximum ventilation
rate of rooms on the second floor, which are
respectively 168.44 m3/h and 148.68 m3/h on the
south and north sides. When there is no balcony, the
ventilation rate of floor 2-6 gradually decreases, and
only the ventilation rate of floor 2 and floor 3 meets
the requirements. When there are balconies, the
change trend of ventilation in different rooms on the
north and south sides is different, which may be
affected by the architectural form.

(a)
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(b)
Figure 8. Comparison of ventilation of different floors in L-
type dormitories with or without balconies: (a) north, (b)

south
When the building type is rectangular-ambulatory-
plane, the comparison of ventilation rate of rooms on
different floors with or without balconies is shown in
Figure 9. As can be seen from the figure, the changes
of ventilation volume of the rooms on the south and
north sides are no longer similar, and the changes of
ventilation rate of the rooms on the south side are
greater. When there is no balcony in the room on the
north side, the ventilation rate on the fourth floor is
the maximum, which is 101.07m3/h. When there is no
balcony in the room on the south side, the ventilation
rate on the fifth floor is the maximum, which is
111.93m3/h. When there is no balcony, the ventilation

(a)

(b)
Figure 9. Comparison of ventilation rate of rooms on different
floors in rectangular-ambulatory-plane dormitories with or

without balconies: (a) north, (b) south

rate of the rooms on the north side cannot meet the
requirements, while only the rooms on the fifth floor
on the south side can meet the requirements.

Ventilation rate of different rooms on the same
floor
Depending on the prevailing wind direction and the
layout of the building, the amount of air ventilated in
different locations on the same floor varies. This
paper explores the ventilation rate of rooms on the
1st, 3rd and 5th floors in different building types.
When the building type is ordinary rectangular, the
comparison of ventilation rate of dormitories at
different positions on the same floor with or without
balconies is shown in Figure 10. As can be seen from
the figure, when there is no balcony, the ventilation
rate of the room on the first floor changes greatly, and
the room on the northwest side is the smallest, which
is 84.36m3/h. The room on the southeast side is the
largest, which is 102.18m3/h, which does not meet the
requirements. When there is no balcony, the change of
the fifth floor is the least, and the ventilation rate of
the rooms in all directions is maintained at about 104
m3/h, which basically meets the requirements. When
there is a balcony, the ventilation rate of the rooms on
the first floor and the fifth floor has a small change,
about 66 m3/h and 56 m3/h respectively. The
ventilation rate of the third floor rooms does not meet
the requirements when there is no balcony.

(a)

(b)
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(c)
Figure 10. Comparison of ventilation rate of different
positions on the same floor with or without balconies in
ordinary rectangular dormitory buildings: (a) floor 1, (b)

floor 3, (c) floor 5
When the building type is L-type, the comparison of
ventilation rate of dormitories at different positions
on the same floor with or without balconies is shown
in Figure 11. The variation range of ventilation rate of
rooms in different positions on the same floor with
and without balconies is higher than that of ordinary
rectangular rooms.

(a)

(b)

(c)
Figure 11. Comparison of ventilation rate of different

positions on the same floor with or without balconies in L-
type dormitory buildings: (a) floor 1, (b) floor 3, (c) floor 5

When there is a balcony, the ventilation rate is 5 m3/h
higher than that of ordinary rectangular buildings.
When there is no balcony, the minimum ventilation
rate of rooms at different positions on the first floor is
104.12 m3/h, which all meet the requirements. When
there is no balcony, the ventilation rate of the north
and south rooms on the third floor is less than 104
m3/h, and the ventilation rate of the other rooms
meets the requirements. When there is no balcony,
the ventilation rate of each room on the fifth floor
does not meet the requirements.

(a)

(b)
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(c)
Figure 12. Comparison of ventilation rate of different
positions on the same floor with or without balconies in

rectangular-ambulatory-plane dormitory buildings: (a) floor
1, (b) floor 3, (c) floor 5

When the building type is rectangular-ambulatory-
plane, the comparison of ventilation rate of
dormitories at different positions on the same floor
with or without balconies is shown in Figure 12.
When there is no balcony, the room on the east side of
the first floor has the largest ventilation rate, which is
104.13 m3/h; the room on the south side of the fifth
floor has the largest ventilation rate, which is 111.93
m3/h; the ventilation rate of other rooms does not
meet the requirements. When there is a balcony, the
ventilation rate of the rooms on the third and fifth
floors varies more than the first two types.

Comparison of ventilation volume of three
building types
This section analyses the ventilation of all rooms with
or without balconies. The comparison of ventilation
rate of the three building types without balconies is
shown in Figure 13. It can be seen from the figure that
the ventilation rate of the dormitories in the
rectangular-ambulatory-plane building is relatively
small on the whole, and the ventilation rate of a few
rooms meets the requirements of the code. The
fluctuation of ventilation rate of ordinary rectangular
building dormitories is small, and its mean value
basically meets the requirements. The ventilation rate
of L-type building dormitory is larger as a whole, but
the ventilation rate of different rooms varies greatly.
The comparison of ventilation rate of the three
building types with balconies is shown in Figure 14.
Ordinary rectangular building dormitory ventilation
rate is the least. The average ventilation rate of L-type
buildings is similar to that of rectangular-ambulatory-
plane buildings, and the ventilation rate of different
rooms in rectangular-ambulatory-plane buildings has
little fluctuation.

DISCUSSION
The balcony of dormitory building has obvious
obstruction to the air flow. The ventilation rate of
ordinary rectangular, L-type and rectangular-

ambulatory-plane dormitory buildings with balcony is
36.57 m3/h, 66.71 m3/h and 20.04 m3/h lower than
that without balcony, with an average of 44.04 m3/h.
The balcony of rectangular-ambulatory-plane building
has little effect on the ventilation. When there are
balconies, the difference of ventilation between
different floors of ordinary rectangular dormitory
building is small, which may be caused by different
building structures. Longer corridors and more
corners may be part of the reason.

Figure 13. Comparison of ventilation rate of three building
types without balconies

Figure 14. Comparison of ventilation rate of three building
types with balconies

By comparing the ventilation of different rooms on
the same floor, it is found that the ventilation of three
types of dormitory buildings with balcony is the
largest on the first floor. This may be due to the
influence of the density of the building model, and the
dense buildings change the wind environment around
the research object. In the future research, we can
change the space between buildings, so as to get the
influence of different building density on the wind
environment around the middle building.
With balcony, when the window opening of all rooms
in three building types is 0.08 m, the ventilation rate
cannot reach 104 m3/h, which may be related to the
window opening. Increasing the window width will
solve this problem, but it will also reduce the
temperature in the dormitory. In this case, increasing
the window width is not easy to achieve. Although the
existence of balcony reduces the ventilation, it
prevents the cold air from entering the room directly.
Therefore, exploring the balance of the influence of
balcony on indoor temperature and ventilation is the
focus of the next research.
Through the above data, it is found that the average
ventilation of L-type dormitory is the largest when
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there is no balcony, and the average ventilation of
rectangular-ambulatory-plane buildings with balcony
is the largest. Therefore, when building high-density
dormitory buildings in colleges and universities, we
can choose the two kinds of buildings correspondingly,
and avoid the use of ordinary rectangular buildings. In
the design, other forms of buildings that conform to
the prevailing wind can be considered, or the
passageway for guiding wind can be added in the
building.

CONCLUSIONS
Using the method of combining PHOENCIS and
CONTAM, this paper focuses on analysing the
influence of balcony, different floors and different
locations of the same floor on the indoor ventilation of
college dormitory. The following conclusions were
drawn:
(1) The balcony of the dormitory has a significant
obstruction effect on the air flow in the dormitory,
and the average ventilation volume with the balcony
is 44.04 m3/h lower than that without the balcony.
(2) When the width of the outer window is 0.08 m, the
ventilation rate of the three types of dormitories with
balconies cannot meet the minimum fresh air volume
standard.
(3) In the construction of high-density dormitory
buildings in colleges and universities, the buildings
without balconies can be designed as L-type, and the
buildings with balconies can be designed as
rectangular-ambulatory-plane.
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(a)

(b)
Figure 6. CONTAM model of ordinary rectangular dormitory building: (a) with a balcony, (b) without a balcony
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ABSTRACT 
In the coming years, the Dutch construction industry 
will be faced with a major energy transition. This 
means that dwellings should be built more sustainable 
and energy efficient according to the guidelines drawn 
up by the Dutch government. However, does this 
transition also include the individual health and 
comfort aspects of occupants or is there too much focus 
on achieving the energy-saving guidelines? This 
research about healthy living shows that a home 
environment has a great deal of influence on the 
physical, mental and social conditions of its occupants. 
Unfortunately, this is negatively influenced by, among 
other things, limited guidelines from legislation and 
regulations, the disinterest of the construction sector , 
and the unhealthy and unpredictable behaviour of 
residents. Therefore, change is needed in the current 
way of building as we know it in the Dutch building 
sector.  

INTRODUCTION 
According to RIVM (Jongeneel, 2009), residents are 
increasingly concerned about their health in relation to 
their dwelling. Despite progress in the quality of the 
building stock with respect to mould, moisture and 
noise pollution, indoor environment-related 
complaints remain. The link between a reduced indoor 
climate and health problems has been in the news for 
some time, but has only been given more attention in 
recent years, partly due to the emergence of the sick 
building syndrome (Nag, 2015). The link between non-
specific health problems and buildings has been 
established.  In addition, practical examples point to a 
revised and improved quality of building and 
installation design. A good example of this is the new 
housing estate Vathorst in Amersfoort, where various 
health complaints arose during the user phase of a set 
of newly built houses (Sataloff et al., 2009). The cause 
was a lack of a good ventilation strategy, whereby the 
ventilation did not meet the health and satisfaction 
requirements of the residents.  
In addition to the shortcomings of building 
installations, the influence of building and interior 
materials on the indoor environment is increasingly 
being discussed (A. Boerstra, A. Gelderblom, C. Hegger, 
D. Jochems, R. Kerkohoff, J. Odink, E. Peeters, R. Slob,
2007b). Volatile organic compounds (VOCs) can be
found in building materials that are still used today and
have an impact on people's health. Other substances

that pose a health risk include cleaning agents, 
pesticides and household dusts (A. Boerstra, A. 
Gelderblom, C. Hegger, D. Jochems, R. Kerkohoff, J. 
Odink, E. Peeters, R. Slob, 2007a).  
In addition to building materials, building design also 
has a major influence on people's neurotic and mental 
health. By not only considering functional 
requirements, but also adapting the building to 
people's expectations, the building can provide more 
than just a place to live for its users (International 
WELL Building Institute, 2016).  
In response to the above points, supplemented by a call 
from the field, research has been carried out into 
improving the living quality of newly built homes in the 
Netherlands. Ultimately, two documents emerged that 
provide advice to the construction industry and 
residents on how to develop and use a home in a 
healthy way.  

METHOD 
The study on healthy homes was carried out as a 
graduation project at Avans University of Applied 
Sciences in the Netherlands for the improvement of the 
Dutch new-build housing stock in terms of building 
physics and architecture. The research consists of a 
combination of literature review, a measurement of air 
quality in a practical case study and a survey among 
future residents of healthy houses. The aim of the study 
is to identify relevant components for designing a 
healthy home from the design and user perspective. 
For the literature review, first a trend analysis was 
done using the DESTEP+S method, looking at where 
the bottlenecks in building healthy homes are, and 
where there are openings in the problem to address. 
DESTEP+S stands for Demographic, Economic, 
Social/Cultural, Technological, Ecological, Political and 
Security. It is a method that makes it possible to 
visualise the threats and opportunities caused by the 
landscape in which the situation finds itself. The scope 
of this analysis was the integration of healthy measures 
into a sustainable (energy) transition of housing 
construction.  
Next, consideration was given to the definition of a 
healthy home. This definition is the starting point of 
the study and has formed the basis for the positions 
taken in the study.  
On the basis of a literature study, various health risks 
in a dwelling are described from the point of view of 
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building physics, installations and design. These health 
risks were divided into four themes: outdoor 
environment, indoor environment, design and 
communication between builder and resident. 
Ultimately, an advisory report was written in the form 
of these four themes.  
To determine a starting point for the research, the 
Dutch building code was examined. This involved 
looking at what Dutch legislation does to prevent 
health risks. The 2012 Buildings Decree was used for 
this purpose.  
Based on the definition of a healthy dwelling, the trend 
analysis of the urgency of the research, various health 
risks in a dwelling and the current measures from the 
Dutch building code, recommendations have been 
issued to improve the health of the indoor 
environment and building design. These 
recommendations are supported by a measurement in 
a living lab, an interview with the residents of the living 
lab and a survey among 68 future users.  
The living lab consists of a house with a number of 
measures to stimulate the health of the residents. The 
measures include:  Loam plaster walls, flax insulation 
in the roof and in the walls, air-water heat pump, 
mechanical ventilation without air circulation with 
particulate filter and direct air extraction in the 
kitchen.  In addition, sensors have been installed in 
each living area of the house to measure CO2 
concentrations, Relative Humidity (RH), temperature 
(°C) and formadehyde. During the study, only the CO2 
measurement functions were accessible.  

RESULTS 
Urgency of Health in the Dutch Housing Sector 
Various trend scenarios emerged from the trend 
research, with the most realistic outcome being that 
housing construction currently focuses on 
sustainability within the sector. However, very little 
attention is paid to the health of residents. It is 
therefore important that the construction sector 
focuses on the technology of both sustainable and 
healthy developments, whereby residents are given a 
more active role in the healthy use of their homes.  

Definition Healthy Dwelling 
Health in housing is, like the term sustainability, a very 
general term. It is therefore difficult to capture the 
concept in a simple definition. In order to provide a 
framework for the definition, use has been made of 
existing definitions from, among others, the World 
Health Organisation (World Health Organisation, n.d.) 
and the Institute of Positive Health (Huber et al., 2011). 
In addition, the range of topics within this research 
falls within architecture and building physics, and is 
carried out within the building practice, so the concept 
development is connected to this scope. Ultimately, the 
following definition for a healthy home emerged: 

 'A healthy dwelling is a house or accommodation in 
which the individual's physical, mental and social well-
being is positively promoted from the individual's state 
of mind by optimally combining the factors of the 
indoor environment, architecture and human attitude 
through preventive action, both in the dwelling and in 
the surrounding environment'.  
In short, a healthy home promotes the individual 
health of its occupants in a positive way, regardless of 
their state of health. It is important to keep an eye on 
the physical, mental and social aspects. A home must 
ensure that the resident feels comfortable with his or 
her own body, mind and social environment.  

Health risks 
The health risks in a home focus on the physical, 
mental and social condition of the resident. Some well-
known examples are too high an indoor temperature, 
poor air quality due to particulate matter and Volatile 
Organic Compounds (VOCs), and removal of nature. 
For example, too high a temperature can lead to night-
time restlessness and fatigue (Kuindersma & Ruiter, 
2007). Poor indoor air quality depends on a number of 
factors, such as the degree and form of ventilation, the 
use of artificial materials in the home and the 
behaviour of occupants. Poor air quality can lead to 
headaches, concentration problems or tightness in the 
chest, among other things (SBRCURnet, n.d.). And 
finally: due to increasing urbanisation, people are 
becoming more and more distanced from nature. This 
is caused, among other things, by the reduction of 
greenery in the environment, over-stimulation of the 
body and the incorrect use of daylight and artificial 
light  (Oerlemans, B; de Kok, n.d.), which prevent 
people from being able to relax. This can result in 
stress and invites unhealthy behaviour by residents 
(Van den Berg, 2013).  
Some of the causes of the health risks can be sensed, 
such as the amount of daylight in a room or the 
temperature. This is also referred to as the resident's 
comfort. This comfort influences the physical and 
psychophysiological state and is bound up with an 
individual. Different people can experience comfort in 
different ways, which is why it is difficult to measure. 
Health problems often arise in the area of comfort, 
because each person feels comfortable in a room in a 
different way. Other causes of health risks cannot be 
sensed, such as some volatile organic compounds 
(VOCs) or the level of fine dust in a room. It is therefore 
understandable that people sometimes experience 
inexplicable complaints that they cannot place by 
means of physical sensors. This is why it is important 
for technology to help people increase their sense of 
comfort in the home. 
In order to reduce the risks in practice, it is practical to 
divide them into themes, so that work can be done on 
improving a home in a targeted way. The research 
carried out has shown that the risks can be divided into 
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four themes: outdoor environment, indoor 
environment design and communication. The outdoor 
environment is in the direct surroundings of the 
dwelling. A number of issues within this theme are: 
poor outdoor air quality due to a nearby motorway or 
livestock farm, removal of nature due to urbanisation 
and social isolation due to unconscious 
discouragement of social cohesion. Indoor 
environment risks are characterised by discomfort due 
to too high or too low temperatures, poor indoor air 
quality due to, among others, inappropriate 
ventilation, artificial materials emitting volatile 
organic compounds, such as formaldehyde, improper 
use of the home by residents, noise and light pollution. 
Light pollution (the excessive use of artificial light) has 
a disturbing effect on animals, plants and people. The 
excessive use of artificial lighting causes the 
production of the hormone cortisol ('waking up' 
hormone) in humans and inhibits the hormone 
melatonin ('sleeping' hormone). This results in a 
reduction of the human immune system, sleep 
disorders and stress (Van den Berg, 2013). 
The design brings with it the risk that the experience of 
space can be reduced by experiencing a feeling of being 
locked up. This is caused, among other things, by a 
ceiling height lower than 2.7 metres (Augustin, n.d.) 
and the design of spaces that are too small (Pagel & 
Choukèr, 2016).  
Finally, communication is extremely important. Poor 
communication increases the risk of unhealthy 
behaviour. The responsibility for this lies with both the 
builder and the resident. The greatest risk lies in taking 
responsibility for the house. Due to limited explanation 
of techniques to the resident, these techniques can be 
used incorrectly by residents (Boerstra, A.; van Dorst, 
2002), as a result of which a healthy technical system 
can still cause major health risks. 

Current laws and regulations 
The definition of a healthy home states that a healthy 
home should contribute positively to the health of its 
occupants. This means that a dwelling should be 
designed and built in such a way that the risk of health 
complaints is zero. When looking at the Dutch 
Buildings Decree, this positive health contribution is 
not addressed. The Buildings Decree consists of 
regulations for safety, health, usability, energy-
efficiency and the environment. All buildings in the 
Netherlands must comply with these regulations. 

The requirements set by the Buildings Decree are 
minimal. Yet many builders see this as the maximum 
they are willing to deliver (Bouwmeester, 2016). The 
theme of 'health' is mentioned in the Building Decree, 
but has only limited content. The positive stimulation 
of health is not included. In contrast, it is stated that the 
risks must be limited or must not have a negative effect 

on people. An example of this is the repellence of 
moisture. The Dutch Building Decree states that the 
formation of allergens due to moisture must be limited. 
The word limited is remarkable. According to the 
legislation, a risk may be taken with regard to the 
formation of allergens.  
A risk to health may not be taken with every regulation. 
For noise, the word ´protected´ is explicitly mentioned. 
According to the Building Decree, residents must be 
protected against noise pollution from in and around 
the dwelling. This is remarkable. On the one hand, 
residents must therefore be protected, while on the 
other hand they may be exposed to the boundaries 
within the word 'limited' via other indoor environment 
aspects. No further investigation into this has been 
carried out in this study. However, a proposal has been 
made for an approach to better protect residents in 
their home environment.   
A solution for the adaptation of the current building 
standards will have to be found at both national and 
regional level. At the national level, it is desirable to 
look again at the terminology in the Dutch Building 
Decree to see if there is an opportunity to better ensure 
the protection of occupants.  In addition to the changes 
in the Dutch Building Decree, further consideration 
should be given at the regional level. In order to 
achieve a healthy living environment, it is important 
that municipalities take more action in this regard. 
Because of the decentralisation of tasks and the arrival 
of the new Environmental Act, it is up to the 
municipalities to include health in their local 
environmental vision and plans. It is precisely this 
decentralisation that the municipality can see as an 
opportunity to improve health at the neighbourhood 
level, so that the individual resident can benefit from a 
healthy living environment. 

Guidelines Healthy Home 
Following the health risks in homes and the current 
measures in the Dutch Building Decree, an advisory 
report has been drawn up for improving the quality of 
life for residents. The recommendations are based on a 
large literature study and interviews with experts, 
taking into account the most relevant data. By applying 
these recommendations, the health risks in homes 
could be reduced and it might even be possible to exert 
a positive influence on the physical, mental and social 
condition of residents.  
Returning to the aforementioned four themes for 
healthy living, measures can be taken at every level to 
effectively improve the sustainable home. In the thesis 
research, an extensive guideline has been written 
containing practical starting points that can be added 
to a dwelling. A small selection of these measures is 
described below.  
Within the environment theme, the macro level 
(seasonal rhythm), meso level (reduce the distance 
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between the house and traffic and keep the house out 
of the nuisance circle of companies) and micro level 
(relationship with nature and building with a south 
orientation) must be taken into account. In addition, 
social interaction should be improved by the use of 
small front gardens, benches on the street and parks in 
the area, among other things. The stimulation of 
recognisability in the neighbourhood is also important. 
This can be done by using materials and colours for 
specific sub-neighbourhoods. Finally, privacy 
safeguards are important. There should be a clear 
privacy shield by placing small windows on the busy 
street side and large windows on the garden side. 
Within the theme of the indoor environment, the 
temperature in the house must be kept comfortable by 
placing the house in a south-facing position, applying 
sufficient shade and using light-coloured or green 
facades and roofs. In summer, the living room 
temperature should not exceed 25.5°C and in winter it 
should not fall below 21°C. The bedroom should 
always be 3°C cooler than the living room. An 
important principle is that these values for 
temperature are advisory values and the resident must 
always be able to exceed the temperature. In this way, 
the house satisfies the psychological comfort feeling. 
The main heating and cooling system must consist of 
radiant heat/cooling. The emission system should 
preferably be a simple, cleanable system. To keep the 
air quality in the house comfortable, the air humidity 
should be between 30 and 50% RH (relative humidity). 
It is also important to use only natural products that 
contain little or no formaldehyde (advised: <30 
ug/m3), acrolein (advised: <50 ug/m3 ), or benzene 
(advised: <20 ug/m3 ). The total VOC should not 
exceed 200 ug/m3. The CO2 level in the house must 
also be kept low to keep the residents fit. CO2 itself 
does not pose a direct health risk, but should be seen 
as an indicator of the waste substances emitted by the 
body. The maximum CO2 value in a room is <750 PPM. 
This means a maximum of 350 PPM on top of the 
average outdoor value of 400 PPM. Finally, particulate 
matter (PM) in the house must be limited. This can be 
done by using an extractor with a minimum capacity of 
300 m3/h and a particulate filter with at least class F7. 
The maximum fine dust value may not exceed: PM2,5 
10 ug/m3 and PM10 20 ug/m3. 
The design must improve the mental aspect of people. 
This can be achieved by providing a view of nature, 
preventing a feeling of confinement by using ceiling 
heights higher than 2.7 metres and providing 
opportunities for minimalism. By designing 
minimalist, less material is wasted and more quality 
can be added to the house.  
Finally, the communication between builder and 
resident can be improved by providing tips to both 
parties. The builder can then provide targeted 
information about, for example, the technology in the 
home using a simple technical manual. The resident 

can use the tips to identify problems sooner and deal 
with the home more consciously in terms of 
sustainability and health. This can be done by an 
information booklet containing general tips for 
maintaining the home. 
The above measures could serve as guidelines so that 
builders and designers can use them as tools to put the 
healthy theory into practice. They could be starting 
points to help build healthy homes. These principles 
are not obligatory, but any additional principles that 
are included are welcome. In this way, the package of 
guidelines for healthy living can be expanded, next to, 
for example, Fresh Schools and Well Building Standard. 

Raising awareness among residents 
Besides the construction industry and the 
municipalities, residents themselves can also 
contribute to the solution. To a certain extent, they can 
influence health in the home. The first step that needs 
to be taken is to raise awareness of health problems in 
the home. The building sector can do this by providing 
information to the residents by means of a positively 
worded PromoPaper (information pamphlet on health 
in homes) that conveys the meaning of a healthy home, 
and a sensor-controlled device with clear visual 
support.  In this, it is important that it becomes clear to 
the residents what is going on, why they should pay 
attention to health and how they can approach it most 
effectively.  
An example for a Promopaper would be to give a 
number of tips that they can immediately apply in their 
house, such as tips on ventilating the house (in 
combination with an accessible technical manual on 
the installed techniques), letting daylight in and 
avoiding materials containing VOCs. During the 
graduation research, a first draft of a PromoPaper was 
used to give residents more information on the use and 
maintenance of the house. By means of a survey among 
68 future users and a discussion with residents who 
are currently living in a living lab with healthy 
measures, it emerged that the wishes for a healthy 
home are considered important and that a visual 
representation by means of a PromoPaper is highly 
desirable. The preference for the visualisation is for a 
physical version of the PromoPaper to be given to the 
residents when they move into a new home. In 
addition, a digital version via social media or e-mail 
would be desirable. 

Test results living lab sensors 
In the section 'Risks', it has already been explained that 
some aspects cannot be observed by humans, such as 
the fine dust content or volatile organic compounds. 
For the risks that cannot be observed by the residents, 
they could use a tool such as a sensor in the house that 
measures the risks and communicates them to the 
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users by means of a simple visualisation. This would 
give residents better insight into when it is best to open 
the windows or turn on the extractor fan. The survey 
showed that users would find these sensors a pleasant 
tool for implementing healthy tips.  
During the study, one measurement was carried out 
using the sensors in the living lab. The measurement 
took place in May 2019. At the time of the 
measurement, the sensors could measure CO2, 
temperature (°C), relative humidity and formaldehyde. 
The results from the measurements were not 
representative, as only one measurement was carried 
out. However, it did appear that the installations were 
set up properly, so that the CO2 level did not exceed 
750 ppm for a long time and the formaldehyde 
remained within the limits of the Buildings Decree 
(formadehyde<120 ug/m3).  
However, a cautious conclusion can be drawn that the 
values set for the installations may be more stringent. 
For formaldehyde, the limit value of the Dutch Building 
Decree has now been adopted, but a reduction of this 
limit value could be considered.  
Another remarkable outcome of this study is the 
privacy of the sensors. Because the measurements 
were taken and stored per room, it is easy to read in 
which rooms the occupants are present the most and 
to observe the increase in CO2, among other things. It 
is therefore important to establish with the occupants 
what may and can be done with this data. This study 
did not discuss this further.  

DISCUSSION 
It is necessary for the Dutch construction sector to pay 
attention to the health of homes in addition to 
sustainability. Most of the interest within the 
construction sector has so far been focused on 
sustainability. This is a logical choice, since the building 
sector is faced with major challenges in this area. 
However, the health of residents should not be 
forgotten in the design and realisation of homes. In 
addition to construction-technical principles, residents 
are not always aware of the health hazards in their 
homes. That is why it is time to raise awareness of 
health in housing. 
What is the best way to do this? A healthy home should 
make a positive contribution to the health of its 
occupants. In order to realise this, it is important to 
adapt the insights of current legislation and 
regulations in such a way that the risk of health risks 
becomes minimal. The opportunity for this will have to 
be found at national and regional level. It is important 
that the construction sector, the government and 
residents act together in this regard. Up to a certain 
height, residents can influence a healthy indoor 
climate. After that, it is up to the builder to make 
adjustments to the design through architectural and 
building physics measures. The starting points of the 
measures should be laid down in a new set of measures 

that should improve the health of homes. This 
graduation project has made a first move in this 
direction. New measures of this type could serve as 
guidelines so that builders and designers can use them 
as an aid during the design phase. This type of package 
already exists for schools and offices. Now it's time for 
the buildings where people spend most of their time: 
homes. 
Residents can also work on the health of the home 
themselves. They need to be informed about the health 
effects of homes. A good way to raise awareness is to 
make a positive PromoPaper that adds meaning to the 
story. To involve residents in this process, tips can be 
given on how they themselves can exert a healthy 
influence on the home. By applying sensors in the 
home, the health tips can be monitored. 

A follow-up study is needed to test the literature found 
in practice. At the moment, assumptions have been 
made on the basis of found literature, a small-scale 
survey and one measurement. Eventually, it will have 
to be investigated more thoroughly per theme how 
healthy requirements and measures can best be 
applied in practice. This research can offer a first start 
in this respect.  
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ABSTRACT 
The RenovActive renovation concept seeks to offer 
healthy, affordable, easy to reproduce, scalable 
solutions for the existing building stock of European 
housing. The concept was developed and tested in a 
prototype phase, where 7 principles have been applied 
to a semidetached house built in the 1920s, situated in 
a garden city in Brussels. The renovated prototype was 
occupied by a family and monitored for two years. The 
monitoring was performed, after renovation, both 
through data, sensors, and extensive interviews and 
questionnaires with the family. In general, the family 
living in the house is very satisfied with the indoor 
environment. The results show a general indoor CO2-
concentration below 900 ppm, and an indoor 
temperature between 21°C and 26°C. The technical 
and sociological monitoring show indication for the 
additional potential to optimize and improve indoor 
comfort levels and perception. As an example, there 
are discrepancies between setpoints and programming 
we initiated, based on standards and scientific inputs, 
based on predicted behaviors. But user interactions, 
and preferences in real life situation when occupying 
the house, as well as situational perceptions and 
culture, modified user setpoints compared to our 
initial setpoints, that in some settings could have a 
negative impact on the indoor environment. This 
indicates that a technical system operating the indoor 
environment must be both flexible and robust to 
accommodate for multiple and varying preferences of 
building inhabitants. 

INTRODUCTION 

From 2008-2012, several Model Home 2020 
demonstration buildings were designed and 
constructed (Foldbjerg et al, 2015). The objective of 
the Model Home 2020 project was to combine an 
excellent indoor environment with high energy 
efficiency. Thereby, the houses were designed, built, 

and constructed as state-of-the-art homes with the 
newest technological developments and high-quality 
materials, and designed to strike the best balance 
between the three Active House principles (Active 
House) (Figure 1):  
• Comfort: the building should provide indoor living

conditions that support the health and comfort of
its inhabitants

• Energy: the building achieves high levels of energy
efficiency and makes use of renewable energy

• Environment: the building has a minimal impact on
the environment.

In the Model Home 2020 projects, all buildings were 
monitored in use to measure and understand both the 
buildings’ performance and the perception of the 
occupants. From the monitoring part, one of the 
conclusions was that it is possible with available 
products and technology to meet the 2020 energy 
requirements without compromising sustainable 
living. 

Figure 1 - The Active House principles 

The need for meeting legislative requirements is 
especially poignant with pre-existing structures. The 
RenovActive project builds on these learnings while 
focusing on the renovation.  Indeed, all the current 
dwellings in Europe have been built between 1945 and 
1980, and the average age of our total building stock 
continues to grow increasingly older. Eurostat has 
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registered a 30% decline in construction output in the 
EU’s 28 member states since 2008. If the trend 
continues, 90% of our current residential properties 
will still be in use by the year 2050. The RenovActive 
project in Anderlecht seeks to offer healthy, affordable, 
scalable solutions (VELUX, 2016) by testing the Active 
House principles in social housing and the single-
family housing segment. The house was abandoned 
prior to renovation. 

SEVEN PRINCIPLES FOR A HEALTHY AND 
AFFORDABLE CLIMATE RENOVATION 

A key aspect of the RenovActive (Figure 2) project is to 
prove the financial viability of a renovation according 
to the Active House principles (see AH web site) in 
social housing across Europe, where challenges are: 
• Ill-maintained homes are more common

in rental properties due to tenants’ lack
of ownership

• Energy poverty means that nearly 11%
cannot afford to heat their home sufficiently

• Unsuitable behaviors, e.g. lack of regular
airing and the drying of clothes indoors,
lead to a bad indoor climate

Figure 2 RenovActive prototype before and after renovation 

Dividing the concept into seven individual building 
elements makes it possible to create a better match 
between the financial plan of the project and the 
different needs of the housing company, and the very 
wide span of existing housing conditions. To be able to 

meet the different points of departure, and enable a 
standardized approach, the affordability concept bases 
on the proven quality of each principle, as well as the 
ability to be reproduced, allowing economies of scale 
to take effect; as such it is an approach of systemic 
enablement with a combination of elements.  

Table 1: Seven principles applicable and cost-effective solutions 
for renovation. All principle was applied. 

1: Attic conversion: The attic is 
converted into living space (area 

12,5m2) and connected to the 
home via an open stairwell. 

2: Increased glazed area: 
Distribution of windows (both 

new and existing) in every room 
and on every floor to improve 

daylight conditions 

3: Staircase shaft for daylight & 
ventilation: An open stairwell 

topped with roof windows 
allows ventilative cooling 

through open roof windows as 
well as downward daylight 

distribution. 

4: Dynamic sunscreening: 
External sun screening reduces 

overheating. 

5: Hybrid ventilation system: 
During summer, windows and 
stairwell are used to provide 

natural cooling in the building, 
During winter, mechanical 

ventilation maintains indoor air 
quality and while limiting the 

risk of draughts. 
6: Improved thermal envelope: 

New facade insulation, new roof 
construction, and new windows 

all around ensure reduced 
energy consumption. New 
ground floor heating and 

modern radiators on the 1st and 
2nd floors.   

7: Building extension: The 
extension (area 15m²) creates 
additional living space on the 

ground floor and space for one 
more family member in total. 

The RenovActive Concept is based on seven principles, 
seen to be the most applicable and cost-effective 
solutions for renovation (Table 1). Each element is 
created to give existing buildings the ability to perform 
on the same level, or close to, as newly built houses. 
Depending on the existing building design and 
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renovation budget, the different elements can be 
implemented to increase the level of daylight, improve 
ventilation, strengthen the envelope or expand the 
living space through densification or extension. The 
concept’s modularity adapts to each house typology. 

To investigate the concept, the house has been tested 
by the first family to move in and monitored post-
occupancy to evaluate how the elements function in 
practice. The post-occupancy evaluation is conducted 
by a research team of social scientists and engineers. 
The sociologists took a close look at the occupants’ 
perspective, experiences, and interaction with the 
building. The engineers checked the physical data and 
performances of the house. The post-occupancy 
monitoring of the first RenovActive project wanted to 
explore the performance of this healthy and affordable 
renovation, targeting both energy savings and user 
comfort.  

The following targets were laid down to make the 
RenovActive House in Belgium a success and validate 
the concept - all of them were met by the completion of 
the project: 
• Indoor climate: The house offers high daylight

levels, protection against overheating, and a good
indoor air quality

• Affordability: The renovation (incl. all technical
equipment) is executed within the budget lines of
social housing in Brussels

• Reproducibility: The concept should be based on
existing technologies and materials

• Energy performance: The primary energy use
complies with the strict Brussels EPB (Energy
Performance of Buildings) legislation

From an occupant perspective 

The sociological monitoring included three different 
instruments of data collection and several data 
collection points (te Braak et al 2020). There were 
face-to-face-interviews, online questionnaires and a 
time-diary-tool. These three instruments were linked 
together, and each is referring to the other. After filling 
in questionnaires, the adults were interviewed face-to-
face by a scientist, directly after the interview, both 
adults were asked to fill in a time diary for a one-week 
period. The online questionnaire quantified the 
opinions, level of satisfaction and comfort behaviour of 
the dwellers, an input that was then extended during 
the face-to-face-interview. The interviews served 
furthermore the purpose of clarification of various 
points, like comfort behaviour and the actual 
experiences of specific comfort related situations. The 
online time diary gave us a detailed view on how the 
house is used and where the family spends most of the 
time. Each activity that was registered was followed up 
by a supplementary short questionnaire. This 
questionnaire asked how the comfort is perceived 
during the activity, what they did in order to further 

improve their comfort during the activity, where they 
were during the activity and with whom. Sleeping 
activity was followed by a more specific questionnaire, 
asking the family how they rate their sleeping quality. 
The qualitative data were collected: before (in the 
family’s former home) – questionnaire and interview; 
after moving in, we collected questionnaire, interview 
and time diary Autumn 2017, Winter 2018, Summer 
2018, Autumn 2018, Winter 2019, and Spring 2019. 

From a monitoring perspective 

The post occupancy building monitoring included 
measurements of indoor air quality and thermal 
comfort, as well as energy consumption. The 
monitoring aimed at establishing knowledge and 
documentation on the house’s performance, the 
inhabitants’ perceptions and on the contribution of the 
different renovation principles to both. We included 
additional measurement boxes (by a raspberry pi) and 
logged temperature, relative humidity, CO2, light and 
opening distance of the door. These measurements 
started July 2017 and ended September 2019. In 
addition, we added a Netatmo weather station to 
measure the outdoor climate (outdoor temperature 
and relative humidity), as well as indoor modules 
measuring temperature, relative humidity, noise and 
CO2. We use the weather data available for Ukkel 
(close to Brussels) from National Oceanic and 
Atmospheric Administration. The monitoring of the 
energy consumption is partly building related and 
mainly plug load. The monitoring of the energy 
consumption occurs by Emonpi en EmonTx. It was not 
possible to monitor the gas and water consumption 
due to the kind of utility meters, but the electricity 
consumption was reported. 

Methodological challenges 

In this project, there proved to be several 
methodological challenges to be dealt with when 
monitoring and evaluating the results, the most 
prominent one being the dependency on a single case 
exploration, which makes generalizing difficult Some 
findings can thus be to some extent, related to the 
observed family and the special conditions of their 
former home.  

RESULTS 

The before interview to place just prior to the family 
moved to RenovActive. We have tried to take into 
account that the family’s former home was in a really 
bad condition. In the before interview the family 
complained about several significant building deficits, 
they experienced in the old house, for instance bad 
insulation, insufficient heating, dampness and poor 
noise insulation. Therefore, the level of comfort 
increased substantial when they moved into the 
RenovActive building, leaving limited space for critical 
assessments of the house or its parameters. However, 
supplementing the questionnaire with interviews, we 
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were able to have a more ‘modifed’ perception of their 
new home. The complete questionnaire is available in 
te Braak et al (2020). 

The complete monitoring program took place from July 
2017 until September 2019. Data from the social 
monitoring (te Braak et al 2020, Vrije Universiteit 
Brussel, 2019) show that the family is very satisfied 
with the level of indoor comfort. In the questionnaires, 
the time diary as well as during the interviews, the 
family stated that they were very happy with the 
indoor temperature, the indoor air quality, and 
daylight levels. However, the family pointed towards 
too high temperatures during the summer months of 
the first year. Based on this feedback, adjustments 
were made to the ventilation system to improve the 
stack effect of the staircase by automatic window 
openings. Moreover, a better solar shading device in 
the attic significantly improved indoor comfort. The 
occupants perceived the house to be well-lit by 
daylight thanks to the different windows, even if they 
were using the ground-floor solar protection almost all 
the time for privacy reasons. There is generally enough 
space for the family and the layout ensures that the 
house can be used optimally.  

To further improve the level of comfort, the family had 
various options to adjust appliances manually, such as 
opening windows, lowering blinds, adjusting heating 
and ventilation systems, etc. Besides daily adjustment 
of the heating in the bedrooms during winter, and the 
opening of windows during cooking and cleaning in 
order to let the ‘smelly’ air out, few adjustments were 
made to improve the indoor climate. Nevertheless, 
occupants reported a sense of being able to adjust the 
different indoor parameters according to their needs, 
and when doing so, to experience an improvement of 
the indoor environment. Interestingly, the ventilation 
system as well as the home automation system was left 
unadjusted, along with sporadic manual window 
opening to cool down the house.  

The mother reports positive development in her state 
of health. She reported irritated airways in the former 
home because of high humidity during winter. This has 
disappeared. The quality of sleep has also been greatly 
improved since the family moved in. Although the 
general perception of the house is very positive and 
associated with an increase of happiness, health level, 
and overall wellbeing, there are a few elements that 
occupants  identify as challenging: the presence of 
mosquitos during the night, lack of outdoor storage 
facilities, and a technical mistake of the slope of the 
bathroom floor.  
Apart from the common criticism of the case study 
method, it’s dependency on a single case exploration 
making it difficult to reach a generalising conclusion, 
there are several methodological challenges that had to 
be dealt with when monitoring and evaluating the 
RenovActive project. These challenges are mainly 

related to the observed family and the special 
conditions of their former home: 
1) There are slight discrepancies between the results

from the online instruments and the personal
interviews. While the family does give critical
statements through the impersonal instruments,
they refuse to verify these results in a personal
interview. When asked, they answer according to
the same pattern: “Oh that must have been a
mistake”. There are two possible explanations to
this; the questionnaires and time diaries are not
always filled in well (critical answers happen
accidentally) OR the family feels uncomfortable
criticising the RenovActive project in a personal
face-to-face situation with a researcher. We
decided to tackle this challenge with two
strategies: We emphasised the importance of
accurate and conscientious data collection and we
told the family before each interview, that honest
and critical answers are not offensive to anyone
but important for the success and improvement of
the project.’

2) The before situation of the family’s old home was
very poor. This means that the family, when
evaluating the RenovActive house, frequently refer
to a former situation that is neither comparable to
their actual situation, nor to a situation of that is
representative for other families. The positive
reactions need to be put into this perspective.
Coming from a small, cold and damp place, even an
average indoor climate condition feels like a huge
upgrade. This critical before situation hampers the
design of the study and is the biggest
methodological challenge.

From a monitoring perspective (daidalos peutz, 2019), 
the results show that the indoor air quality is very 
good. The hygienic ventilation system, Healthbox, in 
the house is a demand-controlled ventilation system 
with natural supply vents and mechanical extraction, 
designed according to Belgian standards. The hygienic 
ventilation system uses CO2 setpoint of 850 ppm, while 
natural peak ventilation automatically control the 
façade windows when Toutdoor > 15°C; CO2 setpoint of 
1100 ppm or Toutdoor < 15°C; CO2 setpoint of 1500 ppm. 
When the natural peak ventilation performs well, the 
CO2-concentration should be mainly lower than 1600 
ppm. 

Figure 3 shows the schematic diagram, where the 
control is based on the indoor and outdoor 
temperature. When the outdoor temperature is above 
“minimum outdoor cooling temperature”, the 
mechanical ventilation is reduced to the lowest 
possible airflow (an airflow has to be maintained as the 
Healthbox unit contains the indoor climate sensors). In 
this situation, an automatic opening of the windows is 
used to control the indoor climate. Below the setpoint, 
the mechanical ventilation runs in demand control 
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mode with the manual opening of windows as a backup 
system. 

Figure 3: Schematic diagram explaining the hybrid 
ventilation system of the Healthbox. 

The mechanical extract ventilation was roughly 9 L/s 
for the bedrooms, independent of the number of 
occupants, and 22 L/s for the kitchen. Additionally, 
peak ventilation through automatically controlled 
window openings is available. The control of the switch 
between hygienic and peak ventilation is based on 
indoor air quality parameters (CO₂, RH) and indoor air 
temperature. The setpoint for the mechanical extract 
ventilation is 850 ppm. During warm periods, windows 
open at 1100 ppm and during winter at 1500 ppm 
(natural peak ventilation is thus used as a backup for 
the mechanical system providing hygienic ventilation). 
The design goal was to maintain at least category II of 
EN 16978-1 (European Committee for 
Standardization, 2019), Table B.12, corresponding to 
1200 ppm (outdoor level 400 ppm). 

Figure 4: Temporal map of the CO₂ concentration in the 
parent’s bedroom, 2018. Each column represents one day of 

the year and each of the rows the hours. The color scale 
indicates the CO₂ level. The white area around May is due to a 

period of missing data. 

For more than 95% of the time, the CO2-concentration 
in the house, in general, is below 900 ppm. Slightly 
higher CO2 values were measured in the parents 
sleeping rooms (e.g. 1100 ppm, Figure 4). The higher 
values in the beginning of 2018, is mainly due to 
natural peak ventilation with higher CO2-setpoints. In 
addition, the mechanical ventilation system did not 
perform according to the intended strategy from the 
beginning, due to some of the supply vents were 
unintentionally closed. Also, the fan system was set, by 

the family, to eco-mode instead of demand control 
mode due to noise, resulting in low ventilation rates. 
After some adjustments, and instructions to the family, 
the CO2 concentrations is maintained around 800 ppm 
by the ventilation system. Some issues with mosquito 
protection and safety, caused the automatic operation 
of the staircase windows and attic window to be turned 
off at night.  
The kitchen is in open connection with the dining and 
living room. The inhabitants open the windows while 
cooking, instead of using the kitchen hood. Overall, the 
relative humidity is between 45-60% most of the time, 
and never below 30%, with the exception of the 
kitchen and bathroom, In the kitchen, the relative 
humidity is above 60% for about 15% of the measured 
hours. 

Indoor temperature measurements show that the 
thermal comfort is good, but in the case of extremely 
hot temperatures, indoor temperatures increase 
quickly if the solar shading devices are not used as 
intended. The temperatures in the living and dining 
room (ground floor) stay for more than 95% of the 
time between 21°C and 26°C (e.g. similar to category II 
of EN 16798-1 Table B.4), with limited temperature 
below 20°C (Cat III) and temperature above 27°C (Cat 
III). The temperature in the bathroom are most of the 
time ‘too low’ (Cat V), while the attic has slightly higher 
values, but stays under 28°C, after improved staircase- 
and attic-window openings, especially by encouraging 
the family to use cross ventilation in the attic to reduce 
peak temperatures. During the 2018 hot spell, the 
indoor temperatures were too high, and the automatic 
system did not resolve this but could have been 
improved by ensuring cross-ventilation operation. 
Table 1 gives an overview of the mean temperature in 
the house during winter 1 (October 2017 until April 
2018) and winter 2 (October 2018 until April 2019). 

Table 1. Mean winter temperature °C in the house. 
Room Winter 1 Winter 2 

Living room 22,1 21,8 
First floor 20,9 20,1 

Attic 19,8 12,2 
Outdoor 7,2 7,0 

In the design process, measures were taken to realize 
a good thermal comfort in the house. In 2018, the 
thermal summer comfort in the house was not good, 
but summer was a very hot and automated control 
system of the natural peak ventilation could only be 
controlled manually and the family barely open the 
windows or use the solar shading actively to improve 
the comfort. After the automated solar shading system 
operate according to intentions, the thermal comfort 
was improved. In addition, an automatic opening of the 
roof windows in the staircase continued to improve the 
both cross and stack ventilation, Table 2 show the 
mean summer temperature in the house. 
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Table 2. Mean summer temperature °C in the house. T1 is 
before the family moved in, while the other three time periods 

are with different options to improve summer cmfort 
Room T1, no 

occupancy, 
no 

screens, 
no 

window 
opening, 

no 
ventilation 

system 

T3, no 
screens, 
manual 
window 
opening, 

ventilation 
system 

T4, 
automated 

screens, 
manual 
window 
opening, 

ventilation 
system 

T5, 
automated 

screens, 
manual 
window 
opening, 

ventilation 
system, 

new 
control 
Velux 
Active 
attic - 

staircase 
Living 
room 

24,9 24,7 25,3 24,1 

First 
floor 

27,3 27,6 27,6 26,3 

Attic 31,4 32,1 27,3 25,8 
Outdoor 18,9 17,8 17,8 18,9 

The table shows significant decrease in the 
temperature between T3 and T4 for the attic. This is 
due to the exterior screen on the Velux window at the 
northeast and the automated control of the other 
screen. The average temperature drops 5°C, and the 
peak with almost 10 °C. The difference between T3 and 
T4 is due to the automated solar shading control. In T5 
the new Velux Active app controls the opening of the 
Velux windows in the attic and the staircase shaft. This 
results again in a clear decrease of the temperature in 
the attic and the staircase shaft. However, we expected 
even higher decrease, but the family close these 
windows at night, due to security, reducing an effect of 
night cooling. In this warm summer period with high 
outdoor air temperature, ventilative cooling is only 
possible during night with lower air temperature, 
when the control system is turned off. 

Energy consumption for heating is higher than the 
predicted value, mainly due to higher indoor 
temperature (about 21°C) than the setpoint used in the 
calculation (19°C). The average yearly energy 
consumption for heating (gas consumption) and 
domestic hot water is around 70 kWh/m2/year. The 
electricity consumption is slightly above moderate 
household use (+400 kWh). There is most likely a 
rebound effect as an explanation on year 1, and the 
energy consumption was reduced during year 2. 

CONCLUSION 

In general, home satisfaction is very high. The family 
indicated that they are very happy with the indoor 
climate, such as the indoor temperature, air quality, 
and the automatic system. The health and sleep quality 
of the family has improved considerably since they 
moved into the RenovActive house. They also report 
that their family life, as well as social contacts outside 

the family, have greatly improved. During their daily 
life, few adjustments of the automatic system are 
operated by the family. One reason could be that the 
family indicates that they feel unqualified to make 
adjustments; they consider that the system is smarter 
than they are, not daring to overrule it. Another 
reasoning is that as long as the system does not 
interfere with their primary needs (privacy, mosquito 
bites, etc.) they tolerate it.  

Finally, important learning is that the family operates 
the technical systems, as well as its adjustment 
possibilities, slightly different than the intended 
strategy.  Consequently, the flexibility and robustness 
of the technical systems operating in the indoor 
environment are essential to accommodate the 
occupants’ preferences. For example, a system 
detecting significant deviations from planned 
parameters could return to a default setting or provide 
feedback to occupants to allow them to make informed 
decisions. 
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Figure 3: Schematic diagram explaining the hybrid ventilation system of the Healthbox. 

Figure 4: Temporal map of the CO₂ concentration in the parent’s bedroom, 2018. Each column represents one day of the year and 
each of the rows the hours. The colour scale indicates the CO₂ level. The white area around May is due to a period of missing data. 
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ABSTRACT		

The	 need	 for	 renovation	 and	 energy	 retrofitting	 of	
Danish	 social	 housing	 from	 the	 1960s	 and	 1970s	 is	
substantial.	 Such	 energy	 retrofits	 often	 include	 the	
installation	 of	 mechanical	 ventilation	 systems	 with	
heat	recovery	to	fulfil	the	current	standards	for	energy	
efficiency.	 These	 systems	 typically	 ensure	 a	 more	
constant	 and	 higher	 ventilation	 rate	 than	 previous	
systems.	Therefore,	there	 is	potential	for	residents	to	
perceive	 a	 higher	 air	 quality	 and	 a	 reduction	 in	
problems	 due	 to	 condensation	 on	 cold	 surfaces	 and	
mould	 growth	 after	 retrofits.	 The	 purpose	 of	 the	
present	 study	 was	 to	 evaluate	 if	 this	 potential	 is	
realised	 for	residents	 in	social	housing	complexes.	 	A	
questionnaire	survey	was	performed	among	residents	
in	dwellings	with	ventilation	categorised	within	one	of	
the	 five	 ventilation	 principles:	 natural	 ventilation,	
bathroom	 fan,	 exhaust	 fans	 in	 the	 kitchen	 and	 bath,	
decentralized	 balanced	 mechanical	 ventilation	 and	
centralized	 balanced	 mechanical	 ventilation.	
Compared	 with	 residents	 without	 balanced	
mechanical	ventilation,	residents	having	such	systems	
perceived	 less	often	problems	with	unpleasant	odour	
from	their	own	apartment	and	less	visible	mould,	but	
more	 often	 perceived	 the	 air	 as	 dry.	Residents	with	
decentralized	 mechanical	 ventilation	 tended	 to	
experience	more	often	problems	with	noise	from	their	
ventilation	 system.	 However,	 results	 show	 that	
nuisance	 are	 avoidable	 with	 correctly	 designed	
decentralized	ventilation.	

INTRODUCTION	

There	 is	 an	 urgent	 need	 for	 renovation	 and	 energy	
retrofitting	of	existing	buildings	 in	Europe.	Reducing	
the	energy	consumption	is	necessary	for	reaching	the	
ambitious	 targets	 of	 an	 increased	 coverage	 by	
renewable	 energy	 in	 our	 energy	 supply	 system	
(European	 Commission	 2016;	 Danish	 Government	
2014).	In	Denmark,	this	challenge	has	initiated	a	long	
line	 of	 building	 projects,	 with	 the	 common	 aim	 to	
increase	 renovation	 rates	 and	 improve	 renovation	
strategies.	 One	 of	 these	 projects	 was	 REBUS	
(Renovating	Buildings	Sustainably,	2021).	The	REBUS	
project	sought	 to	advance	comprehensive	renovation	
of	the	social	housing	sector.	Approximately	60%	of	the	
600,000	 Danish	 homes	 in	 social	 housing	were	 built	
before	1979	and	thus	before	the	requirements	for	the	

energy	 requirements	 of	 buildings	 were	 seriously	
tightened	 in	the	Danish	Building	Regulations	(Danish	
Government	2014).	Behind	the	project	 is	a	dedicated	
partnership	 representing	all	parts	of	 the	value	 chain	
ranging	from	end	users	(residents	and	social	housing	
associations)	 through	 project	 developers	 and	
manufacturers	 to	knowledge	 institutions.	The	REBUS	
project	has	an	overall	 target	 for	renovation	works	 to	
reach	 a	 minimum	 of	 50%	 energy	 savings,	 30%	
reduction	 of	 resources	 and	 20%	 increment	 in	
productivity.	

Energy	 retrofits	of	Danish	social	housing	built	 in	 the	
1960s	 and	 1970s	 often	 include	 installation	 of	 a	
balanced	 mechanical	 ventilation	 system	 with	 heat	
recovery	 in	 order	 to	 fulfil	 the	 present	 energy	
requirements	of	the	Building	Regulations.		

Ventilation	 in	 existing	 and	 not	 recently	 retrofitted	
Danish	 dwellings,	 are	 based	 on	 natural	 ventilation	
often	combined	with	a	simple	exhaust	fan,	and	do	not	
live	up	to	requirements	defined	in	the	present	Building	
Regulations.	 In	one	study,	57%	of	 the	500	measured	
dwellings	 had	 a	 lower	 ventilation	 rate	 than	 the	
minimum	required	ventilation	rate	of	0.5	h−1	(Bekö	et	
al.,	2010).	Adding	mechanical	ventilation	that	fulfils	the	
ventilation	 requirements	of	 the	Building	Regulations	
will	 likely	 lead	 to	 a	 more	 constant	 and	 higher	
ventilation	rate.	There	 is	therefore	a	potential	for	the	
residents	 to	 experience	 an	 improved	 perceived	 air	
quality	 and	 fewer	 problems	 related	 to	 water	
condensation	on	cold	 surfaces	and	mould	growth.	 In	
addition,	extensive	retrofitting	typically	also	includes	a	
number	 of	 other	 building	 improvements,	 e.g.	
insulation	 of	walls	 and	 roof,	 and	 replacement	 of	 old	
windows	with	 new	 low	 energy	windows,	 leading	 to	
better	 perceived	 thermal	 and	 acoustic	 conditions	
(Almeida,	 M.	 et	 al.,	 2017).	 There	 are	 indications	
suggesting	that	if	done	correctly,	there	is	a	potential	for	
a	win‐win	situation,	where	energy	 is	saved,	while	an	
improved	perceived	air	quality,	 thermal	comfort	and	
acoustic	comfort	is	achieved	(Knudsen,	2017;	Knudsen	
and	Jensen,	2015;	Thomsen	et	al.,	2016).		

The	purpose	of	the	present	study	was	to	evaluate	how	
residents	 in	 social	 housing	 complexes	with	 different	
ventilation	principles	including	retrofitted	centralised	
or	decentralised	balanced	mechanical	ventilation	and		
more	 traditional	solutions,	 like	natural	ventilation	or	
simple	exhaust	fans,	perceive	the	indoor	environment.	
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METHODS	

A	 questionnaire	 survey	 was	 conducted	 among	 the	
residents	 of	 40	 Danish	 social	 housing	 departments	
from	 the	 two	 housing	 associations	 Himmerland	
Building	 Association	 and	 Frederikshavn	 Building	
Association	during	December	2019	and	January	2020.	
Some	 of	 the	 housing	 departments	 (48%	 of	 the	
participating	 residents’	 apartments)	 had	 undergone	
renovation	 and	 energy	 retrofits	 within	 the	 last	 few	
years,	 which	 included	 the	 installation	 of	 balanced	
mechanical	ventilation	systems	with	heat	recovery	or	
simpler	 solutions	 with	 exhaust	 fans	 in	 kitchen	 and	
bath.	Besides	 the	retrofits	of	 the	ventilation	systems,	
the	 different	 housing	 departments	 had	 undergone	
various	further	renovation	measures	that	may	have	an	
impact	on	the	indoor	environment.	These	included	for	
example	additional	insulation	of	the	facades,	roof	and	
floors,	as	well	as	 replacement	of	windows	with	 low‐
energy	windows.	

The	design	of	the	ventilation	solutions	varied	between	
the	different	housing	departments	and	dwellings.	For	
the	analysis,	it	was	therefore	decided	to	categorise	the	
different	 systems	 within	 one	 of	 five	 ventilation	
principles	(percentage	distribution	in	parentheses):		

 Centralized	balanced	mechanical	ventilation
(12%),	i.e.	one	air	handling	unit	(AHU)	provides
ventilation	of	several	apartments	via	a	network	of
ducts

 Decentralized	balanced	mechanical	ventilation	(13
%),	i.e.	one	AHU	provides	ventilation	of	one
apartment

 Exhaust	fans	in	the	kitchen	and	bath	(48%)

 Bathroom	 fan	 (11%),	 i.e.	 one	 exhaust	 fan	 in	 the
bathroom

 Natural	ventilation	(16%),	i.e.	no	mechanical
ventilation

Within	 the	 REBUS	 project,	 a	 questionnaire	 for	
evaluating	 the	 perceived	 indoor	 environment	 was	
developed	(Knudsen	et	al.,	2019).	The	 intention	with	
the	 questionnaire	 was	 to	 reveal	 how	 satisfied	 the	
residents	were	with	the	indoor	environment	in	general	
and	 identify	 which	 indoor	 environmental	 problems	
they	 experienced	 within	 the	 four	 main	 categories:	
acoustic,	 atmospheric,	 thermal	 and	 visual	 indoor	
environment.	 It	 was	 aimed	 at	 making	 the	
questionnaire	 easy	 to	 understand	 and	 possible	 to	
complete	 in	 a	 maximum	 of	 10	 minutes.	 Therefore,	
technical	 terms	 such	 as	 “room	 acoustics”	 and	
“reverberation	 time”	 were	 avoided	 and	 easy‐to‐
understand	terms,	such	as	“temperature	conditions	in	
your	home”,	“the	air	in	your	home”,	“noise	conditions	
in	your	home”	and	“lighting	conditions	in	your	home”	
were	used.	Each	of	these	main	categories	were		divided	
into	 more	 detailed	 questions	 about	 indoor	
environmental	 conditions,	which	 are	 known	 to	 pose	
problems	 in	 dwellings.	 The	 questionnaire	 also	
contained	 a	 number	 of	 open	 questions	 allowing	 the	

residents	 to	describe	 in	 their	own	words	 the	 indoor	
environmental	problems	they	face.	

The	 questionnaire	 was	 distributed	 in	 various	 ways	
(flyers,	 e‐mails	 and	 posters)	 to	 4707	 homes,	 from	
which	 573	 (271	 from	 Himmerland	 Building	
Association	 and	 302	 from	 Frederikshavn	 Building	
Association)	responded,	corresponding	to	a	response	
rate	of	12%.	

RESULTS	AND	DISCUSSION	

There	was	a	tendency	for	residents	 in	dwellings	with	
centralised	 or	 decentralised	 balanced	 mechanical	
ventilation	 to	 less	 often	 experience	 problems	 with	
unpleasant	 odours	 from	 their	 own	 dwellings	 than	
residents	with	other	ventilation	principles,	especially	
among	 residents	 in	 Frederikshavn	 Building	
Association	(Figure	1).	

On	 the	 other	 hand,	 some	 residents	 with	 balanced	
mechanical	 ventilation	 in	 Himmerland	 Building	
Association	 experienced	 problems	 with	 unpleasant	
odours	 (related	 to	 tobacco	smoke	and	cooking)	 from	
neighbouring	dwellings	(Figure	2).	This	may	be	related	
to	 differences	 in	 air	 pressure	 between	 adjacent	
dwellings,	 which	 can	 cause	 air	 to	 be	 transferred	
between	dwellings	through	leaks.	If	no	attempt	is	made	
to	 seal	 each	 dwelling,	 extensive	 renovations	 with	
balanced	mechanical	ventilation	pose	demand	on	the	
correct	 balancing	 of	 ventilation	 systems	 in	 different	
dwellings,	 in	 order	 to	 prevent	 that	 difference	 in	
pressure	cause	transfer	of	air	between	dwellings.			

Residents	 with	 balanced	 mechanical	 ventilation	
experienced	more	often	problems	with	the	perception	
of	 dry	 air	 (Figure	 3).	 This	 tendency	 has	 also	 been	
observed	 in	 new	 dwellings	 with	 mechanical	
ventilation,	 which	 meet	 the	 requirements	 for	
ventilation	as	specified	in	building	regulations	(Jensen	
et.	 Al.,	 2018).	 The	 reason	 for	 this	 observation,	
especially	pronounced	during	winter	months,	should	
be	further	investigated.	

Fewer	residents	with	balanced	mechanical	ventilation	
experienced	visible	mould	or	mildew	in	their	dwellings	
(Figure	 4).	 Increased	 ventilation	 rate	 likely	
contributed	to	the	dwellings	being	less	damp.	Indeed,	
the	 residents	 in	dwellings	with	balanced	mechanical	
ventilation	experienced	condensation	on	the	inside	of	
the	window	panes	less	often	compared	with	residents	
with	other	ventilation	principles	(Figure	5).	

There	 was	 a	 tendency	 towards	 more	 frequent	
problems	 with	 noise	 from	 technical	 installations	
among	 residents	 in	 dwellings	 with	 decentralized	
balanced	 mechanical	 ventilation,	 especially	 in	
Himmerland	 Building	 Association	 (Figure	 6).	 The	
results	 indicate	 that	 the	 level	of	noise	nuisance	may	
depend	 on	 the	 ventilation	 principle	 for	 mechanical	
ventilation.	However,	results	also	 indicate,	as	69%	of	
the	 residents	 in	 Frederikshavn	 Building	 Association	
experience	problems	with	noise	less	often	that	once	a	
month,	 that	 with	 the	 right	 design,	 it	 is	 possible	 to	
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establish	decentralized	ventilation	that	does	not	annoy	
residents.	Further	investigations	are	recommended	to	
determine	 the	 causes	 of	 elevated	 noise	 levels	 with	
decentralised	 mechanical	 ventilation	 e.g.	 lack	 of	
silencers,	ducts	diameters,	mounting.	There	 is	a	need	
for	 continued	 focus	 on	 the	 commissioning	 of	 new	
balanced	mechanical	ventilation	systems	to	make	sure	
that	 they	 are	 designed,	 installed	 and	 operated	
correctly,	 in	order	 to	 achieve	both	 the	 intended	 low	
energy	 consumption	 and	 an	 acceptable	 indoor	
environment.	

CONCLUSIONS	

Compared	 to	 residents	 with	 other	 ventilation	
solutions,	 residents	 in	 dwellings	 with	 balanced	
mechanical	 ventilation	 system,	 centralised	 or	
decentralised,	experienced:	

 less	often	problems	with	unpleasant	odour	 from	
their	own	dwelling	

 less	often	the	presence	of	visible	mould	

 more	often	problems	with	the	perception	of	dry	air	

Compared	 to	 residents	 with	 centralised	 balanced	
ventilation	 solutions,	 residents	 with	 decentralized	
balanced	 mechanical	 ventilation	 experienced	 more	
often	 problems	 with	 noise	 from	 their	 ventilation	
system.	

The	study	shows	that	there	is	a	need	to	clarify:	

 the	specific	reasons	for	noise	nuisance	in	some	
dwellings	with	balanced	mechanical	ventilation	
systems	

 the	potential	transfer	of	air	between	dwellings	and	
its	prevention	

 the	importance	of	commissioning/checking	the	
design,	installation	and	operation	of	ventilation	
systems	in	retrofitted	social	housing	

 the	reasons	for	the	perception	of	dry	air	
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Figure	1.	The	answers	to	the	question	"How	often	do	you	perceive	problems	with	unpleasant	smell	from	your	own	apartment?”	
for	residents	with	different	ventilation	solutions	in	Himmerland	Building	Association	(top)	and	Frederikshavn	Building	

Association	(bottom).	
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Figure	2.	The	answers	to	the	question	"How	often	do	you	perceive	problems	with	unpleasant	smell	from	other	apartment?”	for	
residents	with	different	ventilation	solutions	in	Himmerland	Building	Association	(top)	and	Frederikshavn	Building	Association	

(bottom)	.	
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Figure	3.	The	answers	to	the	question	"How	often	do	you	perceive	problems	with	dry	air?”	for	residents	with	different	ventilation	
solutions	in	Himmerland	Building	Association	(top)	and	Frederikshavn	Building	Association	(bottom).	
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Figure	4.	The	answers	to	the	question	"	Is	there	visible	mould	or	mildew	in	your	home?”	for	residents	with	different	ventilation	
solutions	in	Himmerland	Building	Association	(top)	and	Frederikshavn	Building	Association	(bottom).	
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Figure	5.	The	answers	to	the	question	"How	often	do	you	perceive	condensation	on	the	INSIDE	of	the	windows?”	for	residents	
with	different	ventilation	solutions	in	Himmerland	Building	Association	(top)	and	Frederikshavn	Building	Association	(bottom).	
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Figure	6.	The	answers	to	the	question	"How	often	do	you	perceive	problems	with	noise	from	technical	installations?”	for	residents	
with	different	ventilation	solutions	in	Himmerland	Building	Association	(top)	and	Frederikshavn	Building	Association	(bottom).	
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ABSTRACT 

Rapid development of cities has led to the shortage of 
land for residents' activities, while rational use of the 
space under urban viaducts can effectively alleviate 
this problem. The thermal environment of the space 
under the viaduct is a key factor that affects human 
comfort during activities. In this paper, the thermal 
comfort under the Egongyan Bridge in Chongqing was 
evaluated by winter thermal environment test, thermal 
sensational voting (TSV) and universal thermal climate 
index (UTCI). It was found that the sky view factor (SVF) 
had a stronger linear correlation with UTCI than the 
spatial height width ratio (H/B). Furthermore, 
pedestrians pay attention to environmental thermal 
parameters mainly in the aspect of sunshine. This 
study provides a reference for the thermal 
environment optimization of the space under viaducts 
in the future, and provides a basis for the sustainable 
development of the city. 

INTRODUCTION 

With the development of economy, the scale of cities 
expands rapidly. Emergence and rapid development of 
viaducts bring convenience to transportation of urban 
residents, but they also occupy a lot of urban space. 
There exists a mass of spaces covered by elevated 
structures in almost every city. The contradiction 
between urban population growth and land reduction 
is becoming increasingly prominent. In recent years, 
domestic and foreign scholars have conducted a large 
number of studies on the lower space of viaducts, such 
as its land use form, relationship with urban streets, 
functional design of space reuse, etc. . However, 
research on human comfort during taking activities in 
these spaces is relatively lacking. At present, existing 
studies with regard to thermal environment and 
humidity conditions are also regional and cannot be 
applied to other cities with distinct geographical 
differences. 

The landform of Chongqing is mainly mountainous and 
hilly, which accounts for 70% of the land area of the 

terrain, a lot of spaces under the viaducts with obvious 
terrain height difference and large scale are produced. 
Chongqing is located in hot summer and cold winter 
region of China, and the outdoor environment is 
greatly influenced by the mountain pattern. Therefore, 
problem of outdoor thermal environment comfort in 
winter and summer is prominent, which needs to be 
solved urgently. In this paper, the under space of 
Chongqing Egongyan Bridge with typical mountain 
height difference characteristics was selected as the 
research object. According to the difference of space 
height width ratio (H /B), five measuring points were 
selected. Through the thermal environment parameter 
experiment and pedestrian subjective thermal 
sensation questionnaire, the space thermal 
environment condition and pedestrian thermal 
perception with different height width ratio and sky 
view factor were analysed. 

METHOD 

Research object and region 

• Climatic characteristics

Chongqing, located in the southeast of Sichuan Basin 
and the upper reaches of the Yangtze River. It straddles 
the Tibetan Plateau and the Yangtze Plain between 
105°11′-110°11′ east longitude and 28°10′-32 °13′ 
north latitude. Chongqing belongs to the hot summer 
and cold winter region. In Addition, affected by 
atmospheric circulation and surrounding mountains, 
cold waves are not easy to invade the city. Frost and 
snow are rarely seen. The coldest monthly average 
temperature can reach about 10℃, higher than other 
cities of the same latitude such as Wuhan and Shanghai. 

• Geographical location of research object

The space under the bridge of Egongyan Bridge with 
typical mountain characteristics was selected as the 
research object. Affected by the mountainous terrain, 
there is a large area of open space under the bridge. 
Egongyan Bridge (Figure 1) is located in Jiulongpo 
District across the Yangtze River, which is a  

Chongqing. So it is called "Mountain City". Affected by 

Healthy Buildings 2021 – Europe

- 478 -



Table 1.  distribution of measuring points 

Point A B C D E 

Testing 
Point 

 

 

     

Rayman 
Software 
process 

     

SVF 0.173 0.139 0.124 0.104 0.119 

H/B 0.615 0.838 1.015 1.312 1.446 

river crossing channel connecting Jiulongpo District 
and Nanan District in Chongqing. There are many 
residential areas around the bridge. The population 
distribution is of high density, and the demand for 
outdoor space is considerably strong (Figure 2). 
However, the area of land available for outdoor 
activities in the surrounding areas is extremely limited. 
Therefore, many residents around the Egongyan 
Bridge exercise nearly every day under the bridge. In 
addition, a small number of tourists visit here as well. 
The utilization of space under the bridge is quite high 
(Figure 3). Therefore, it is significant to evaluate and 
analyze the thermal environment of the space, so as to 
take appropriate measures to improve the comfort. 

 
Figure 1.Geographical location 

 
Figure 2.Resident activities 

 
Figure 3.Distribution of surrounding communities 

Experiment Plan 

• Thermal environment test 

According to the average climate data of Chongqing 
typical year (2005) (Figure 4, Figure 5), the coldest 
month temperature in winter is 4-11℃. In addition, 
Egongyan Bridge is close to several residential areas, 
and the surrounding population is dense. Residents, 
especially the elder, have a strong demand for outdoor 
space. People’s activities in winter are mainly within 
8:00-18:00 in the daytime. Therefore, the experiment 
was taken during 8:30-18:30 on January 11, 2021. 
Distribution of measuring points is shown in Table 1. 
The fisheye photos are processed by RayManPro 
software. SVF value of each measuring point is 
calculated. Height of the space and width covered by 
the bridge are measured, then value of H/B is obtained. 

Healthy Buildings 2021 – Europe

- 479 -



According to the difference of H/B and SVF, five 
measuring points are selected. 

Tested microclimate parameters included air 
temperature, air humidity, wind speed, dry bulb 
temperature, wet bulb temperature, black bulb 
temperature and fisheye photos. Furthermore, height 
and width of each tested space were measured. In the 
experiment, equipments conforming to IOS7726 
standard were used, and the time interval of other 
parameters except fisheye photos was 5mins. Finally, 
the average value of every 30mins was taken for 
analysis. The equipments for temperature, humidity 
and wind speed were all set 1.5m above the ground. It 
should be noted that due to the equipment failure, the 
black ball temperatures at point D and E were not 
recorded. However, due to the fact that platforms of 
point D and E are located at places where there is no 
direct solar radiation all day, the influence on radiation 
temperature is small. Therefore, in this study, the 
black ball temperature of D and E is replaced by air 
temperature respectively. 

Figure 4.Temperature distribution of typical year 

Figure 5.Wind velocity distribution of typical year 

• Questionnaire Survey

In addition to thermal environment test, this study 
also conducted a questionnaire survey on the 
subjective thermal sensation of the people who took 
activities in the space under Egongyan Bridge. The 
questionnaire consists of three parts: 1 The basic 
information of the respondents, including age and 
source. 2 The subjective opinion about the 
microclimate parameters of the space including 
sunshine, temperature, humidity and wind speed. 3 
The subjective thermal sensational voting. 

A total of 110 questionnaires were distributed and 101 

valid questionnaires were collected. 

RESULTS 

Results of thermal environment test 

The data collected from the weather station shows the 
solar radiation of the whole day on the tested day 
(Figure 6). The maximum hourly solar radiation 
reaches 300W/m2 at 13:00pm, which represents the 
typical sunshine level in winter of Chongqing. 
Although it is far lower than the national average value. 
Hourly temperature and humidity of the day are 
shown in Figure 7. 

Figure 6.Hourly solar radiation 

Figure 7.Hourly temperature and humidity 

The measured air temperature, air humidity and wind 
speed were analysed (Figure 8). It can be seen that the 
temperature change trend of the five points in the test 
period is basically the same. The average temperature 
during the tested period is in the range of 7.0-8.0℃. 
However, the average temperature of point A of only 
7.0 ℃ is lower than that of other measuring points. The 
maximum temperature of point A is also lower than 
that of other measuring points, only reaching 8.1 ℃. 
But the wind velocity of point A keeps staying at a high 
value all day, and the maximum instantaneous wind 
velocity reached 1.93m/s (Figure 9). The average wind 
velocity of the whole day for point A is also much 
higher than that of other measuring points, reaching 
0.8m/s. In contrast, point B is in the state of low wind 
velocity all day, the average wind velocity is only 
0.08m/s, which is the lowest of all the measuring 
points. The distribution of relative humidity is shown 
in Figure 10. The average relative humidity of point E 
is the smallest among all the measuring points, with an 
average relative humidity of 63.0%. In general, the  

relative humidity at each measuring point is basically 
consistent. 
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Figure 8.Air temperature of each point 

Figure 9.Wind velocity of each point 

Figure 10.Relative humidity of each point 

Results of Questionnaire Survey 

• Source of pedestrian

As can be seen from the pie chart of pedestrian source 
and age distribution in Figure 11 and Figure 12, more 
than 50% of the interviewees are local permanent 
residents, with a small number of tourists. It indicates 
that the residents of the surrounding area have a high 
demand for outdoor activity space. According to the 
age distribution analysis, it can be found that more 
than half of the interviewees are over 50 years old, 
which indicates that the elderly people have a higher 
demand for outdoor activity space among the 
residents near the Egongyan Bridge. 

Figure 11.Pedestrian source 

Figure 12.Age distribution 

• Acceptance voting of thermal parameters

 The results of the acceptance voting of environmental 
thermal parameters are shown in Figure 13. 

It can be found that the sunshine acceptability of Point 
E is significantly lower than that of the other four 
points, and more than 50% of interviewees consider 
the sunlight at Point E to be "Unacceptable" or "Totally 

unacceptable". For temperature, the results for A, D 

and E are similar, with about 35% of interviewees 
voting "Unacceptable" or "Totally unacceptable". For 
humidity, point B comes out best, with all interviewees 
rating it as either "Acceptable" or "Totally acceptable". 
In terms of wind speed, point A performs the worst, 
with nearly 50% of interviewees rating wind velocity 
as "Unacceptable" or "Totally unacceptable", followed 
by point D. Other tested points are in good condition. 

• Thermal sensational voting (TSV)

It can be seen from Figure 14 that subjective thermal 
comfort of point A and E is relatively poor, because 
option "Very uncomfortable" accounts for 3.4% and 10% 
respectively. The best situation appears at point B, 
with only 6.3% of the interviewees voted 
"Uncomfortable" or "Very uncomfortable". The 
proportion of "Uncomfortable" or "Very 
uncomfortable" at point C and D are lower than that of 
point A and point E, which accounts 28.6% and 20% 
respectively. 

The results of the survey on the environmental factor 
most expected to be improved are shown in Figure 15. 
For the parameter of sunshine, interviewees from all 
the five points shows obvious demand. The highest 
demand emerges at point C and point E, accounting for 
proportion of 61.9% and 55.0% respectively. 
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Figure 13.Thermal parameters assessment 

Figure 14.TSV of each point 

Figure 15. Factors most expected to improve 

Results of Thermal comfort evaluation  

In the outdoor experiment, the average radiation 
temperature (Tmrt) can be calculated from the black 
ball temperature (Tg), air temperature (Ta) and wind 
velocity (Va) by formula [1]: 

Tmrt = [(Tg + 273.15)4 +
1.1∗108∗Va

0.6

ε∗D0.4 (Tg − Ta)]
0.25 − 273.15         (1) 

Where: 

ε is The emissivity of the black ball thermometer, D is 
the diameter of the black ball thermometer(mm), the 
diameter of the large black ball is 150 mm, and the 
diameter of the small black ball is 50 mm. 

Figure 16.Tmrt of each point 

The Tmrt results of each point is shown in Figure 16. It 
can be found that during the measurement period 
from 11:00 to 15:00, the average radiation 
temperature at point A is significantly higher than that 
at other points. The maximum value reaches 18.0℃, 

and lasts for 4 hours when it exceeds 10℃ . This is 
because point A has the largest SVF, and it receives the 
most solar radiation during the day. In addition, Tmrt 
at point A increased sharply at 11:30 and 12:30, which 
may be due to a sharp increase in wind speed. The 
maximum value of Tmrt at B and C is around 13:00. 
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However, changing was not obvious for point D and 
point E. In general, except for point A, the changing 
trend of Tmrt of other points is basically the same. 
Tmrt keeps stable in the range of 6-10 ℃. This 
indicates that there is an obvious lack of solar 
radiation in the space under the Egongyan Bridge. 

Figure 17.UTCI of each point 

The Bioklima Software is taken to calculate UTCI 
through inputting four parameters including air 
temperature, relative humidity, wind velocity and 
average radiation temperature. The UTCI results are 
shown in Figure 17. It can be seen that UTCI of point A 
changes most severely. It drops to 3.50 ℃ sharply at 
13:00 because of the increase of wind velocity. The 
UTCI of other points fluctuates between 7-9℃ in the 
whole day, keeping in the state of “slight cold stress”. 
Due to the low wind velocity and adequate solar 
radiation, UTCI of point B reaches 9 ℃ around 13:00 
and achieves “no thermal stress” state. 

DISSCUSSION 

Analysis of thermal environment test results 

As can be seen from the test results of thermal 
environment, point A has the largest SVF and receives 
the most direct sunlight in winter. However, the air in 
the space cools down rapidly due to the winter 
opening towards the dominant wind direction. The 
heating effect of solar radiation is not as obvious as the 
cooling effect of cold air. This leads to a rapid drop in 
temperature. While point B and D are better 
surrounded by mountain structure and greenery, so 
the wind speed is lower and the temperature is higher. 

Analysis of Questionnaire Survey 

According to the acceptability voting of environmental 
thermal parameters, it is found that the acceptability 
of solar radiation at point E is the lowest of the five 
points. Because point E is located at the lowest altitude 
and sheltered by the southward mountains, which 
results in no direct solar radiation all day. Due to the 
influence of the cold wind, the interviewees' 
dissatisfaction with the wind environment is the 
highest at point A. This can be attributed to the lack of 
sunshine in Chongqing compared with the national 
average. Furthermore, the southward shelter under 
Egongyan viaduct makes sunlight situation worse. 
Therefore, all points reflect the demand for sunlight. In 
addition, none of the five measuring points show the 
expectation of humidity improvement. Because more 
than 80% of the interviewees were local people in 

Chongqing, and they had been used to the humidity in 
Chongqing from long time living here. 

Analysis of factors affecting thermal comfort 
evaluation 

The relevant factors affecting the thermal comfort of 
the under space of Egongyan Bridge are analyzed 
respectively (Figure 18, Figure 19). The R2 value of 
0.46 reflects that the linear correlation between UTCI 
and SVF is larger than that of H/B, whose R2 value is 
mere 0.18. This shows that the difference of enclosure 
height by surrounding plants and the southward 
mountain leads to the difference of solar radiation and 
wind speed at each point, which finally leads to the 
difference of UTCI. 

Figure 18.Correlation between SVF and UTCI 

Figure 19.Correlation between H/B and UTCI 

Thinking and deficiency 

First of all, it is necessary to select the under space of 
Egongyan Bridge in Chongqing as the research object. 
On the one hand, the surrounding population is of high 
density, thus there is a strong demand for outdoor 
activities. On the other hand, the lower space of 
Egongyan Bridge is huge enough, therefore, efficient 
utilization of the space can alleviate the problem of 
shortage of urban public activity land. Furthermore, 
thermal comfort is a significant factor of solving the 
problem. Secondly, referring to the existing research, 
the experimental day was selected according to the 
typical year of Chongqing (Figure 4, Figure 5). Through 
the winter thermal environment test, subjective 
questionnaire survey and UTCI, the thermal comfort 
evaluation can be obtained. This result can provide 
reference to a certain extent. Finally, indeed, test 
results of only one day is relatively not adequate. It is 
suggested that the thermal comfort related 
experiments of this kind space can be carried out for 
more days in order to improve accuracy. 
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CONCLUSION 

The results are as follow: The linear correlation 
between SVF and U TCI is stronger (R2=0.46) than that 
of H/B (R2=0.18). The subjective thermal perception 
questionnaire showed that about 46.2% of the 
interviewees care most about the sunshine condition. 
The sunshine level of Chongqing is on the low side in 
the whole country. Under the limited condition, 
measures such as movable reflector should be taken to 
improve the solar radiation level under viaducts. In 
this way, it can reach closer to the average level of 
Chongqing, so as to improve the thermal comfort of the 
activity space under viaducts. Through the 
combination of objective thermal environment test 
and subjective thermal questionnaire survey, this 
paper evaluates the thermal environment under the 
Egongyan Bridge from the quantitative and qualitative 
point of view. Finally the mechanism of environmental 
factors affecting crowd activities can be explored. This 
should also provide reference for creating a more 
comfortable activity space under the viaduct in the 
future as well as basis for the sustainable development 
of the city. 
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ABSTRACT 

Spatial distribution characteristics of existing 
industrial zones in cities are important to research on 
their functional upgrading, optimization and 
transformation. So is the correlation with surrounding 
functional facilities which providing business 
supporting and life safeguard. The methods of Kernel 
Density Estimation, Standard Deviation Ellipse and 
Spatial Autocorrelation were used in this study, based 
on comparison of data Point of Interest (POI) of 
existing industrial zones in Beijiao. The study 
discussed the changing of characteristics and influence 
factors of industrial enterprises and surrounding 
facilities. It made a comparative analysis of the space 
correlation among the enterprises and facilities, and 
determined configuration status of facilities. And it 
provided the optimization strategy which should 
follow principles of utilization and proper demolition, 
and a regional centre should be planned. The building 
density in the area should adjusted in order to restore 
the ecological environment. A low-carbon and energy-
saving urban form could to be constructed by 
optimizing the facility allocation. Tracking industrial-
spatial dynamics by establishing a transformation 
database. 

INTRODUCTION 

Township enterprises in Shunde have experienced 
four important stages: rapid development, enterprise 
restructuring, low-speed development and industrial 
transformation since its emergence in 1980s. In recent 
10 years, industrial zones in Shunde kept making 
progress in industrial transformation and "Three old" 
transformation with the process of new urbanization.  
But there are still some new problems. How to promote 
their function improvement, optimization and 
transformation of the existing industrial zone, which 
meets current and future demand, is one of the 
problems to be solved.  

Existing domestic studies on Shunde industrial zones 
focused on the following aspects: First, on the level of 
economy and industry, the relationship between 
industrial structure and optimize the economic and 
spatial strategies of industrial structure were 
discussed; Second, on the level of land use, the 

changing characteristics and driving factors of land use, 
exploring policies and evaluating land spatial 
performance were studied; Third, on the level of 
renewal and transformation, the potential evaluation 
system, transformation planning, policies and 
strategies were focused on. Fourth, on the level of 
urban and spatial form, the mechanism of industrial 
development affecting spatial form of small towns and 
spatial mode of "industrial development protection 
zone" was discussed. From the research above, it can 
be seen that "enterprise rise - urban evolution – "Three 
old" transformation - industrial protection" is the main 
venation of development, and "economic model - land 
use - transformation strategy - spatial optimization" 
are typical problems. Therefore, the function 
upgrading, optimization and transformation of existing 
industrial zones in Shunde is a comprehensive 
problem about urban development, so it is very 
necessary to analyse its current spatial layout and 
characteristics. 

With the development of network technology, studies 
on spatial layout and characteristics of towns using 
points of interest are increasing rapidly. Some studies 
focused on the characteristics of urban functional 
zoning and spatial structure. Some of them studied on 
living areas, which focus on the spatial distribution of 
built environments such as living facilities, cultural 
facilities and leisure functional areas. And some 
explored the spatial correlation between housing and 
retail industry by analysing the characteristics of 
business centres, clusters, and trade mix in business 
area. To sum up, based on the essential characteristics 
of POI data, it can be effectively applied to studies of 
urban spatial structure, which are helpful to explore 
optimization strategies of urban existing functional 
areas. 

Beijiao is an industrial center of Shunde. By comparing 
the existing industrial development status and POI 
data of existing industrial zones in Beijiao, Shunde, this 
study will analyse the spatial relations between 
industrial enterprises and related functional facilities 
according to spatial analysis methods. It will identify 
the status and problems of industrial zones in Shunde, 
and put forward optimized transformation strategies. 
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RESEARCH SCOPE AND DATA 

Overview of research scope 

Beijiao town total area is about 1300 hectares, where 
produces household appliances, metal and machinery 
manufacturing as its pillar industries, is a typical 
industrial town in Shunde. The study area is located in 
the south of Beijiao town. Tanzhou watercourse is 
adjacent to the east of it, and Shunde watercourse is on 
its south. The east high-speed of the first beltway in 
Foshan is on its west, and Lintou area and the central 
district of Beijiao are on its north (Figure 1). The 
conception "industrial development protection zone" 
which was proposed by Shunde government in 2017 
designated Beijiao as the core area of industrial 
development protection. It took development as 
guidance to protect and control the industrial land, 
providing space reserve for future industrial 
development. The distribution of industrial 
enterprises and functional facilities in this area 
involves the complex function of built environment, 
which directly affects the construction and 
development of industrial development protection 
zone. 

Figure 1.  Map of research scope (self-drawn)  

Data selection and screening 

POI data of Beijiao from Baidu Map in December of 
2018 and November of 2020 was selected for 
researching. In order to avoid omissions in data 
acquisition, the acquisition range was expanded, 
taking the red line of soil utilization planning as 
reference. Because the study area is not an identifiable 
administrative area in Baidu Map, and its boundary is 
not regular. So the north, south and east sides were 
bounded by watercourses, and the west side was 
bounded by east high-speed of the first beltway in 
Foshan. In addition, the data were screened according 
to analysis requirements by referring to "Research on 
classification standards of POI", because of some 
differences in classification between POI from Baidu 
Map and research needs. 3302 pieces of effective data 
were extracted through repetition eliminating, 
screening, reclassification, deviation correction, spatial 
matching, sampling review and field from the 
preliminary 14960 pieces of data (Table 1). 

Table 1.  POI data classification and quantity 

Main class Subclass Quantity 
2018 2020 

Industrial 
enterprise 

Production and  
processing 738 729 

Business Finance and 71 71 

supporting 
organization 

commerce 
Human Resources 

service 32 28 

Logistics service 49 50 

Living 
security 
facility

Catering service 359 351 
Retail service 230 233 
Life service 57 63 

Public 
transportation 58 58 

Accommodation 
service 28 30 

Housing security 34 34 

RESEARCH METHODS 

(1) Kernel Density Estimation

Kernel Density Estimation is used to measure the 
aggregation intensity of elements within a certain 
range, which is applicable to density estimation of 
urban facility service impact. It takes a certain element 
point as a centre, uses kernel function to calculate 
density value of unit area, and generates density map 
from superposition of density value, showing 
distribution of 3D density surface. The closer location 
is to the centre, the greater obtained density expansion 
value is. In comparative analysis, the position change 
of kernel density center will be focused on. 

(2) Standard Deviation Ellipse

Standard deviation Ellipse method is used to measure 
the position and distribution direction of point data in 
a certain spatial range. This method uses mean centre 
as the starting point to calculate standard deviation of 
X-axis and Y-axis coordinates, so as to define the long
axis and short axis of the ellipse. The deviation
between long and short axes indicates the directivity
and discreteness of the analysed object.

(3) Spatial Autocorrelation

Spatial Autocorrelation is used to study the 
relationship between a certain element and its 
surrounding elements within a certain space. It 
calculates autocorrelation degree with statistical 
methods and describes its spatial distribution 
characteristics, such as randomness, aggregation or 
dispersion, including judging whether such 
relationship has an important impact on the pattern. 
Global Moran's index (Moran’s I) representing spatial 
autocorrelation was used for analysis in this paper. 

ANALYSIS OF RESULTS 

Spatial aggregation characteristics 

Comparing the POI distribution map between 2018 
and 2020, it could be seen that large numbers of 
industrial enterprises form as several groups. The 
distribution state of living security was similar to 
industrial enterprise. The boundaries between them 
were relatively clear, but mixed in some areas. The 
distribution state of business supporting institutions 
was dispersive and homogeneous, and their 
distribution areas were close to industrial enterprise 
(Figure 2).  
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Figure 2.  Different coloured dots represent the distribution 
status of enterprises and functional facilities (self-drawn)  

Figure 3.  The regions with high kernel density value reflect 
the aggregation state of industrial enterprises and business 

supporting organizations (self-drawn)  

According to the kernel density map, high-density 
areas of industrial enterprise were located in four 
village industrial zones in the west, namely Chachong, 
Huangchong, San Hongqi and Chen Dajiao, as well as 

Guangjiao industrial zone in the north, Lingang 
pioneering park and Shunjiang community industrial 
zone in the east (Figure 3). The main characteristics of 
existing industrial zones in the study area, Beijiao, 
Shunde was distributed group space dominated by 
industrial enterprises. The concentration density of 
industrial enterprise and life service was higher in the 
west. But the environmental quality was not good in 
areas with high-density of enterprises. The density of 
catering service and retail service was higher in the 
east, where business atmosphere was good, in which 
the density of life service was low, and convenience of 
life was insufficient. Housing security facilities were 
mainly concentrated in the south, reflecting the 
influence of waterfront ecology on living conditions. 
Human resources service and accommodation service 
facilities were distributed along main roads, and 
logistics service and public transportation facilities 
were equally distributed. Therefore, group space 
should be inherited as the basic characteristics of 
existing industrial zones, but the scattered layout was 
not conducive to the formation and promotion of 
industrial agglomeration effect. The present situation 
of high building density and poor environmental 
quality in the groups interfered with the living 
environment around them and the improvement of 
ecological environment in industrial zones. (Figure 4). 

Figure 4.  The regions with high kernel density value reflect 
the aggregation state of living security facilities (self-drawn)  

Spatial directional characteristics 

According to calculation results (Table 2), the 
distribution direction of industrial enterprises was 
close to the east-west direction, which was consistent 
with the direction of Sanle road and Shunde 
watercourse. It connected with the Midea industrial 
park on the west and Taocun industrial park on the 
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east. By comparing deviation values，it could be seen 
that the distribution directionality of logistics service, 
catering service, retail service, life service and public 
transportation was stronger than that of the others 
(Figure 5). Among them, public transportation was a 
result of urban planning and construction, while the 
other four categories had obvious self-growth 
characteristics. The distribution directionality of 
finance & commerce, human resources service, 
accommodation service and housing security was 
weaker. Expect housing security affected by urban 
planning, the other three categories also had self-
growth characteristics, and affected by north-south 
traffic. 

Table 2.  Standard Deviation Ellipse calculation results  

Categories 
Deviation Direction angle 

2018 2020 2018 2020 

Production 

and 
processing 

2181.36  2180.52 90.12 ° 90.04 ° 

Finance 
and  

commerce 
837.17  837.12 91.32°  91.32 ° 

Human 
resources 

service 
745.99  745.47 83.61 ° 82.79 ° 

Logistics 
service 

1360.50  1360.21 92.84 ° 92.53 ° 

Catering  

service 
124.59  1247.59 79.27 ° 80.04 ° 

Retail 
service 

1356.05  1356.05 78.38 ° 78.38 ° 

Life service 1348.75  1352.41 81.31 ° 82.14 ° 

Public 
transportati

on 
1605.67  1605.67 88.07 ° 88.07 ° 

Accommoda
tion service 

434.60  399.38 66.54 ° 63.23 ° 

Housing 
security 

962.98  962.98 87.59°  87.59 ° 

According direction angle, it could be seen that the 
distribution of functional facilities had obvious self-
growth characteristics, and most of which have similar 
distribution directions to enterprises. This was 
because the relevant functional facilities were 
gradually attached to enterprises and formed naturally 
according to requirements of enterprises operation, 
production and life from the bottom up, in the 
development process of existing industrial zones. The 
directional difference reflected that distribution of 
functional facilities within the area was not only 
influenced by requirements of enterprises, but also 
influenced by different factors outside the area. It was 
reflected most obviously by finance & commerce and 
logistics service. This feature reflected not only the 
spatial evolution and basic rules of industrialization in 
this area, but also the close correlation between 
current facility distribution and environment outside 
the area. It could be seen that the dependence of 
functional facilities on enterprises needed to be 
maintained in the process of industrial transformation. 

But the influence and demand of environment outside 
area on the distribution of functional facilities in the 
area should be taken into account. (Figure 6) 

Figure 5.  The flatter the ellipse appears, the stronger the 
distribution directivity of facilities shows (self-drawn)  

Figure 6. The position of mean centres and direction angle of 
ellipses reflect that the distribution of facilities is affected by 

factors from different directions (self-drawn)  

Spatial correlation and configuration status of 
facilities 

Based on POI coordinates in two different years, the 
nearest distance of various functional facilities and 
industrial enterprises was taken as the spatial weight 
to carry out autocorrelation analysis, and the 
calculation results of correlation coefficient were 
obtained (Table 3). Combined with critical value, 
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representing multiple of standard deviation, and 
random probability, z-scores of human resources 
service, logistics service and life service were less than 
1.65, and p-values of which were greater than 0.1. The 
results showed significant randomness, indicating that 
the spatial correlation between these three categories 
and industrial enterprise was not obvious. Z-scores of 
accommodation service and finance & commerce were 
greater than 1.65, and p-values of which were less than 
0.1. The results showed aggregation and credibility, 
indicating that these two categories had spatial 
correlation with industrial enterprise. Z-scores of 
catering service, retail service, public transportation 
and housing security were greater than 2.58, and p-
values of which were less than 0.01. The results 
showed significant aggregation and high reliability, 
indicating that these four categories had significant 
spatial correlation with enterprises. 

Based on the analysis results, it could be found that 
human resources service and logistics service had 
weak spatial correlation and insufficient service 
convenience with enterprises in terms of facility 
allocation. And the spatial distribution of efficient 
development with industrial transformation as core 
was not reflected. In addition, the spatial relationships 
between finance & commerce, housing security, public 
transportation and industrial enterprise were mainly 
affected by urban planning. The self-growth 
characteristics of service facilities, such as catering, 
retail and accommodation, formed close relationship 
with enterprises, which also become one of the reasons 
for the mixed distribution of facilities and enterprises 
near the village industrial zones. The results above 
indicated that there were differences between the 
actual distribution state of functional facilities and 
their importance in industrial chain, which led to the 
fact that their spatial distribution state could not 
reflect the clear development intention, and the 
orientation of industry-spatial relationship was not 
clear. In addition, factors affecting the relationship 
were diverse and complex. The more comprehensive 
the information could be obtained, the more conducive 
it was to optimizing facility allocation and providing 
guarantee for industrial development needs. 

Table 3.  Spatial Autocorrelation calculation results 

2018 

Related objects Moran’s I Z-score P-value

Finance & commerce 0.7525 2.216 0.027 

Human resources 
service 

0.6672 1.548 0.122 

Logistics service 0.4194 1.575 0.115 

Catering service 0.6421 9.994 0.000 

Retail service 0.4819 4.903 0.000001 

Life service 0.4424 1.441 0.150 

Public transportation 0.4822 3.834 0.000126 

Accommodation 
service 

0.4123 1.903 0.057 

Housing security 0.5688 4.094 0.000042 

2020 

Related objects Moran’s I Z-score P-value

Finance & commerce 0.7338 2.157 0.044 

Human resources 
service 

0.6052 1.322 0.109 

Logistics service 0.5012 1.655 0.115 

Catering service 0.4934 9.084 0.000 

Retail service 0.4819 5.412 0.000001 

Life service 0.3901 1.503 0.178 

Public transportation 0.4201 3.929 0.00013 

Accommodation 
service 

0.4022 2.095 0.063 

Housing security 0.5688 3.876 0.000015 

CONCLUSIONS AND OPTIMIZATION STRATEGIES 

In conclusion, according to POI data of industrial zones 
in two different times, the spatial relationship and 
characteristics of industrial enterprises and functional 
facilities had been analysed as follow: Firstly, the 
existing industrial zones are characterized by 
distributed group space; Secondly, the distribution of 
functional facilities is impact by self-growth and 
environment outside area; Thirdly, the orientation of 
industry-spatial relationship needs to be clear. 

Therefore, the optimization strategies could be put 
forward based on the analysis above. 

(1) Following principles of utilization and proper
demolition and planning to build a regional centre.

In order to inherit and retain the group spatial 
structure with the core of existing industrial zones, the 
principle of "More utilization and proper demolition" 
should be followed for the utilization and upgrading of 
existing industrial zones. Meanwhile, a regional centre 
should to be planned to transform the dispersed and 
uniform distribution of industrial enterprises with 
demands of industrial transformation and 
development. It could guide industrial enterprises and 
functional facilities distribute centripetally, form 
different levels of business cluster, and provide a 
foundation for optimizing the configuration of facilities 
and resources, so as to enhance the agglomeration 
effect of industry.  

(2) Adjusting the building density and restoring
ecological environment.

In the study, problems of high building density, mixed 
functional facilities and poor environmental quality in 
high kernel density areas are inseparable from the 
complex ownership of land within the area and the 
simple pursuit of production space maximization by 
each owner. Thus ， relevant policies based on 
clarifying and resolving problems of land ownership 
should be researched and formulated, so as to avoid 
the disorderly self-growth of functional facilities, and 
guide the improvement of function and environment. 
Through policy formulation, the ownership, 
responsibility and obligation could be clearly defined, 
and the guarantee for formulating ecological 
restoration planning of soil, vegetation and water 
could be provided (Figure 7). In combination with the 
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establishment of suitable biological retention pool, 
shallow ditch, storage pool, low-potential green space, 
complex ecosystem with multi-stage water system and 
green network as framework, the goal of restoring 
ecological environment could be achieved. 

   
Figure 7. The Midea Global Innovation Centre is a typical 
example of restoring nature by adjusting the density of 

buildings (self-drawn)   

(3) Constructing a low-carbon and energy-saving 
urban form and optimizing the facility allocation. 

In order to effectively guarantee the development of 
enterprises, it is necessary to explore the optimal 
resource allocation mode and construct the compact 
spatial form of Beijiao, based on maintaining the 
existing spatial relationship between facilities and 
enterprises, combining the development status of 
functional facilities in several districts including the 
study area. Meanwhile, the "Composite-TOD" mode 
should be adopted to guide the improvement of 
transportation system, strengthen inter-regional 
industry-spatial relationship, which is helpful to 
reduce carbon emissions, so as to achieve the goal of 
constructing a low-carbon and energy-saving urban 
form.  

(4) Tracking industrial-spatial dynamics by 
establishing a transformation database. 

In order to make the orientation of industry-spatial 
relationship clearer, the distribution characteristics of 
enterprises and functional facilities should be sorted 
out synchronously, so as to guide the facilities to be 
more closely connected with enterprises in space. 
Meanwhile, due to the diverse influencing factors of 
industry-spatial relationship, the research cannot be 
limited to analysing POI data in the current period, 
otherwise it could not judge whether there was a trend 
of gradual improvement or decline in configuration of 
facilities at present. It is necessary to establish a 
dynamic database of transformation and upgrading of 
existing industrial zones in Beijiao, Shunde, so as to 
provide a basis for improvement of planning and 
planning revision. 
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ABSTRACT	

The Bai nationality is concentrated in Dali Autonomous 
Prefecture, Yunnan Province, China. Its special 
geographical location and terrain--low-latitude 
plateau, formed the unique architectural form of the 
Bai nationality. Through the test and evaluation of 
indoor thermal environment in traditional Bai 
buildings, the paper analyses the correlation between 
indoor thermal environment and spatial form of the 
traditional Bai nationality’s residence, and analyses the 
formation mechanism of indoor thermal environment 
by numerical simulation method. The study found that 
the traditional Bai residence has a good thermal 
comfort, and it responds to the local climate 
characteristics through the enclosed courtyard and the 
courtyard technology formed in the building, so as to 
realize the climate adaptability of the building. 

INTRODUCTION	

There are many well-preserved traditional dwellings 
of the Bai nationality in Dali Bai Autonomous 
Prefecture of Yunnan. These buildings not only have 
strong customs of the Bai nationality, but also 
incorporate a large number of architectural features of 
the Han nationality. The buildings have been changed 
according to national habits and climatic 
characteristics, forming their unique construction 
technology to obtain a comfortable indoor thermal 
environment. Through the investigation, mapping, 
indoor thermal environment test and computer 
simulation of traditional dwellings, this paper analyses 
the relationship between the architectural form, 
structure and detail treatment of traditional dwellings 
and the indoor thermal environment and even the local 
architectural climate, and puts forward the climate 
adaptability strategy of Bai traditional dwellings, 
which is of great significance to the protection and 
renewal of local traditional dwellings. 
At present, some achievements have been made in the 
study of the thermal environment of traditional 
dwellings. Jinling measured and analysed the indoor 
and outdoor thermal environment of a typical 
traditional residential building in Chaoshan area in 
summer and winter, which showed that the 

comprehensive thermal environment of semi open 
space in Chaoshan area in summer was better than that 
of closed indoor space, the patio of traditional 
residence had significant thermal buffer effect in the 
daytime, and the potential of thermal pressure 
ventilation at night. Hu Rongrong others selected 
typical dwellings in Qinling Mountains as the research 
object, measured their winter thermal environment, 
and concluded that the climate adaptability of local 
vernacular dwellings was better than that of brick 
houses, and the heating energy consumption was far 
lower than that of brick houses. Yang Zhenjing 
measured and simulated the indoor thermal 
environment of rammed earth buildings in Bashu area, 
and found that the indoor thermal environment of 
Rammed Earth Dwellings in summer is better than that 
in winter, the loft in dwellings has a significant 
regulating effect on the indoor thermal environment, 
and the indoor thermal environment factors are 
closely related to the enclosure structure and living 
habits. Li Cheng selected the vernacular dwellings of 
different construction periods in Turpan for spring test, 
respectively from the indoor air temperature, air 
humidity, average radiation temperature, wall 
temperature and other aspects of comparative analysis, 
and concluded that the outdoor greening environment 
directly affects the indoor thermal environment, and 
the raw soil building has better heat storage and 
temperature delay. While in the existing research, 
there are few researches on the thermal environment 
of Dali Bai traditional buildings, and the mechanism of 
thermal environment construction needs further 
exploration. 
In this paper, a typical Bai traditional architectural 
form of Three Houses and One Screen Wall（THOSW） 
was selected as the research object. THOSW is the most 
common architectural form in the traditional Bai folk 
dwellings shown in figure 1. The whole building is a 
regular rectangle, surrounded by a main house, two ear 
houses and a screen wall. In the middle of the houses is 
a courtyard, with the main house facing the screen wall 
and patios was formed between the main house and 
the ear houses. The external walls are enclosed, usually 
made of rammed local earth, with wooden walls on one 
side of the courtyard and tiled roofs. After the 
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measurement and simulation of the thermal 
environment of a typical THOSW in summer, this paper 
analyses the techniques of constructing the thermal 
environment of traditional Bai buildings. 

Figure	1.		Form	of	Three	Houses	and	One	Screen	Wall	

Research	object	and	region	

Yunnan Province is located in the southwest of China 
and has a subtropical plateau monsoon climate. Dali 
Autonomous Prefecture is located in the northwest of 
Yunnan Province. It is located at the junction of 
Yunnan-guizhou Plateau and Hengduan Mountains. 
The mountainous area in Dali accounts for 70%, and 
the water area and dam area each account for 15%. The 
terrain is high in the northwest and low in the 
southeast, with complex and diverse landforms. Under 
the joint action of high altitude and low latitude, the 
low latitude plateau monsoon climate is formed. The 
annual average temperature in Dali is between 12 ° C 
and 18 ° C, and the four seasons are not distinct, with a 
small difference in annual temperature. The hottest 
month is in June, while the coldest month is January. 
The dry and wet seasons are distinct, the rainy season 
is from May to October, and the rainfall accounts for 78% 
of the annual rainfall. The prefecture is characterized 
by complex landforms, great differences in elevation 
and significant vertical differences in climate. This 
special geography and climate formed the local special 
traditional building construction technology to adapt 
to the local ecological environment. 

Figure	2.		Current	situation	of	Ouyang	compound	

Ouyang compound, shown in figure 2, the object of this 
study, is located in the ancient town of Shaxi, Jianchuan 
County, Dali Autonomous Prefecture. Shaxi ancient 

town is located in a dam area among the mountains. It 
was an important post station on the ancient tea-horse 
road. Ouyang compound is located on the north side of 
Sideng Street in Shaxi Ancient Town, and the building 
faces east from the west. It is a typical building of Bai 
nationality with THOSW, consisting of a main 
courtyard in the form of THOSW and a THOSW garden 
shown in figure 3. The construction of Ouyang 
compound was started in the first year of the Republic 
of China (1912), which took 5 years to complete, and 
the wall painting was completed in 1919. The wall of 
Ouyang compound is made of local soil with a thickness 
of 500mm. The internal structure of the building is 
made of wood with a thickness of 60mm. The roof is 
covered with Chinese-style tiles. The whole building 
has two floors, and the main room is higher than the 
wings on both sides. Table 1 presents the detailed 
information of Ouyang compound. Choosing Ouyang 
compound as the research object can represent the 
majority of Bai nationality dwellings with THOSW. 

Figure	3.		Plan	of	Ouyang	compound	

Table	1.		Characteristics	of	the	Ouyang	compound	

Characteristics Description 
Construction time 1912-1919 

Orientation West–East (East-facing) 
External wall Rammed earth 500mm U-

Value = 1.45 (w/㎡*k) 
Internal wall Wood 60mm U-Value = 1.73 

(w/㎡*k) 
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Roof Tile 10 mm, air gap 5 mm, 
woods 50 mm  

U-Value = 1.58 (w/㎡*k) 
Window Ordinary single glass 6mm 

U-Value = 5.78 (w/㎡-k) 
G-Value = 0.82

Occupants 2 (An elderly couple) 

METHOD	

The measurement took place from 12:00 on July 2, 
2019 to 11:00 on July 3, 2019. The content of the test 
includes temperature, humidity, wind speed and black 
bulb temperature in some rooms. Monitoring points 
are set up in the interior, courtyard，patio and garden 
of Ouyang compound respectively. The indoor 
monitoring points include bedrooms, main room and 
the side of stairs. Outdoor solar radiation and wind 
speed at the courtyard were also measured. Specific 
locations of measurement points are shown in the 
figure 4. The instrument counts every 10 minutes for 
24 consecutive hours. The usage of the instrument 
information is shown in Table 2. 

Figure	4.		Measurement	points	in	the	building		

Table	2.		Introduction	of	instrument	

Equipment Photos Function Precision 
HOBO 

Thermomete
r 

surface 
temperatur

e 

±0.7℃ 

HOBO 
Digital 

hygrometer 

Air 
temperatur

e and 
humidity 

±0.7℃ 
±7.5% 

Delta 
anemograph 

Wind speed ±0.2m/s 

TES 
Thermal 

stress  
index meter 

globe 
temperatur

e 

±0.5℃ 
±

(4%value+0.1m/
s) 

RESULTS	

The measurement data were processed to analyse the 
difference of indoor and outdoor thermal environment, 
so as to explore the architectural factors that caused 
the difference from the architectural space form and 
the building maintenance structure. 

Temperature	analysis	

Compare the temperature of each space on the first 
floor, and the results are shown in the figure 5. It can 
be seen from the figure that the maximum temperature 
of 27.2 ℃ and the minimum temperature of 18.3 ℃ 
appeared in the courtyard, and the daily temperature 
difference reached 8.9 ℃ , which is because the 
temperature of the courtyard is directly affected by the 
external environment of the building. This can also be 
seen from the maximum fluctuation range of the 
courtyard temperature. As the buffer space of the 
external climate and the internal building, the yard 
temperature stability is poor. As a contrast, the 
temperature fluctuation range of the three indoor 
spaces is much smaller, and the maximum and 
minimum values of the temperature also have a big gap 
with the courtyard. The temperature of bedroom I and 
bedroom II is the most stable, and the daily 
temperature difference is 1.3 ℃ and 1.4℃respectively 
shown in table 3. The temperature stability of the main 
room is slightly poor, and the daily temperature 
fluctuation range is 2.4 ℃. This may be because the 
walls on both sides of the main room are in direct 
contact with the external environment, while only one 
side of the bedroom is in contact with the air in the 
courtyard. Different indoor and semi-outdoor 
temperature fluctuations show that the courtyard in 
traditional Bai architecture has a good temperature 
regulation effect. The existence of this space form plays 
an important role in the internal temperature stability 
of the building. Moreover, the rammed earth material 
is used in the wall of traditional Bai architecture, which 
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is also conducive to maintaining indoor thermal 
stability. 
The air temperature of the three semi-outdoor spaces 
is shown in the figure 6. It can be seen from the figure 
6 that the temperature change trend of courtyard, 
patio and garden is the same, but the temperature 
fluctuation range of courtyard is larger than that of 
patio and garden, and the fluctuation range of patio and 
garden is relatively close. The difference of 
temperature fluctuation amplitude between courtyard 
and patio is probably due to the difference of courtyard 
and patio scale. The temperature of smaller patio is 
more stable. Besides the temperature in the patio is 
higher than that in the garden overall, because the 
transpiration of plants in the garden reduces the 
ambient air temperature, making the garden cooler in 
summer. 
In the vertical direction of the main room, it can be seen 
in figure 7 that the temperature change of the second 
floor is more obvious than that of the first floor. The 
second floor is the buffer layer of the first floor and the 
outer space, and the temperature fluctuation range is 
more intense. The lower the height, the more stable the 
temperature is, and the temperature presents a 
gradient from the top to the bottom. The temperature 
of the inner surface of the tile is the highest in the 
daytime, the second floor is the second, the first floor is 
lower than both, and the indoor ground temperature is 
the lowest. 

 
Figure	5.		Comparison	of	indoor	and	courtyard	air	

temperatures		

 
Figure	6.		Comparison	of	air	temperature	in	semi‐outdoor	

space		

 
Figure	7.		Comparison	of	vertical	temperature	in	main	room		

Table3.		Extreme	temperature	and	temperature	difference	

Position Minimum 
temperature/

℃ 

Maximum 
temperature/

℃ 

Temperature 
difference/

℃ 
Patio 20.3 22.4 2.1 

Bedroom
Ⅰ 

22.0 23.3 1.3 

Courtyar
d 

18.3 27.2 8.9 

Garden 19.0 23.4 4.4 
Bedroom

Ⅱ 
22.0 23.4 1.4 

Main 
room 

20.6 22.9 2.4 

 
Table	4.	Calculate	APMV	parameter	Settings	

Clothing 
Insulatio

n 

Metab
olic 
Rate 

Climate 
Zones 

Buildi
ng 

Type 

Wind 
Speed 

Adaptiv
e 

Coefficie
nt 

0.5clo 1met 1 1 0.1 
m/s 

PMV≥0 
0.21 

PMV＜0    
-0.49 

 

Analysis	of	indoor	thermal	comfort	

The thermal comfort model is used to evaluate the 
comfort of indoor thermal environment. In this paper, 
APMV (adaptive predicted mean vote) is used to 
evaluate the indoor thermal environment. (1) 
  𝐴𝑃𝑀𝑉 𝑃𝑀𝑉/ 1 𝜆 ∙ 𝑃𝑀𝑉  (1) 
where: 
PMV is Predicted Mean Vote, 𝜆  is the adaptive 
coefficients. The values for different zones can be 
gathered from the standard GB/T 50785[9]. 
According to the indoor thermal and humid 
environment standard for civil buildings issued in 
2012, the indoor thermal environment is divided into 
three levels: Level I is the thermal environment 
acceptable to 90% of the people, at this time -0.5 ≤ 
APMV ≤  +0.5, level II is the thermal environment 
acceptable to 75% of the people, at this time -1 ≤ 
APMV ≤  +1, level III is the thermal environment 
acceptable to less than 75% of the people, at this time 
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APMV ＜ -1 or APMV ＞ +1. The parameters used to 
calculate APMV are shown in the table 4. 
The APMV calculation results of different indoor rooms 
are shown in the figure 8. From the figure, it can be 
seen that the thermal comfort of each room of Bai 
traditional folk house can reach level II in about 95% 
of the time in summer, and the time to reach level I is 
45% - 59%. The time period for the second floor main 
room to meet the level I thermal comfort requirements 
is longer than that of the first floor room, while the 
other rooms on the first floor are relatively close, 
which can be attributed to the low temperature at local 
night, and the heat stored in the second floor room 
during the daytime is released at night, which improve 
the thermal comfort of the room. Generally speaking, 
the thermal comfort of Bai traditional dwellings in 
summer is satisfactory, which is due to the local 
climate and the construction methods of local 
buildings. 

 
Figure	8.		APMV	results	for	different	rooms		

Wind	environment	simulation	

In order to study the influence of courtyard and patio 
on the indoor wind environment of Bai traditional 
residential buildings, PHOENICS software was used to 
simulate the building ventilation. The model shown in 
the figure 10 is built according to the actual situation of 
the building, and the wind speed is 4m / s in July 
according to the typical meteorological year. Because 
the measured object is in a long and narrow valley 
between two mountains, the valley is southwest to 
northeast shown in figure 9, and the summer monsoon 
blows from the Indian ocean to the land, so the wind 
direction is S-S-W, the windows are open, and the 
doors are closed. The number of iterations is set to 
1000.  
From the courtyard simulation results as shown in 
Figure 11, it can be seen that the wind environment 
inside the courtyard of the Bai nationality building is 
quite different from that outside. This is because the 
walls around the Bai nationality building are tightly 
enclosed to prevent the wind from entering the 
interior. However, the courtyard and patio in the 
building partially improve the wind environment of 
the courtyard. The long and narrow passageway at the 

entrance of the building has a better wind environment, 
which is related to the direction of the passageway 
entrance facing the wind. This space can be used to 
lead the wind into the building courtyard. The wind 
environment of patio in the north side of the building 
is better than that in the south side. The north patio is 
connected with the gate to form a better ventilation 
effect. The south patio is greatly affected by the wall, 
and the wind speed is greatly reduced. The same 
situation also occurs in the courtyard. The courtyard is 
directly affected by the screen wall and the southern 
ear house, resulting in a large windless area. The wind 
environment in the garden is better than that in the 
courtyard, it may be because the wind was blocked by 
the higher screen wall on the north side of the garden, 
from which the wind blows into the garden. The 
existence of the eaves corridor also changed the wind 
environment below it, which played the role of guiding 
wind. 
The indoor wind environment simulation results show 
in figure 12 that the ventilation effect of most rooms is 
not satisfactory. This is because most rooms have no or 
only one window and lack of air outlet when the door 
is closed, resulting in very small wind near the window. 
This can also be seen from the air age. The room 
without window has long air stagnation time and 
insufficient freshness. As a contrast, because there are 
windows on both sides between the courtyard and the 
garden, a through wind is formed in the building, which 
greatly improves the wind environment in the building, 
and the air age is relatively low. Therefore, in the case 
of natural ventilation, the indoor ventilation effect of 
Bai buildings is not good, and measures need to be 
taken to improve the indoor wind environment. 

 
Figure	9.		Location	of	Ouyang	courtyard		
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Figure	10.		Simulated	model		

Figure	11.	Simulation	results	of	courtyard	wind	environment	

Figure	12.		Simulation	results	of	indoor	wind	environment	

CONCLUSION	AND	DISCUSSION	

Through the measurement and Simulation of thermal 
environment of traditional Bai residential buildings, 
the following conclusions can be drawn： 
1. The residential buildings of Bai nationality have

good climate adaptability, and their indoor thermal
comfort is good in summer, which can meet the
requirements of grade II thermal comfort in most of 
the time, and the time for the second floor room to
meet the requirements of grade I thermal comfort
is longer than that for the first floor room.

2. The traditional Bai People's THOSW residence
creates a good indoor thermal environment in
summer through the unique construction
technology. Bai nationality dwellings are closed
courtyard, thus various patios are formed in the
building. These patios not only enrich the space
diversity of the building, but also create a good
indoor environment for the building. Due to the
existence of courtyard and patio, there is a
transitional space between the indoor space and
outdoor space. These transitional spaces play a role
in buffering the external climate, reducing the
outdoor heat into the indoor when it is hot in the
daytime, and maintaining the heat inside the
building at night to prevent the indoor temperature
from being too low at night. Planting green plants in
the courtyard can play a better cooling effect in
summer.

3. Due to the good airtightness of Bai nationality
buildings, the indoor ventilation effect of buildings
is poor, and the air freshness of most rooms is not
enough. Therefore, measures should be taken to
improve the indoor wind environment, such as the
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formation of hot pressure ventilation by using the 
patio. With small area and high height, the patio is 
easy to generate hot pressure. In summer, when 
there is windless outside, hot pressure ventilation 
can also be used to drive the air flow inside the 
building, so as to achieve a good thermal 
environment inside the building. In addition, the 
space under the eaves of the building is not directly 
exposed to sunlight and has a temperature 
difference with the air in the courtyard, so as to 
form the wind under the eaves and improve the 
indoor thermal environment. It is also a good idea 
to open Windows in the building's exterior walls to 
bring in the wind in the summer and to take 
measures to prevent the wind from entering the 
building in the winter. 
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ABSTRACT 

Since the outbreak of the SARS-CoV-2 pandemic and 
the findings about the virus transmission route 
through aerosols, indoor air quality is a major topic 
when it comes to efforts to contain the spread of SARS-
CoV-2 in the population.  

Most calculations of infection risk, however, still rely 
on CO2 as a proxy for exhaled aerosols. This 
assumption is no longer valid when air filtration 
devices are used, arising the need to include actual 
measured aerosol concentration into the calculation of 
indoor infection risk. To close this gab, a version of 
Wells-Riley equation, extended to include the effect of 
air filtration into determination of reproductive 
number, is introduced and applied to measurement 
data from indoor air quality during school lessons. The 
results show, that taking only CO2 into account will 
overestimate the real infection risk from aerosols by 
20% in the cases without air filtration and by 60% in 
the cases with air filtration. 

Furthermore, measurement results varied strongly 
between different classrooms. This indicates that 
general airing recommendation, as applied during 
these tests, are not enough to assure a healthy 
environment and more individual measurements are 
necessary. 

INTRODUCTION 

One of the main modes of transmission of SARS-CoV-2 
is transmission through direct contact or droplets (> 5-
10 µm) that an infected person will expel when 
coughing, sneezing, or talking (WHO (2020)).  This 
mode of transmission is very well known from other 
common diseases, such as influenza, and therefore the 
preoccupations to take, such as keeping distance or 
covering the mouth while coughing, are quite clear and 
also supported from the vastly majority of the people.  

However, the airborne transmission route, another 
main route of transmission for SARS-CoV-2 (Morawska 
and Milton (2020), Li et. al. (2020), WHO (2020), CDC 
(2020)), in not so easy to prevent as it involves the 
transmission over very small (< 1 µm) exhaled aerosols 
that can stay in the air for a very long time and thus 
accumulate in closed spaces and travel longer 
distances than the bigger droplets responsible for 
direct infection. So, one does not only face infection 
risk from close contact to an infectious person but also 

from sharing a room with one. This brings the focus to 
indoor air quality, and especially aerosols, when we 
aim to reduce the infection risk in closed spaces. And 
not only SARS-CoV-2 spreads through aerosols. Also, 
other well-researched diseases such as influenza use 
this transmission route (Moser et. al. (1979)). 
Consequently, need and demand for devices that can 
measure aerosol influence on indoor air quality has 
increased significantly. 

Up to now, indoor air quality (IAQ) was primarily 
associated with maintaining a pleasant environment. 
Monitoring IAQ focuses mainly on parameters such as 
TVOC, CO2, temperature as well as relative humidity, 
and sometimes also particulate matter (PM2.5 and 
PM10). All these parameters can be measured quite 
easily with rather simple equipment resulting in a 
variety of low-cost devices to monitor indoor air 
quality.  However, measurements from low-cost 
devices needs to be treated with caution as quality 
issues regarding long term stability and comparability 
are not uncommon.  

Since the findings of airborne transmission of SARS-
CoV-2, aerosols have gained more and more attention 
in the discussion about IAQ and indoor infection risk. 
Unlike gases such as TVOC and CO2, accurate 
measurement of aerosol concentration, especially in 
the size range of exhaled aerosols, is not easy to 
achieve and involves complex measurement technique. 
Many studies about infection risk in closed spaces 
therefore focus on measuring CO2 as a proxy for 
exhaled aerosol laden air neglecting differences in gas 
and aerosol dynamics. This approach might lead to 
acceptable results for cases where the only method 
applied to enhance indoor air quality is introducing 
fresh air.  However, there are several cases where 
lowering infection risk by introducing fresh air either 
is not feasible (e.g. when outside temperature is very 
low) or simply not possible (e.g. in a room with very 
few or small windows). In these cases, air purifiers can 
be the method of choice reducing indoor infection risk 
by a factor of 6 as shown by Curtius et. al. (2020). 

With filtering devices in operation, aerosol 
concentration needs to be considered when 
determining the infection risk. This can be done by 
using an optical aerosol spectrometer to accurately 
measure aerosol concentrations.  In the present study, 
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a device combining aerosol spectrometer and CO2 
sensor was used to measure infection risk in 
classrooms during classes in a public school in 
Germany.  Purpose of the project was to validate 
official airing guidelines and give suggestions to 
improve indoor air quality. 

METHODS 

One very common approach to address the risk of 
indoor airborne infection transmission is to calculate 
the basic reproductive number for a given situation. 
The reproductive number represents the number of 
people that will be statistically infected by one 
infectious person in the room.  Rudnick and Milton 
(2003) derived a formular to calculate the basic 
reproductive number from Wels-Riley-Equation using 
CO2 as a proxy for exhaled aerosol concentration; 
where 𝑛 is the number of people in the room, 𝑓 ̅is the 
mean rebreathed fraction of air over the residence 
time 𝑡 of the people in the room and 𝑞 is the generation 
rate of infectious quanta by the infected person in the 
room. 

𝑅𝐴0 = (𝑛 − 1) [1 − exp (−
𝑓̅𝑞𝑡

𝑛
)] (1) 

The rebreathed fraction of air is estimated from the 
increase in CO2 concentration by expelled air according 
to Equation (2), Where 𝐶(𝑡𝑖) is the CO2 concentration 
in the room at time 𝑡𝑖 , 𝐶0 is the CO2 concentration in the 
unoccupied or properly aired room and 𝐶𝑎 is the CO2 
concentration in exhaled air. 

𝑓(𝑡𝑖) =
𝐶(𝑡𝑖) − 𝐶0

𝐶𝑎

(2) 

Critical for the calculation of reproductive number is 
the estimate of the quantum generation rate 𝑞 that 
defines how infectious one person is assumed to be. It 
can be derived from modeling real outbreaks that 
occurred under known circumstances (for example 
outdoor air exchange rate). Very infectious diseases 
such as measles (𝑞 = 570 /ℎ) have a high quantum 
generation rate and less infectious diseases such as for 
example rinovirus 16 (𝑞 = 1 − 10 /ℎ) equal to a low 
quantum generation rate (Rudnick and Milton (2003)). 
In the present study we assumed a quantum 
generation rate of 100/ℎ was assumed, which 
coincides with the findings of Kriegel et. al. (2020) who 
reported quantum generation rates of 116/ℎ for school 
lessons.  

Another important factor is the half-life of the airborne 
virus. SARS-CoV-2 is expected to remain viable for 1.1 
to 3 hours (Curtius et. al. (2020)). For the evaluation of 
the infection risk measurements, half-life of virus is not 
considered as duration of school lessons with 45 min is 
below half-life given in literature.   

Including aerosol concentration into infection risk 
calculation 

Equation (1) allows to calculate the reproductive 
number at any time for a specific scenario based on 
measurement of actual CO2 increase in the room. 
However, especially when air filtration devices are 
used CO2 is not a good proxy for exhaled aerosol 
concentration in the room anymore. Given the 
technical principle aerosols are constantly filtered 
from the air whereas CO2 concentration is not affected 
by the air filtering device. In this case, reproductive 
number calculated based on CO2 will overestimate the 
real reproductive number.  To avoid this and to 
increase explanatory power, aerosol concertation 
needs to be included into the calculation. This can be 
done by multiplying the rebreathed fraction f 
according to Equation (2) with the current decrease in 
aerosol concentration 𝑎 (Equation (3)). The latter can 
be a result of air filtration or other deposition 
mechanisms such as sedimentation: 

𝑎(𝑡𝑖) =
𝐶𝑁(𝑡𝑖)

𝐶𝑁(𝑡0)
(3) 

With 𝐶𝑁(𝑡𝑖) being the aerosol number concentration at 
a certain time 𝑡𝑖  and 𝐶𝑁(𝑡0) the aerosol number 
concentration in the room bevor air filtration was 
switched on.  If 𝑎(𝑡𝑖) is multiplied with 𝑓(𝑡𝑖) derived 
from CO2 concentration, Equation (4) gives the 
reproductive number including the influence of 
aerosol measurement: 

𝑅𝐴0 = (𝑛 − 1) [1 − exp (−
𝑓𝑎̅̅̅̅ 𝑞𝑡

𝑛
)] (4) 

Figure 1: exemplary cumulative number distribution (blue) 
and mass distribution (orange) of indoor aerosol measured 
with AQ Guard in a classroom during class 

It is essential that aerosol number concentration is 
chosen to evaluate aerosol concentration decrease and 
not aerosol mass concentration (known for example 
from ambient fine dust monitoring). The reason for 
this is that the quantum generation rate q in Equation 
(1) is a number-based measure of inhaled infectious
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aerosol particles. A sensor for aerosol mass 
concentration will give a rather poor estimate of 
aerosol influence on infection risk. Figure 1 illustrates 
that for mass-based aerosol concentration particles 
>1µm make the most contribution and particles below
1µm are more or less neglectable. For the number-
based aerosol concentration it is the other way around.
So, aerosol mass concentration makes a very bad
estimate for aerosol number concentration, especially
with respect to exhaled aerosols sizes being around 0.3
µm (Schwarz (2012)).

Measurement technique and importance of lower 
cut-off 

The measurement device used in this study to evaluate 
infection risk is the AQ Guard from Palas. The AQ Guard 
combines high accuracy optical aerosol spectrometer 
with an NDIR CO2 sensor. The optical aerosol 
spectrometer of the AQ Guard has a lower cut-off at 
0.175 µm.   
The lower cutoff of the aerosol spectrometer is 
especially important regarding size distribution of the 
potential infectious aerosol. In Figure 2, the cut-off 
curve of AQ Guard and an exemplary cut-off curve of an 
OPC with 0.5 µm lower cut-off (typical for cleanroom 
counters) is shown together with a mean size 
distribution of exhaled aerosol (median of 0.3 µm and 
standard deviation of 1,78 from Schwarz, K. (2012)). 
The OPC will measure only 35% of the exhaled aerosol 
concentration due to being blind over a large range of 
the exhaled aerosol size spectra, while AQ Guard with 
a lower cut-off at 0,175 µm is able to see 87% of the 
exhaled aerosol concentration. 

Figure 2: exemplary exhaled aerosol size distribution (blue) 
and counting efficiency curve of AQ Guard with lower cut-off at 
0.175 µm (yellow) and exemplary OPC with lower cut-off at 0.5 
µm (orange) 

Lower cut-off is also important when it comes to 
evaluating the used air filtration device regarding 
filtration efficiency of potential infectious aerosol. 
Figure 3 shows two filter efficiency curves of HEPA 
filter measured with Palas Nano Plus filter test rig. The 
filter efficiency depends highly on particle size. The 

MPPS (most penetration particle size), meaning the 
particle size where the filter has the lowest efficiency, 
for this filter is around 0.2 µm, which very close to the 
expected median of exhaled aerosol size. For bigger 
particles, the filter is much more efficient. So 
evaluating the filter based on measurements of much 
bigger particles only, as a OPC with high cut-off would 
do, will overestimate the effect the filter has on 
reducing potential infectious aerosols and thus 
underestimating infection risk.  

Also, when comparing different air filtration devices 
regarding reducing infection risk, it is essential to use 
an aerosol spectrometer that measures in the size 
range of exhaled aerosol. Because as can be seen in 
Figure 3, the largest difference in filtration efficiency 
between the filters is found around the MPPS the 
deviation gets smaller for bigger particle sizes. That 
means comparing the filter efficiency only for bigger 
particles will lead to the wrong conclusions.  

RESULTS 

To measure the infection risk in a real situation, 
classrooms in a public school were chosen. They 
provided a good situation to test infection risk 
measurements because of repeatable conditions such 
as occupation level, and duration of occupation as well 
as standardized airing habits (mandatory, 5-10 min 
airing every 20 min). In each room, the device was 
placed in a corner of the room away from the windows 
or the door to simulate the worst case for a student 
sitting in the most unfavorable place regarding fresh 
air supply. Also at least 2 m distance was kept to the 
next students to measure the level of CO2 and Aerosols 
distributed in the room, as the aim was to measure 
airborne transmission and not direct infection from 
one person to the next closest one. 

Figure 3: Filter efficiency curves of two HEPA filters measured 
with a Palas Nano Plus Filter test rig 
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Real situation infection risk measurement 

Infection risk was measured in 9 different rooms with 
different occupation levels and conditions to air and 
with and without air filtration. Figure 4 shows an 
exemplary time chart of CO2 and aerosol concentration 
(in the following referred to as Cn) over 45 min period 
and the resulting evolution of reductive number 
calculated according to Equation (1) (for CO2 only) and 
Equation (4) (CO2 and Cn influence).  
 
The increase of CO2 in the periods with closed windows 
is almost linear. Parallel to that, the reproductive 
number based on CO2 only, shows an exponential 
increase during that time, too. When the windows are 
opened, the CO2 concentration drops quickly and 
reaches start level again after the 5 minutes airing 
period. The reproductive number on the other hand, 
does not drop but only increases less steep. This is 
because the reproductive number can never drop as it 
represents the secondary infections based on prior 
inhaled infectious aerosols and airing can only prevent 
future secondary infections. 
Cn on the contrary shows the opposite behavior, falling 
when windows are closed and rising during airing. The 
reason for this is that in environments with little 
activity, Cn falls due to natural deposition of particles 
like for example sedimentation. And also, during 
breathing the air is filtered in the respiratory tract. 
Nevertheless, if we compare the reproductive number 
with and without influence of Cn, effect for cases 
without air filtering device is very little. 
 

 
Figure 4: Exemplary curve of CO2 and aerosol concentration 
(a) and resulting reproductive number without and with 
influence of aerosol concentration (b) over time. No air purifier 
was used. 

On average, the influence of Cn on reproductive 
number for all cases without air filtration was 20%.  
Figure 6 shows the measurements in of a school lesson 
with air filtering device running (Wolf AirPurifier 
equipped with HEPA H14 filter and set to an air 
exchange rate of 4 to 6 /h). Decrease of Cn as well as 
the difference between reproductive number without 
and with influence of Cn are significant. Calculating the 
infection risk only based on CO2 would overestimate 
the infection risk by 75 % in this specific case, and on 
average 60%. This means estimating the real infection 

risk based on CO2 measurement only will overestimate 
the real infection risk and airing needs. Accordingly, by 
including accurate measurements of Cn into the 
calculation of infection risk, the need for fresh air 
supply can be reduced which especially in winter saves 
heating costs. 

 
Figure 5: : Exemplary curve of CO2 and aerosol concentration 
(a) and resulting reproductive number without and with 
influence of aerosol concentration (b) over time. Air purifier 
was used (Wolf AirPurifier). 

Figure 6 shows the reproductive number at the end of 
each school lesson over the occupation (students per 
cbm room) for all the measurements. As expected, the 
reproductive number increases with the occupation. 
However, there are huge differences between the 
individual rooms. For example, in room 5 reproductive 
numbers are much lower than in room 9, although the 
occupation in room 9 is even less.  Looking at the 
different rooms, room 5 has much bigger and more 
windows, so this outcome is not much of a surprise. For 
some rooms large scattering of reproductive number 
can be observed. This is mainly because boundary 
conditions such as initial CO2 concentrations could not 
kept constant for all the school lessons, and it was also 
difficult to strictly follow the airing guidelines during 
ongoing school operation. 

 
Figure 6: Reproductive number at end of one school lesson over 
classroom occupation.  

The outcome of the infection risk measurements 
shown here is that infection risk and the success of 
airing is highly depending on the individual room. 
Thus, general guidelines such as those utilized in the 
observed schools, cannot assure safe indoor air quality. 
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In fact, measurements of real infection risk are needed 
to determine effective airing strategies.  

Standardized procedure to evaluate indoor 
infection risk 

As measurements of real infection risk involve rather 
complex and cost intensive measurement technique, it 
is not feasible to supply all rooms in question with an 
individual measurement device. Also, without knowing 
the infection risk, conducting experiments with people 
in the room can jeopardize their health, especially in 
the pandemic. Furthermore, different strategies (airing 
habits, air purifier, different settings of air filter 
system) shall be evaluated and compared. Therefore, a 
standardized and repeatable procedure to quantify 
infection risk in the best case without occupation is 
necessary to ensure healthy indoor environments. 

Figure 7 shows an exemplary setup to evaluate a room 
regarding infection risk proposed by the authors. To 
determine the influence of aerosol on infection risk an 
aerosol generator is needed generating aerosol in the 
relevant size range of exhaled aerosol.  In another 
corner away from the aerosol generator, the aerosol 
spectrometer is located. It measures the aerosol 
concentration of the aerosol equally distributed in the 
room. At the start of the procedure, the room is filled 
with aerosol from the aerosol generator, elevating the 
aerosol concentration way over normal indoor air 
level. After that the aerosol generator is switched off 
and the evaluation time span begins. This time span 
should represent a normal utilization scenario of the 
room including the airing or air filtration attempts to 
investigate.  At the end of the procedure, the impact on 
aerosol concentration can be derived from the 
measurement data. Results for experiments using a 
similar procedure to evaluate the use of air filtration 
devices in classrooms can be found in the report from 
Szabadi et. al. (2020). However, to estimate the 
infection risk according to Equation (4), an CO2 
increase comparable to the utilization scenario or is 
needed. Accordingly, the setup can eighter be extended 
with people in the room or CO2 from e.g. portable CO2 
bottle as source.  

CONCLUSION 

The authors have shown that calculation of infection 
risk based on CO2 as a proxy for exhaled aerosols is 
limited to situations where no major changes in 
aerosol concentrations are expected. However, when 
an effort is made to reduce airborne infection risk in 
closed spaces by reducing aerosol concentration (e.g. 
with an air filtration device), aerosol concentration 
needs to be included into the calculation. 

The results of measurements of indoor air quality in 
schools during school lessons have shown, that well-
known equations from literature based on CO2 only 
overestimate the infection risk (represented by 
reproductive number) by 20% in cases without active 

air filtration and by 60 % when an air filtration device 
was used.  

The results show that aerosol concentration cannot be 
neglected when determining risk for airborne 
transmission of infectious diseases such as SARS-CoV-
2 or influenza. Furthermore, indoor air quality must 
also focus on aerosol number concentration and not 
only particulate matter because the potential 
infectious aerosol consists of particles with a diameter 
around 0.3 µm and therefore hardly contributes to the 
mass-based particulate matter.  
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ABSTRACT 

This paper deals with new ways to describe and assess 
indoor air CO2-levels to provide a sufficient clarity. 
Besides common illustrations of measured or 
calculated CO2 concentrations over a certain period of 
time different computed indicating values like CO2 
hours over a specific threshold exist. However, most of 
these diagrams need interpretation by experts and a 
sum of CO2 hours over a specific threshold does not 
provide information on extreme values in difficult 
phases. Thus, a new kind of categorization and 
additional indicating value was developed. By 
generating ppm-hours as an integration of the C02 
curve e.g. over 1000 ppm with the correlative time 
duration an advanced characteristic parameter can be 
proposed. Own calculations with dynamic thermal 
building tools (IDA-ICE) and measurements were 
applied to set-up use cases and validation. Further 
improvements could lead to a standard procedure in 
terms of the assessment of indoor air CO2-levels.  

INTRODUCTION 

Max von Pettenkofer, one of the first hygiene 
engineers, evaluated the indoor air quality by means of 
the carbon dioxide content. He also recommended a 
corresponding threshold of 1000 ppm (initially 
published as 0.1 Vol.-%) already in 1858 as a value that 
should not be exceeded “Pettenkofer (1858)”. As long 
as humans are the main source of air pollution through 
their continuous release of metabolic products such as 
CO2, carbon dioxide can still be used as a good indicator 
for evaluating the indoor air quality. However, rooms 
with a high rate of occupancy, such as classrooms or 
lecture halls, often do not have sufficient indoor air 
quality and therefore an increased demand for fresh air 
is necessary. Different standards like “ASTM 
D6245:2018”, the German workplace guidelines “ASR 
3.6:2012” and others deal with ventilation 
requirements by defining indoor limit values for the 
overall CO2 concentrations. 

The CO2 concentration in a room usually depends on 
the air volume, the occupancy rate and the activity rate 
of the users together with the air change rate and the 
outside CO2 content. With a rising outside CO2 content, 
today ca. at 410 ppm in rural areas and ca. 260 ppm 
during 1858 “CO2levels.org (2021)”, the interesting 
part of the CO2 content caused by human metabolism 
indoors is the difference between any measured 

content between inside and outside CO2. Hereby, 
even Pettenkofer published different outside contents 
in rural areas, cities and central parts of bigger cities 
varying from ca. 300 ppm up to 800 ppm, the latter 
mainly caused by burning wood, coal or even turf. 
Today’s outside CO2 content rose due to the global use 
of fossil fuels and in the cities traffic and heating 
systems are the main reason for even higher levels in 
the outside air. Yet, most requirements deal with the 
overall CO2 content as threshold values. Besides 
1000 ppm numerous other thresholds are available for 
different purposes like 1200 ppm, 1400 ppm or 
2000 ppm which is used as a limit value for urgent 
action towards better ventilation and 5000 ppm as a 
threshold of unhealthy conditions like in 
“ANSI/ASHRAE 62.1”. Unfortunately, related 
measurements or pre-calculations with dynamic 
simulation tools and virtual persons inside of rooms as 
a source of CO2 are often only carried out randomly or 
not at all.  

STATE OF THE ART 

There are various ways to evaluate indoor air quality. 
For example, Fanger developed the units olf and 
decipol to assess the perceived indoor air quality. An 
olf is defined as the rate of emissions of air pollutants 
caused by a standard person. One olf under a 
ventilation of 10 l/s of unpolluted air, is defined as 
decipol. As a function of the perceived air pollution in 
decipol, the percentage of dissatisfied with the indoor 
environment can be determined. Fanger emphasized 
that the decipol value expresses the air quality 
perceived by humans, but does not indicate whether 
the pollution has health effects. “Fanger (1988)”  

Often, prevailing CO2 concentrations are considered to 
indicate health effects of air quality. Research has 
shown that increased CO2 levels, often found indoors, 
are associated with perceptions of poor air quality, 
increased prevalence of acute health symptoms (e.g., 
headaches, mucous membrane irritation), slowed 
work performance, and increased absenteeism 
“Myhrvold (1996), Seppänen (1999), Apte (2000), 
Erdmann (2004), Zhang (2016)”. Depending on CO2 
levels, users experience different symptomatology. For 
this reason, there are different limits and categories for 
CO2 concentrations. There are various ways of 
displaying measured or calculated CO2 concentrations 
to evaluate indoor air quality. Conventional methods 
often evaluate the percentage of the time the air can be 
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assigned to which quality category or calculate average 
values with indication of extreme values. The results 
are usually given in hours above a certain threshold 
value like 1000 ppm or as hours of CO2 concentrations 
in certain categories like 400 ppm to 1000 ppm, 
1000 ppm to 1400 ppm and above 1400 ppm. For 
example, results are often shown as in Table 1 
providing a quick overview. 

Table 1.  CO2-hours above 1000 ppm and in different 
categories depicting the same data set of a lecture hall, see 

use cases. 

CO2-hours above 1000 ppm 

test room 874 h 

CO2-hours in categories 

400 – 1000 
ppm 

1000 – 1400 
ppm 

> 1400 ppm 

test room 294 h 96 h 778 h 

This representation does not implement a fine 
resolution of the results and continuous curves of the 
CO2 content over time with changes per day sometimes 
may produce difficulties in the interpretation. 
Therefore, more sophisticated diagrams were used to 
depict CO2 content. For example, box plots were 
applied accordingly (Figure 1).  

Figure 1.  Utilizing box plots to depict indoor CO2 contents 
during the winter months “Hellwig (2009)”. 

Yet, a statement about the temporal distribution of the 
CO2 concentrations is here only possible in a limited 

way. The sum of hours above a certain threshold or the 
percentage distribution of time over the different 
categories of CO2 concentrations (e.g. 20% of the time 
between 1000 to 1400 ppm) is more common, mainly 
because a statement is made about the distribution of 
concentrations over time. This provides information 
on how long which air quality prevails. But it is not 
clear whether the concentrations are constantly close 
to the upper or lower limit to the next category.   

Some dynamic software programs like IDA ICE also 
calculate CO2 concentrations dependent on the air 
change rate and the number of occupants. Here, the 
annual mean value of the CO2 concentration is 
multiplied by the number of simulated hours. This 
mean value provides a first rough classification of the 
air quality. However, further information on the 
distribution of periods when higher and lower CO2 
levels are present would be necessary to evaluate 
indoor air more accurately.  

Moreover, the occupancy ratio should be considered, 
or given as an additional information otherwise it is 
difficult to quantify indoor air quality. In general, many 
evaluation methods do not take occupancy ratio into 
account. Yet, all CO2 contents over a simulation period 
can be plotted using sophisticated software tools like 
IDA ICE and corresponding diagrams show a general 
overview. Graphical analyses are possible as well 
showing CO2 concentrations as color values for 
instance in a so-called carpet plot, see Figure 2.  

However, there is no single indicating value available 
for a quick but accurate representation of high CO2 
levels over a certain period of time. A more detailed 
consideration would provide additional information: 
The integration of the CO2 curve over time takes into 
account the prevailing concentrations with associated 
occurrence durations. Thus it can be seen whether the 
prevailing concentrations tend to be distributed 
around the upper or lower limit of the category. The 
description of this calculation method is explained 
below. 

DESCRIPTION OF THE DEVELOPED METHOD 

For a better representation of the overall impact of 
high CO2 contents, a concept can be adapted that is 
widely used to describe thermal comfort indoors over 
a certain period of time by utilizing degree-hours.  

Figure 2.  Distribution of CO2 concentrations over one year within a classroom. Carpet plot from a building simulation software. 
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Hereby, a threshold value like 26 °C is used as well as 
the exceedance in operative temperature given as the 
difference between the existing indoor operative 
temperature and the threshold operative temperature, 
see Equation 1 and Figure 3.  

𝑑ℎ26 = ∑ (𝜃𝑜,𝑖 − 𝜃𝑜,26)𝑡

|ℎ𝑜𝑢𝑟𝑠 𝜃𝑜>𝜃𝑜,26|

𝑖

 (1) 

where: 
dh26 is degree-hours above 26°C [K∙h], θo is operative 
temperature [°C], t is 1 [h], indices: 26 is threshold 
value, i is indoors. 

Figure 3.  Example of degree-hours above 26 °C during one 
week, the grey area represents the integral value. 

The adaptation of this principle for CO2 concentrations 
leads to ppm-hours. The ppm-hours can be determined 
by means of integration of a temporal concentration 
curve over e.g. 1000 ppm, or a different threshold value 
or within a previously determined category.  

To facilitate integration, CO2 concentrations can also be 
classified in 100 ppm steps, as shown in Figures 4 
and 5. The classification specifies how many hours of 
occupancy are in which class (e.g., 1150 h between 
1100 and 1200 ppm). The sum of hours within a 
category or above a threshold results in CO2 hours. The 
calculation of CO2 hours for each category is shown in 
Equation 2 and is a summation of those hours when a 
concentration emerges in a specific range. 

ℎ𝐶𝑂2,𝑐𝑎𝑡 = ∑ 𝑡

|ℎ𝑜𝑢𝑟𝑠 𝑐𝐶𝑜2,𝑙1≤  𝑐𝐶02 < 𝑐𝐶𝑂2,𝑙2|

𝑖

 (2) 

where: 
hCO2,c_cat is CO2 hours in a specific category [h], t is the 
time during occupancy [h], cCO2 is mean CO2 
concentration during 1 h of occupancy [ppm], indices: 
l1 is lower limit value, l2 is upper limit value. 

These hours can be multiplied by the mean value of the 
associated CO2 class to ppm-hours and then summed 
up. Equation 3 shows the calculation.  

ℎ𝐶𝑂2,𝑐_𝑡ℎ = ∑ (𝑐𝐶𝑂2,𝑖 − 𝑐𝐶𝑂2,𝑡ℎ)𝑡

|ℎ𝑜𝑢𝑟𝑠 𝑐𝐶𝑂2>𝑐𝐶𝑂2,𝑡ℎ|

𝑖

 (3) 

where: 
hCO2,c_th is CO2 concentration hours above a specific 
threshold [ppm∙h], t is the time during occupancy [h], 
cCO2 is CO2 concentration [ppm], indices: th is threshold 
value, i is indoors. 

Hence, ppm-hours help to approximate the area under 
the CO2 distribution curve within the given boundaries 
using the Riemann summation. An exact integration of 
the CO2 distribution provides accurate values but is 
also more time-consuming. The principle of Riemann 
summation is implemented in a tool by means of 
programming in MATLAB. Exemplary results and 
diagrams are shown at the use cases. 

Calculating the ppm hours within a category 
(e.g., 1000 - 1400 ppm) results in a value which, in 
addition to the existing CO2 concentrations, also takes 
into account the occurring duration. If, for example, the 
mentioned category (1000 ppm – 1400 ppm) is 
considered acceptable and above 1400 ppm is 
considered insufficient, because above this value 
headaches, concentration difficulties or similar may 
occur “Pulimeno (2020)”, the CO2 curve within the 
category is of high relevance. If the values are close to 
1000 ppm, an acceptable air quality can be assumed. If 
the values are mainly around the upper limit of 
1400 ppm, it must be questioned whether headaches 
or similar symptoms do not already occur here. In the 
new method, by integrating the CO2 trend over time as 
accurately as possible, the trend within the category is 
considered. This allows a more differentiated picture 
of the air quality in the room. In order to classify this 
value, the maximum and minimum possible values are 
given. This allows to classify whether the determined 
value tends more towards the worst-case scenario or 
towards the best possible value. 

However, some German municipals took quite rough 
categories of 1000 ppm to 1400 ppm in classrooms 
being still acceptable according to the definition in the 
Standard “DIN EN 13779”. In such a case the categories 
in the MATLAB tool can be adjusted to 

 400 ppm – 1000 ppm (good air quality),

 1000 ppm – 1400 ppm (sufficient air quality),

 > 1400 ppm (not sufficient air quality).

Especially when really high CO2 levels occur these 
categories do not represent the problem. Therefore, 
depending on individual necessities, the limits of the 
categories can be freely selected in the tool and we 
recommend one category every 100 ppm. If only CO2-
hours in broad categories are available as mentioned 
above, for instance from any kind of documentation, a 
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best, medium and worst case scenario can be utilized 
to produce ppm-hours as well. Hence, the lower, 
medium or upper limit value (actual ppm minus ppm 
threshold of 1000 ppm) will be multiplied with the 
overall hours of that category. This allows for 
estimations of existing data to classify them according 
to the proposed method. 

So far, higher CO2 concentrations contribute linearly to 
the ppm-hours. But these higher CO2 concentrations 
are connected to increasing health issues.  Here, it 
might be helpful to define factors or exponential 
functions to not only multiply with the ppm-difference. 
Defining a function which represents the higher risks 
needs more research, since the correlation between 
CO2 content, the exposition period and the strength of 
negative health effects is largely unknown. Yet, it is 
possible to implement that in our software tool too. As 
a first approximation, a simple solution was 
considered, by utilizing the sum of squared differences 
between a certain threshold value and a current 
concentration. Hereby, higher values contribute 
considerably more to the final result.  

In addition, in the new method a reasonable 
observation period can be defined, omitting holidays 
and times without occupancy in daily schedules in the 
following calculations. Commonly CO2 concentrations 
increase during occupancy, but often remain at a 
critical level even though the users have left the room. 
These times should not be considered, as they are 
irrelevant. Since data from simulations as well as 
measurements can be analyzed, it is not possible to 
derive the usage time from the input data, thus the 
usage times must be entered manually. 
Measurements have shown that CO2 concentrations 
show seasonal differences, with a peak during winter 
when windows are often closed. It is reasonable to split 
an evaluation period into multiple equally sized parts, 
like seasons or months, and investigate the differences 
between them. In this case, it is important to consider 
holidays, office hours, lecture hours, and so on, 
otherwise unrealistic results may occur. 

It would be also possible to set the value to the 
surrounding environmental CO2 concentration. In this 
case it would be possible to evaluate to which extend 
the values indoors diverge from the background 
concentration (ΔCO2). 

USE CASES 

The described method is demonstrated by dynamic 
computer simulations of two use cases. A class room 
and a medium-sized lecture hall were chosen because 
of the known indoor air problems which typically 
occur here. The simulation models are based on real 
examples of lecture halls and classrooms as well as 
data from the literature “Lederer (2011), Macquarie 
University”. All simulations were executed using IDA-
ICE version 4.8. The outdoor CO2 concentration was set 
to 410 ppm and the pressure coefficients were adapted 

for an exposed building site. The validation of the 
simulation results was completed using corresponding 
typical values from field measurements. 

School Building 

The school building model has a classroom located in 
Würzburg, Germany with the dimensions of 
10 m × 7.5 m × 3 m (225 m³) resulting in 75 m2 floor 
area with a total capacity of 30 pupils and one teacher. 
The weekday occupancy lasts from 8 am to 1 pm as it 
is typical in many German schools. Direct ventilation is 
executed twice during that period, at 9:30-9:50 am and 
11:20-11:30 am between April and September, and at 
9:30-9:35 am and 11:20-11:25 am during the rest of 
the year. The summer ventilation time corresponds 
with the break, meaning that all occupants leave the 
room. At the beginning and at the end of the breaks the 
doors (1.25m × 2.25m) are opened for 5 minutes, 
resulting in additional ventilation. Also, a central 
air-handling unit is installed supplying the classroom 
constantly with 2 l per (sec∙m²) of fresh air. The 
buildings airtightness results in an infiltration air 
change rate of 0.1 h-1, meaning that 10% of the air 
volume is exchanged within an hour due to leakage 
around windows and other openings, even though 
when windows are closed. 

Since the mayor interest lies on the period of time 
when the classroom is in use, only these time-slots 
were observed. 

Figure 4.  Distribution of CO2 [ppm] between 8 am and 1 pm 
accumulated over one year in classroom with 30 pupils and 1 

teacher. 

The simulation shows that in the described classroom 
not always high air quality below 1000 ppm is 
achievable with the given boundary conditions. But 
with a maximum of not exceeding 1100 ppm the 
overall performance in terms of air quality definitely is 
sufficient. Figure 4 illustrates that most of the time CO2 
levels are below the 1000 ppm limit. Approximately, 
within 180 hours the CO2 concentrations are above 
1000 ppm, which correlates to almost one quarter of 
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the total usage time. The maximum CO2 concentration 
reached 1013 ppm. Thus, accurate integration of the 
CO2 concentration hours with a threshold of 1000 ppm 
results in ~2447 ppm hours.  This value can now be 
compared to other classrooms. By determining the 
maximum, mean and minimum possible ppm hours in 
the corresponding category, the value can also be 
categorized without references for comparison. The 
minimum value in the 1000 to 1100 ppm category is 
0 ppm above the 1000 ppm threshold, the mean value 
is 50 ppm and the highest is 100 ppm. By 
multiplication with 180 hours this results in 0 ppm∙h, 
9000 ppm∙h or 18 000 ppm∙h. This example shows that 
the accurately calculated 2447 ppm hours are much 
closer to the lower value of the category. Thus, it can be 
deduced that exact integration is necessary especially 
if threshold values are exceeded hardly during the 
observation period. 

If the indoor air quality were assessed exclusively by 
using CO2-hours above 1000 ppm a typical evaluation 
would result in relative disadvantageous indoor air 
comfort. Due to the fact that during one quarter of the 
occupancy hours the indoor air quality exceeds the 
limit value of 1000 ppm. Applying the integration and 
using ppm hours for evaluation, it becomes clear that 
the indoor air comfort is rather good. 

After recognizing, that being below a targeted limit of 
1000 ppm, often can not be fulfilled constantly, the 
accumulation times of relatively high CO2 
concentrations are of special interest. By analyzing the 
carpet plot (Figure 2) it becomes clear that almost no 
problems occur during summer, whereas CO2 contents 
above 1000 ppm are more common during winter. 
Thus, the ventilation habits during winter should be 
adapted, just by opening the windows more often or 
using mechanical ventilation systems correspondingly. 

Lecture Hall 

The lecture hall, used as a second example, has quite 
different periods of occupancy compared to the 
classroom. Furthermore, the lectures take place at 
various times during one day and then the occupancy 
density is generally higher and often less than 1 m² per 
person. Here a room was modelled, providing no 
option for direct ventilation, a lecture hall in a historic 
building in a city with windows nearby a very loud 
street and no sufficient air conditioning system. Such a 
room exists at our University building with a size of 
11 m × 16 m × 4 m (704 m³). CO2 concentrations up to 
3100 ppm have been measured in the field. Similar 
concentrations were reproduced in the corresponding 
simulation with only 2 l per (sec∙m²) of airflow 
generated by a central air-handling unit. Due to the 
usage of an insufficient air conditioning system, the 
general distribution of CO2 contents and its values 
show only marginal seasonal differences, but instead, 
large daily variations. During the lecture period 
(07.01-12.02, 12.04-16.07, 18.10-23.12), the room is 
occupied by 200 students from 8 am to 12 am and from 

2 pm to 6 pm. In this model, the infiltration rate is set 
to 0.5 h-1 due to windows that were made in the 
1950ies. Two doors (each 2 m × 2 m) are opened half 
an hour before and after a lecture, providing additional 
ventilation towards a connected hallway. The results of 
the distribution of CO2 hours in categories of 100 ppm 
width give a quite different impression compared to 
the classroom with much more usage hours at higher 
CO2 levels (Figure 5).  

Figure 5. Distribution of CO2 hours in categories [ppm] during 
lectures (8 am – 12 am and 2 pm - 6 pm) of a lecture hall with 

200 occupied seats accumulated over one year. 

When typical frequency distributions are utilized to 
depict the results over a whole year, again these figures 
may lead to misinterpretation. Because during a whole 
year a lot of hours exist with very low CO2 contents, it 
seems that no severe problems occur during most of 
the time. The sum of all hours with values above 1000 
ppm does not exceed ca. 20% (Figure 6).  

Figure 6. Frequency distribution of the CO2-content within one 
year in the lecture hall. CO2 hours above 1000 ppm are 

represented by the grey area. 
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It is much more practical to depict frequency 
distributions showing usage hours only (Figure 7). 
This kind of diagram provides a more realistic view of 
the real problems in the exemplary lecture hall with 
round about 80 % usage hours above 1000 ppm, 70 % 
usage hours above 1400 ppm and even 50 % usage 
hours above 2000 ppm.  

Figure 7. Frequency distribution of the CO2-content within 
usage hours in the lecture hall. CO2 hours above 1000 ppm are 

represented by the grey area. 

The statistical evaluation of the duration of the 
prevailing CO2 concentrations gives a first impression 
of the air-hygienic conditions of the room, but offers no 
precise assessment. For example, it can only be seen 
that 50% of the time the values are above 2000 ppm. It 
cannot be determined whether the values are far above 
the limit value of 2000 ppm or are near the limit value. 

 As long as average values of CO2 concentrations over a 
whole year are used, misinterpretation is likely. Often 
the entire year is considered and no significant 
demand for action becomes evident, since the high 
concentrations within a lecture are getting 
compensated by hours without usage. In the case of the 
described lecture hall, this effect is especially severe 
due to the long holidays. The mean CO2 concentration 
over one year is ~750 ppm, which is well below a 
critical concentration, ppm hours, however, reveal the 
severity of the problem. The focus has to lie on the 
hours of occupancy otherwise no significant demand 
for action seems to be necessary. Mean values over one 
whole year, often calculated with sophisticated 
dynamic building simulation tools are not helpful. 

Even considering the mean value over just the period 
of occupancy often leads to misinterpretations. The 
differentiated distribution of the CO2 concentrations is 
blurred to one value. However, it is particularly 
relevant how long which concentrations prevail. 

CO2 hours in categories of 100 ppm and the integration 
to ppm-hours during the lecture period, reveal the 
problem. In one year, the ppm hours during lecture 
period accumulate to 1 298 616 ppm∙h, which is shown 

as the grey area in Figure 7. The ideal value would be 
zero, meaning at no time the CO2 concentration 
exceeds the threshold of 1000 ppm. Roughly 874 hours 
are spent above this threshold value. Although the 
number of hours above the limit of 1000 ppm is five 
times higher than for the simulated classroom, 
ppm hours are almost 531 times higher, giving a clear 
indicator of insufficient air quality. During lectures, the 
CO2 concentration rises up to more than 3100 ppm, 
which in many cases leads to severe health issues.  

Here too, a calculation of only one estimated and 
unfortunately sometimes used category above 1000 
ppm was carried out with limit values of 1000 ppm 
(lower limit) and 3200 ppm (upper limit). This results 
in 0 ppm, 1100 ppm, and 2200 ppm for recalculating 
ppm∙h in terms of best, medium, and worst case 
scenarios to classify the integrated ppm hours. The 
results of 0 ppm∙h, 961 400 ppm∙h, and 
1 922 800 ppm∙h show that the precisely calculated 
integral of 1∙298∙616 ppm∙h is oriented to the 
maximum possible ppm hours. 

In the simulated classroom of the school building the 
number of ppm hours compared to the maximum value 
was quite small. The calculated ppm hours for the 
lecture hall resembles almost 70% of the maximum 
value, which is another indicator for overall bad air 
quality. Table 2 gives a quick overview of both use 
cases comparing percentages of CO2 hours above 
1000 ppm and the ppm-hours (threshold 1000 ppm) 
as well as the maximal, mean and minimal possible 
ppm-hours when more or less broad categories are 
used during the period of occupancy.  

Table 2.  CO2-and ppm-hours above 1000 ppm of the use cases 
during the usage period. 

use case 
CO2 hours 

above 1000 
ppm [h] 

ppm-hours 
[ppmh] 

max./ mean/ 
min. possible 

ppm-hours from 
category 

recalculation 
[ppmh] 

classroom 180 2447 

max. 18 000 

mean 9000 

min. 0 

lecture hall 874 1 298 616 

max. 1 922 800  

mean 961 400  

min. 0 

The presented values for CO2 and ppm-hours will be 
more comparable once more buildings have been 
evaluated and more reference values are available. 
That could be summarized in tables for different 
scenarios and use cases, as it is the case for degree-
hours in “ASHRAE: 2017”. 

RESULTS AND DISCUSSION 

As the presented use cases show, the new method 
provides an easy understandable and applicable 
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parameter given in ppm-hours for evaluating indoor 
air hygiene on the basis of CO2 concentrations. In 
contrast to calculated mean values, high CO2 contents 
are not compensated by low ones and cannot be 
summed up as CO2-hours over a certain period of time 
only. For an accurate evaluation it is necessary to 
specify the period of occupancy and to focus only on 
those times.  

There are still different threshold values for the 
evaluation of indoor air quality and the associated 
effects, such as headache "Pulimeno (2020)". Here, a 
general accepted and widely published threshold of 
1000 ppm was used as basis for the considerations. 

CONCLUSIONS AND FUTURE WORK 

The CO2 content is still a good indicator to represent 
the indoor air quality. A prerequisite therefore is that 
any CO2 content inside a building higher than what is 
detected outdoors is mainly produced by human 
metabolism and generates accompanying volatile 
compounds. The latter are the main reasons for the 
sensation of bad air, concentration problems or health 
issues whereas CO2 is an odorless and non-toxic gas as 
long as concentrations below 1 Vol.-% (10 000 ppm) 
occur. Manifold publications exist in which the CO2 
concentrations are analyzed and depicted in various 
diagrams. For a simple and easy applicable threshold 
value we suggest maximum ppm-hours of CO2 over a 
certain period of time like lesson hours or office hours. 
Choosing the usage time and eliminating all other 
periods of time leads to a generally advantageous 
threshold value given in ppm·h.  

This new unit may help to define a set of future limits 
which represent both (user) time dependency and 
intensity of higher CO2-contents. For any kind of future 
standards it may be helpful to use ppm-hours during 
the usage hours as threshold values per working day or 
per working week. Moreover, the principle can be 
applied on any kind of measurements and thus, 
generate results that may lead to a better 
comparability and ranking. 

Further improvements and specifications will only be 
possible together with practical tests in different use 
cases (schools, universities, office buildings, 
workshops and plants) and corresponding 
measurements of the CO2-content over a usage time as 
well as precisely elaborated questionnaires to detect 
health issues and/or concentration problems. Further 
calculations like squared ppm-hours or new functions 
for ppm-hours, like exponential functions could be a 
first set of better modelling the perception and known 
health issues connected to high indoor CO2 
concentrations. 
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ABSTRACT 

Double skin facades can be used as a balanced solution 

to facilitate natural lighting into buildings and control 

the amount of admitted solar radiation. This study 

aims to identify an optimal solution for daylight and 

energy performance within an office building by 

optimizing the façade's opening size and panel 

rotation. The goal is to generate a flexible model that 

contributes to the overall performance and thermal 

comfort.  

The paper provides a methodology using parametric 

tools of Grasshopper via Energy-plus/ladybug to 

analyze and evaluate the thermal performance of 

different iterations of a double skin façade. Although 

various IEQ aspects affect comfort levels, few studies 

have investigated the interaction between IEQ and 

thermal performance levels regulated by double-skin 

façade.  

The results concluded that the proposed skin facade 

could reduce 30% of the total radiation of the original 

office building. While, the rotation of the facade panels 

proved to be a significant factor as it resulted in the 

highest reduction in radiation, up to 32%. 

INTRODUCTION 

The building sector consumes more than half of its 
energy to achieve thermal comfort through heating 
and cooling systems (Young et al., 2018). Generally, the 
building envelope manages the transfer of exterior 
environmental elements into the indoor environment. 
It, in turn, provides environmentally efficient 
interactive buildings by fulfilling 80% of the building 
demands (Etman, et al., 2013). High energy 
consumption had called out the researchers' concerns 
to develop extensive studies dedicated to façade 
performance and its effect on energy consumption and 
thermal comfort.  

Solar shading techniques provide the building with an 
envelope that balances daylight levels and solar 
radiation, controls the thermal exchange, and 
contributes to the annual energy savings (Bellia, et al., 
2013). The systematic integration of shape, size and 
distribution of the envelope's pattern plays a crucial 
role in minimizing glare and maximizing daylight 
(Mirrahimi et al., 2016). The consumption of artificial 
lighting can be reduced depending on natural daylight 

as the primary lighting resource during the day (Baker, 
2002). Natural light provides the occupants with a 
positive psychological and physiological effect 
(Tzempelikos, 2017). However, more aspects must be 
considered, such as the visual comfort and heat gain, to 
enhance the quality of the indoor environment because 
"nature is always in motion, never at a standstill" 
(Plummer, 1995). 

Double Skin Facades (DSFs) can be provided with 
opaque panels to control the radiation and reflect 
direct sunlight, while the glazing part can give a clear 
view of the exterior (Aljofi, 2005). Accordingly, to 
provide a climatic adaptive design, it is crucial to 
analyze the relationship between space and other 
aspects that concern daylighting, such as lighting and 
radiance (Reinhart, 2011). A couple of parameters 
affect the building envelop performance, such as 
climate and building function (Sarkar & Bose, 2016). 
Therefore, it is essential to have optimal openings to 
improve daylighting while considering the 
accompanying negative effect of thermal gains and 
losses that may cause discomfort and increase energy 
consumption (Mahdavinejad, et al., 2012). 

In architecture, the building's form determines the 
building identity and defines its environmental 
interaction; the building form can determine the 
admitted daylight amount into the building (ASHRAE, 
2006). There are other alternative solutions to admit 
daylight into buildings, such as courtyards, atriums, 
lightwells, etc. (Baker, 2002). With the use of 
technological and innovative passive design strategies, 
which became readily available (Tang, et al., 2012), 
utilizing these opportunities at an early design stage 
will provide environmentally high-performance 
solutions and buildings. Nevertheless, it is complicated 
to assess the passive design strategies under different 
conditions, and computational studies are somehow 
inevitable to predict such a strategy's performance 
under various conditions. 

'Parametric' is originally coming from 'parameter' and 
is defined as "any measurable factor that defines or 
limits a system" (Terzidis, 2009). Parametric design is 
concerned with tools that create and recognize a 
relationship between different sets of parameters in a 
model and allow the designer to adjust those 
parameters to analyze the model's reaction according 
to the modified data (Jabi, 2013). Therefore, 
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parametric designs are known as defining a problem 
using variables that can be altered to determine the 
most suitable solution to the situation described. 
Parametric designs are widely used in contemporary 
design practices as they depend highly on computers. 
The parameters are generated through code writing 
and unique programming language (Hudson, 2010). 
Parametric designs are a crucial element to fulfil 
performance-related goals in performative 
architecture.  

Parametric skin façade patterns are still being 
developed. The impact of parametric skin facades on 
daylighting performance has not been widely studied. 
Such a facade presents a complex coding process, 
making it more complicated to model using simulation 
tools. That makes the design process more intricate 
and sophisticated. Energy consumption tools like 
EnergyPlus are used mainly to assess the energy 
performance of entire building systems. Still, it lacks 
accuracy in describing the energy transformation 
through sophisticated geometry (Kim & Park, 2012). 
The software has a shortcoming in predicting daylight 
in the space, especially if the gap between the façade 
and space increases (Ramos & Ghisi, 2010). Researches 
tried to develop methods that would overcome this 
limitation using tools such as Rhinoceros/ 
Grasshopper (Lagios et al., 2010). Gonzalez and Fiorito 
combined parametric design with energy performance 
tools using Galapagos/Grasshopper and DIVA to 
calculate daylighting, energy consumption and CO2 
omissions (González & Fiorito, 2015). 

Previous works were dedicated to studying the effect 
of fixed shading systems like overhangs, fins and 
louvres on thermal performance by using energy 
simulation tools such as TRNSYS, EES and Energy-Plus 
(Gracia, et al., 2013, Aparicio-Fernández, et al., 2014, 
Bellia, et al., 2013). A few studies have focused on 
creating stability between reducing solar gains and 
efficient daylighting through solar control systems 
(Sherif et al., 2010, Pino et al., 2012). Other studies 
analyzed the balance between daylighting and thermal 
performance to reach design optimization through 
perforated skin facades (Chi et al., 2017) and with 
interactive kinetic skin facades (Hosseini, Mohammadi, 
& Guerra-Santin, 2019) and parametric patterns on 
office spaces (Rashwan, et al., 2019). 

The scope of the study focuses on an office building in 
the Mediterranean climate in Turkey. Although the 
case study selected in this paper exhibits an extensive 
application of ecological strategies, the role of the 
double-skin façade in the office building was 
overlooked. This restriction caused discomfort and 
overheating in the interior spaces, especially in the 
laboratories located in the southern parts. That, in 
turn, forced the occupants to resort to active 
alternatives to achieve their thermal comfort, which 
increases energy consumption. As the users spend 

most of their day inside the building, it is crucial to 
develop an external building envelope to control the 
quality of the interior spaces in terms of daylighting 
and thermal comfort. 

Although studies are conducted under this scope, they 
lack the strategical application of an optimized façade 
integrated with an office building located in the 
Mediterranean climate. In this procedure, the paper 
investigates an energy-efficient approach driven by 
double façade patterns through the strategical 
application of different iterations. The iterations tested 
in the parametric skin façade are based on the distance 
between panels and the rotation degree of the panels. 
The research analyses different façade patterns on 
office building units by evaluating their environmental 
performances to identify the optimum façade pattern. 
The optimized design aims to find an equilibrium 
between available daylighting and total radiation in an 
office building in Izmir, Turkey. The study mainly 
focuses on façade distance optimization and façade 
rotation optimization to balance energy consumption 
and occupants' comfort. 

METHODS 

The research is conducted with a qualitative method 
and investigated with a quantitative experiment. The 
experiment combines qualitative and quantitative 
characteristics of daylight radiation and its effect on 
the users' well-being and comfort. It will offer the 
occupants a better working environment and a 
comfortable space. 

The presented methodology includes four main stages. 
Firstly, the modelling of the selected office area to 
conduct the study. The second stage consists of coding 
using Grasshopper (Freitas et al., 2020), a parametric 
modelling plugin for the 3D modelling program 
Rhinoceros (Groenewolt et al., 2016). Then the 
application of the proposed skin façade and its 
iteration on the modelled area. The following step 
consists of an environmental analysis conducted by 
using EnergyPlus (Crawley, et al., 2000). Ladybug 
(Roudsari et al., 2013) calculates solar radiation levels 
using EnergyPlus weather files and the cumulative sky 
approach (Ibarra and Reinhart, 2011). The presented 
methodology and software had been used in prior 
studies and verified through them (Groenewolt, et al., 
2016; Freitas, et al., 2020). 

Finally, a comprehensive analysis of the results was 
conducted. The analysis calculates the radiance 
performance in the modelled space area and compares 
it with the applied skin façade iteration results. The 
results include comparisons between the four different 
skin façade iterations and their performance. The 
presented steps are outlined in (Figure 1) and 
explained in detail in the case study. 
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Case study 

The case study is an office building laboratory located 
in Izmir Province of Turkey. The climate is warm and 
humid. Izmir is specified with its long dry summers and 
short wet winters. It is categorised by Koppen and 
Geiger as Csa; Hot-summer Mediterranean climate 
(Kottek, et al., 2006).  

The office building consists of 35 second-hand 
shipping containers designed to form one united 
"Catalyst". The catalyst consists of offices, laboratories 
and showrooms juxtaposed around an internal 
courtyard. Most of the laboratories are located on the 
southern part of the project (Figure 2). 

Figure 2. Site plan of the office building. Source: Atoyle 
Architects. 

A reference model of the highlighted laboratory 
(Figure 3) was modelled using Rhinoceros Software. 
According to the original measurements, the lab unit 
was modelled; 12m x 15m x 4m. The boundary space 
for the windows facing the north and the south are 
1.5m from the floor and 2.3m in height (Figure 4& 5). 
The building envelope and material properties were 
not taken as a reference; the model's material and 
characteristics have not been considered in this study. 
All later simulations had the same fixed values for the 
features and material to dismiss the results' effect. 

Figure 3.  Modelled laboratory using Rhinoceros software. 

Figure 4. Plan of the modelled laboratory. 

Double-skin façade design 

The parametric façade pattern was coded and 
modelled using Grasshopper plugin in Rhinoceros. It 
was added to the laboratory model and fixed at 300mm 
from the southern glazed windows externally. The 
modelled skin is 15m long and 2.3 m high in total. The 
materials and characteristics of the skin were not 
considered in this simulation. The performance of the 
skin façade is evaluated and determined by two main 
factors; panel size and panel rotation. The simulation 
had been run on four façade iterations: A, B, C and D 
(Figure 6). Table 1 shows the main characteristics of 
each iteration. It explains the distinction in the number 
of panels, the dimensions, the distance between panels 
and the rotation on the four different iteration designs 
A, B, C and D.  

Table 1. The distinction between facade patterns. Facade 
materials and characteristic were not considered in this 

simulation. 

Pattern 
number 

Number of 
panels of the 

facade 

Dimensions of 
each panel 

Façade 
panels 

Rotation 
rate  

Pattern A 10 1.5 x 2.3 m 4° 

Pattern B 20 0.75 x 2.3 m 4° 

Pattern C 10 1.5 x 2.3 m 6° 

Pattern D 20 0.75 x 2.3 m 6° 

Figure 5.  Section cut of the modelled laboratory.  
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Figure 6. Pattern A, B, C and D. 

Energy Simulation: 

Energy simulation was run through the ladybug plugin 
in Grasshopper, Rhinoceros. The process carried out a 
radiation analysis test on the laboratory model. The 
analysis aims to estimate the annual indoor radiation 
of the laboratory for the four different façade 
iterations. The climate data of Izmir was obtained from 
Energy-Plus and added to the Grasshopper code. The 
mesh grid was set for every 20 cm. The code was 
applied to the original module and then on the four 
façade patterns; A, B, C and D.  

RESULTS 

The radiation simulation was conducted on the 
original model successfully. The mesh grid size was 
taken for 0.2m x0.2m on all of the energy simulations. 
The mesh grid created carpet-plots graphs that can be 
used to determine the optimal configuration. The blue 
colour represents the lowest radiation levels, and the 
red colour represents the highest radiation levels. The 
first aim is to study the solar radiation of each graph 
and present design feedback on each skin façade 
iteration potential. The second aim is to identify the 
most effective skin façade option that fulfils the 
performance and thermal comfort requirements. 

The first simulation results on the original laboratory 
show that the southern façade receives the highest 
radiation levels up to 889.62 kWh/m2 (Figure 7). The 
variations in this graph are created solely from self-
shading, which, compared to the other four charts, 
provides the highest radiation levels in the southern 
wing of the laboratory. The lowest radiation levels in  

The four patterns A, B, C and D, were applied on the 
southern façade to test their effect on indoor radiation 
levels. All four graphs exhibit a noticeable reduction in 
radiation levels, especially in the southern area of the 
laboratory. The results of the four optimized patterns 
displayed a distinct difference from the original model 
in Figure 7. The lowest radiations in the middle parts 
reach up to 98.85 kWh/m2. Figure 8 represents the 
first façade pattern, Pattern A. This pattern includes 
wide, almost flat panels with a very concentrated 
geometry, providing a minimal area for the light to 
enter the building with its 4° rotation degree. Pattern 
A records the least amount of red carpet plots among 
all the graphs, which equals the lowest radiation values 
admitted into the interior spaces. 

Figure 9 presents the second façade pattern, Pattern B. 
This pattern has narrower panels, with a less 
concentrated geometry than pattern A. It results in 
relatively more significant gaps between each panel, 
providing a wider area for the light to enter indoor. 
Although pattern A and pattern B possess the same 
rotation degree, pattern B exposes the interior space to 
more radiation levels, increasing the red carpet plots in 
the radiation mesh. 

Figure 10 represents the third façade pattern, Pattern 
C graph. This pattern is similar to pattern A with its 
wide panels, however, with different rotation degree. 
The pattern exhibits very concentrated geometry, 
providing high density in concentration. Though, the 
gaps in this pattern are wider with 6° rotation degree.  

The relatively larger gaps between each panel provide 
a wider area for the light to enter the building. 
Therefore, increasing the radiation levels in the 
interior spaces closer to the southern windows. 
Although pattern C has a more extensive rotation 
degree than pattern B, it still provided lower radiation 
levels in the graph. 

Figure 11 represents the radiation values of the fourth 
façade pattern, Pattern D. The pattern is similar to 
Pattern B with its narrow panels, however, with 
different rotation degree. The pattern exhibits low 
concentration in the geometry, providing wider gaps. 
The panels in this pattern are with 6° rotation degree.  

The relatively more significant gaps between each 
panel provide more space for the light to enter the 
building. Therefore, increasing the radiation levels in 
the interior areas closer to the southern windows. 
Pattern D has the most extensive rotation degree and 
the least panel concentration. The radiation graph for 
pattern D provided the highest radiation levels with 
the most concentration on red carpet-dot values. 

Table 2 categorizes each façade pattern to summarize 
and compare the characteristics of each façade 
iteration in accordance with the radiation level results 
provided by the Energy Simulation. 
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Table 2.  Applied pattern characteristics and radiation levels 
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model 

0 - 12424 - - 

Pattern 
A 

10 4° 8382 32.52 404 

Pattern 
B 

20 4° 8563 31.07 193 

Pattern 
C 

10 6° 8490 31.66 393 

Pattern 
D 

20 6° 8680 30.13 187 

The four façade proposals provided better 
performance results in the total building peak solar 
radiation than the original laboratory design. In the 
results, pattern A provided a 32.52% reduction in the 
total radiation levels model and 404kWh/m2 reduction 
per panel. Pattern B provided up to a 31.07% reduction 
in total radiation levels and a total of 193.054 kWh/m2 
reduction per panel. Pattern C provided a 31.66% 
reduction in total radiation levels than the original un-
optimized model and 393.377 kWh/m2 reduction per 
panel. Pattern D provided a 30.13% reduction in total 
radiation levels and a total of 187.187 kWh/m2 
reduction per panel. The first pattern, A, provided the 
best performance and highest reduction of all four 
designs, while Pattern B provided the best 
performance per panel between all four panels. 

The results confirm that the dimensions and 
orientation of the panels have an evident influence on 
the admitted radiation levels into the building. The use 
of wider panels provides a more concentrated area of 
solid panels with smaller gaps. Such panels will reduce 
the admitted light in-between the panels and reduced 
the radiation levels inside the building. More 
significant rotation degrees increase the gap ratio 
between the façade panels, therefore, increases the 
amount of light admitted. It results in higher radiation 
levels. 

With the reduction of the radiation levels penetrating 
the façade into the interior spaces, the lower the heat 
gain will be its better thermal quality. This reduction in 
the heat gain will reduce total energy consumption in 
the southern parts of the building to reach thermal 
comfort for the occupants. 

DISCUSSION &CONCLUSIONS 

This research encourages the application of double 
skin façade in Hot-summer Mediterranean climate. The 
challenges that are faced are summarised because any 
simulation is prone to error, and any credible 
verification requires real physical experimentation. 
Therefore, the process would be time-consuming, 
especially in the early design stages, where the 
decisions are required to be taken faster. 

The codes provided a real-time analysis that 
contributes to reducing the gap between qualitative 
and quantitative radiation performance studies. It 
studied the solar effect on the different skin facades 
iteration applied on the same 3D spatial context to 
produce virtual data visualization of the interior 
environment, contributing to better-informed design 
choices. 

The research results helped to understand how the 
DSF overshadows a building and affect the 
environment and the thermal quality in the interior 
spaces. According to this study, if the optimum façade 
size and rotation optimization were integrated with an 
ecological office building, a wholesome, energy-
efficient design would be generated. The facade design 
alternatives will reduce thermal radiations to a 
significant rate and indoor environmental quality. 

The methodology focused on the investigation of 
generating 3D parametric skin façade using 
algorithmic modelling tools. The iteration in the 
pattern focused on changing the sold to the void ratio 
by manipulating two rules: sizes of the panel and the 
panels' rotation. The four different patterns were 
applied on the southern side of the building, where it 
receives most sun radiation levels. Environmental 
performance tools of Ladybug in Rhino, Grasshopper 
helped to assess the solar radiation levels via Energy-
Plus. 

This study demonstrates that breaking the repetition 
in the pattern through the solid-void ratio will 
significantly affect thermal performance. The results 
provided up to a 30% reduction in total radiation levels 
compared to the original un-optimized model. The 
lowest radiation results were achieved in this study 
when the façade panels were the narrowest with the 
minor rotation degree. The study results could not be 
compared and validated with actual measurements 
due to covid19 lockdown in the country; however, the 
method and tools are validated through other studies. 

Further studies may explore the underlying 
mathematical concepts in parametric designs and 
systematically investigate the architectural fields of 
varying contemporary sciences parameters. Future 
researches may explore the digital fabrication, 
tectonics, and structural performance of the skin 
façade on different materials while maintaining the 
same thickness as a constant. The studies may include 
the various material properties, machine specifications 
and performance evaluation, then compare and 
answer various questions related to the skin's 
formation and appearance, the dimension/size of the 
skin, and the effect of the investigation on the quality 
of daylighting and visual comfort. 
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Figure 1: Workflow of radiation analysis in the methodology 
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Figure 7: Original model radiation graph values 

Figure 8: Facade A radiation graph values 
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Figure 9: Facade B radiation graph values 

Figure 10: Facade C radiation graph values 
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Figure 11: Facade D radiation graph values 
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ABSTRACT 

A new daylight evaluation tool using a simplified 
assessment method to determine the daylight quantity 
provided to a typical room was developed. Its 
calculation method is based on a set of formulas 
integrating the main factors characterizing the indoor 
space and the outdoor context. The results are 
expressed as a corrected Glass-to-Floor ratio (GFR*) 
which is used as a proxy for the daylight provision. This 
value can then be used to attribute a rating or “Daylight 
score” to each space. The main finding is that the 
simplified method is an easy and relatively reliable 
estimation for daylight provision. A comparison of the 
tool with detailed daylight simulations according to the 
daylight factor method of EN 17037:2018 shows that a 
high correlation is obtained. The tool is applicable for 
any case which has conditions matching closely to the 
models and situations defined. Due to its easy 
implementation and the limited number of input 
parameters this evaluation method could be well 
suited for building passport schemes. 

INTRODUCTION 

Objective 

Daylight provision is an important quality feature of a 
space and has many beneficial effects on the occupants. 
Well daylit spaces provide significant amounts of light 
indoors varying through the day and the seasons. 
Daylight openings provide direct views and connection 
to the outside. We also know that daylight affects our 
physiological and psychological health (Veitch 2013, 
Knoop, 2019). Growing evidence confirms that the 
intensity, spectral, spatial and temporal dynamics of 
daylight are essential for our well-being and health. 
Since the beginning of human evolution, our circadian 
rhythm has relied on daylight as the primary 
environmental stimulus. (Houser, 2020, Webler 2019). 
This leads to a renewed emphasis on daylighting in 
buildings, but new techniques are required to assess 
daylight exposure and interdisciplinary exchange is 
the key to integrating findings into architectural 
practice (Münch 2020). Daylight can be characterized 
in different ways either by calculations either by 
measurements or sometimes even with a combination 

of both methods. An accurate characterization of 
daylight provision can be rather complex and time-
consuming, especially for any spaces with special 
building geometries or specific features, such as solar 
shadings or window reveals with specular finishes. 
This complexity can be a barrier for better evaluation 
of daylighting qualities, and more specifically in 
smaller residential projects. A review of current 
daylight metric (Dogan, 2019) identified, for 
residential applications, the main shortcomings. It 
highlights for example the difficulty to establish an 
occupancy schedules because of the diversity of 
residential activities and personal preferences. A new 
simplified daylight calculation method was developed 
to allow quick and easy estimation of the daylight 
provision for most typical situations in terms of room 
shapes and daylight openings. It is inspired on the 
methodological approach in the Danish Building 
Regulation which allows an assessment of glass-to-
floor ratio as an indicator for daylight provision. As this 
new tool is intended to be used by persons with no 
specific knowledge in daylight calculations methods its 
results are expressed in a more easy-to-grasp notion of 
Glass-to-Floor ratio (GFR) rather than a physical 
photometric value. Glass-to-Floor ratios (GFR) or 
Window-to Floor ratio (WFR) are often used in 
building regulations as the parameter to set the criteria 
for daylight requirements, but it is only a simple 
indicator, and future criteria in legislation should 
target more precise daylight metrics.   

The main purpose of this study is to describe the 
evaluation method and to verify its reliability for a set 
of representative cases. A comparison using the 
simplified daylight evaluation tool and the results 
obtained through a detailed calculation of target 
daylight factors, according to the recommendations in 
EN 17037:2018 (CEN 2018) was done. This standard 
specifies an evaluation method for daylight provision, 
either based on daylight factor or illuminance levels, in 
a space to ensure sufficient levels of daylight 
throughout the year. To demonstrate compliance with 
the standard, it is necessary to show that a target 
daylight factor, depending on the geographical 
location, is achieved across 50% of a reference plane 
for at least half of the yearly daylight hours. 
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METHODS 

The ‘Daylight Evaluation’ tool uses a concept of 
corrected glazing surface (Ag*). This method aims at 
integrating all dominant factors that impact the 
daylight supply to the room. It is calculated for each 
daylight opening by multiplying the real glazing area 
(Ag) with a set of eight correction factors (1): 

𝐴𝑔
  ∗  =  ∑ 𝐶𝑖

8
𝑖=1 ×  𝐴𝑔 (1) 

The determination of the correction factors is based on 
equations and several input parameters as shown in 
Table 2. For the correction factor related to the room 
depth (C7), the distance to be considered for the 
calculation can vary when daylight openings are placed 
in different facades. The room depth is always 
measured in a direction perpendicular to the plane of 
the daylight opening and projected in a horizontal 
plane at floor level.  

The resulting corrected Glass-to-Floor ratio (GFR*) 
determined at room level is defined as the sum of the 
corrected glass-to-floor ratio of each individual 
window in relation to the total floor area. The formula 
for determining GFR* is given below (2). 

𝐺𝐹𝑅∗ =
∑ 𝐴𝑔

∗𝑝
𝑛=1

𝐴𝑓
(2) 

Ag is the area of the glazed or transparent parts of the 
building envelope, Af is the total area of floor surface 
(m²) and p is the number of daylight openings in the 
considered space.  

The input parameters to be identified for each daylight 
opening in the room are: 

•  : Average obstruction angle, determined at the
center point of the glazing between a horizontal
line and the upper point of any obstruction
elements located within 45° of the vertical normal
plane on the plane of the glazing (unit: degrees)

•   Slope of building envelope where daylight
openings are located. A vertical façade plane has a
slope of 0°, while a horizontal plane has a slope of
90° (unit: degrees)

• v  Obstruction angle in a vertical plane between
the outer edge of the masking element and the
center point of the glazing (unit: degrees)

• h  Obstruction angle in a horizontal plane
between the outer edge of the masking element
and the center point of the glazing (unit: degrees)

• v : Light transmittance of the glazing determined
according to EN 410:2011 (-)

• d : Wall thickness at window opening or average
dimension of the building envelope if the wall
thickness is not constant (unit: mm)

• D : Average room depth measured from glazing
plane (unit: m)

Knowing the simplified daylight evaluation method 
uses a modified ratio of the glazing surface the results 
are not directly comparable to the assessment method 

of the daylight standard which determines daylight 
factors on a horizontal reference plane. However, the 
relative classification of different configurations 
should be equivalent when assessed with both 
methods. The verification of daylight provision was 
assessed for a selection of 124 cases which are 
considered representative for residential buildings. 
First the median daylight factor on the reference plane 
and the minimal daylight factor, excluding the 5% 
lowest values, have been determined with the daylight 
factor method (method 1 in Annex B of the European 
standard EN 17037:2018). The advanced raytracing 
software LightTools (Synopsys 2021) was used for the 
simulations of daylight illuminances levels across the 
reference plane. Precise geometrical models, detailed 
optical characteristics of surfaces and physically 
modelled material properties are essential to correctly 
evaluate the impact of different parameters. The 
variable parameter settings were meant to study the 
sensitivity on the simulation results and to identify 
their effect. The analysis of the main parameters on 
daylight provision in an indoor space allowed to 
extract the correction factors determination formulas. 
Finally, the corrected Glazing-to-Floor ratios (GFR*) 
were calculated according to equations (1) and (2) and 
the correction factors formulas given in  Table 2. 

Geometrical configurations and materials 

The daylight simulations are carried out for typical 
rooms with a rectangular floor plan. Three basic types 
for the geometry have been taken. These typologies 
should cover the most common situations for 
dwellings in the European context (Figure 1).  

Figure 1. Geometrical models for the testcases 

• Model A: A simple parallelepiped volume with
vertical façades, which is the most typical case for
spaces in apartments as well as for many
individual houses,

• Model B: A volume with a 10° inward sloping
façade, which is often encountered in “mansard”
type of rooms at the upper level of buildings,

• Model C: A volume with a 30° to horizontal
sloping roof, which is a frequent condition for
rooms on the upper level in detached or semi-
detached housing, but also in urban houses.
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The depth of the room is made variable, but some other 
geometrical features were fixed to limit the number of 
possible configurations. The width of the basic room 
was fixed at 3,60 m and the height between internal 
finishes was 2,80 m, except for the model C with the 
sloping roof where the minimum height was set to 2,00 
m. The daylight openings were always placed in the
(nearly) vertical shortest wall for models A et B and in
an approximately central position in the roof plane for
model C.

All the surfaces in the model were assumed achromatic 
and with a diffuse reflection pattern. The light 
reflectance was chosen at 20%/50%/70% for 
respectively the floor, the walls, and the ceiling. The 
window reveal surfaces, including the sill, stiles and 
head, all have diffuse reflecting properties and a 
reflectance value of 50%. Although room surface 
reflectance is an important factor influencing the 
distribution of daylight into a real space it is often very 
difficult to obtain reliable data. In preliminary design 
phases where the final fit-out is not defined yet 
designers need to work with realistic reflectance 
values and therefore recommended default values of 
the standard EN 17037 were used. The general 
strategy should always be to fix relatively 
unfavourable reflectance values in the preliminary 
phases of the design in order to on the safe side for 
daylight provision and to allow for multiple types of 
interior finishing in the final project.  

Sky model and climate data 

The sky condition for the verification is a standard 
Overcast Sky (Type 1) as specified in the international 
standard ISO 15469:2004 (ISO 2004). The sky is 
modelled for the daylight simulations as a continuous 
sky with a resolution of 5° for the reference points. 
Intermediate sky luminance values are calculated by 
interpolation. The selection of rotational symmetric 
sky luminance distribution pattern means that the 
orientation of the test room is not relevant, and so the 
position of the façade does not have an impact on the 
results. The outdoor horizontal illuminance level 
considered is taken according to the table A.3 in the 
Annex A of the standard EN 17037. The yearly median 
external diffuse illuminance for Brussels is 15000 lx 
and it is 16000 lx for Luxemburg.  

VARIABLE PARAMETERS 

This study examined daylight provision in a typical 
room and the main factors impacting daylight access. 
Six variable parameters were selected for analyzing 
the sensitivity on daylight provision. A reference value 
and a limited number of other representative values 
are proposed for each identified variable. 

Site conditions 

Obstructions to the sky vault can be caused by artificial 
elements (buildings, infrastructure, etc.) or natural 
elements (vegetation, mountains, etc.) in the direct 

environment. To simulate the effect of external site 
conditions different average obstruction angles were 
defined. These site conditions represent situations 
ranging from open landscapes or unobstructed 
positions in urban areas (high buildings or buildings 
along large avenues and open spaces) to more enclosed 
situations in a denser built environment. The 
geometrical obstructions are modelled in the 
simulation tool with a cylindrical masking surface of a 
constant height and diameter around the model. 

Masking elements 

Masks are nearby obstructions such as overhangs, 
balconies, or any other permanent construction 
elements in the field of view. To simplify, the masking 
effects are divided into two categories, horizontal or 
vertical elements. Besides a reference configuration 
free of masking effects we consider a situation with a 
continuous vertical mask, representing, for example, a 
condition with side fins or an L-shaped building and a 
situation with a continuous horizontal mask, 
representing, for example, an overhead balcony, 
cantilevered upper stories or any other projecting 
elements. 19 out of the 124 testcases were assessed 
with vertical or horizontal masking elements. Masking 
elements are characterized by their obstruction angles 
in a vertical or horizontal plane. 

Room depth 

The dimensions of a space, and more specifically the 
depth relative to the façade plane, is obviously 
important when trying to ensure uniform daylight 
levels. Because it is the proportion of the room depth 
to height that matters most when bringing daylight to 
areas further away from openings, a fixed room height 
(2,80m) is taken. This means that spaces with atypical 
internal dimensions, such as very high rooms, are not 
considered. Three situations are considered for the 
depth of the space, resulting in three depth-to-width 
ratios. The reference case is a room where the depth 
equals the width, this is called the “Small” room. For the 
next cases the room depth is increased to a depth of 1,4 
and finally 1,8 times the width. These conditions 
represent respectively a “Medium” room and a “Deep” 
room. 

Windows area 

A typical two-window side-by-side configuration was 
assessed because this represents probably one of the 
most common cases in residential spaces. For a same 
glazing area, the more the surface is split into smaller 
windows the more the daylight provision is affected. 
Windows are always placed in the shortest wall of the 
room and no double exposure was tested. Four distinct 
window sizes are evaluated labelled “Minimum”, 
“Small”, “Medium” or “Large” depending on the 
geometrical case is with (nearly) vertical windows or if 
rooflights are included (Table 1). The models with 
daylight openings in the roof plane (Model C) also 
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contain a set of cases with a combination of a roof light 
and a window in the vertical façade plane. 

Table 1. Window properties, GWR, and uncorrected GFR 

Models A /B Small 
windows  

Medium 
windows  

Large 
windows  

Window size 0,6 m x 2,1 m 0,9 m x 2,1 m 1,2 m x 2,1 m 

Glazing-to-Wall ratio (GWR) 

25,0 % 37,5 % 50,0 % 

Room depth Glazing-to-Floor ratio (GFR) 

Small 19,4 % 29,2 % 38,9 % 

Medium 13,9 % 20,8 % 27,8 % 

Deep 10,8 % 16,2 % 21,6 % 

Models C Minimum 
windows  

Small 
windows  

Medium 
windows  

Window size 0,6 m x 1,2 m 0,9 m x 2,1 m 0,9 m x 2,1 m 

1,0 m x 1,0 m* 

Glazing-to-Wall ratio (GWR) 

14,3 % 25,0 % 37,0 % 

Glazing-to-Floor ratio (GFR) 

Small 11,1 % 19,4 % 23,0 % 

Medium 7,9 % 13,9 % 16,5 % 

Deep 6,2 % 10,8 % 12,8 % 

* Window placed in a vertical plane 

Glazing properties 

The light transmittance is also an important factor for 
reaching the required illuminance levels in a room. 
High glazing transmittance is necessary, in particular 
for achieving minimum illuminances in deeper areas of 
the rooms. Typical glazing types for buildings are 
spectrally neutral in the visual range and clear (no 
diffusion of light). Optical properties of glazing are 
measured in laboratories and communicated on the 
specification sheets of window glazing units. It should 
be noted that no window framing is considered for this 
study. Three generic values of light transmittance were 
used in the considered cases, 60%, 70% and 80%. The 
angular variations of transmittance are calculated in 
the simulations using the physical properties of glass 
(refraction index n equals 1,52 and a constant 
extinction coefficient k). 

Wall thickness 

The wall thickness at the daylight opening impacts the 
amount of direct light coming in from sky elements in 
many positions inside the room. It also has an effect on 
the reflected light on window reveals that reaches the 
interior volume, because multiple reflections reduce 
drastically the power of a light ray. The effect of wall 
thickness is related to the window size, but since good 
agreement is reached these parameters can be 
considered independently for most typical window 
sizes.  The window openings all have right angles 
except for the cases with a slightly sloping façade 
(Models B) where the window-sill and head remain 
horizontal while the façade is inclined. The reference 
wall thickness is fixed at 400 mm, which is a common 
value for recent residential constructions. The values 

taken for the calculations increase with steps of 100 
mm up to a wall thickness of 1000 mm. 

RESULTS 

The target daylight factor in relation to the uncorrected 
GFR are given in Figure 2 for each testcase without 
masking elements. The thick horizontal red line, DT = 
2,0 %, represent the target daylight factor to be 
reached for a minimum performance level in the 
climate for Belgium according to the standard EN 
17037:2018. For different climates, other daylight 
targets are recommended in the standard. A total of 41 
out of the 105 cases, which represent 39% of the 
defined cases, do not meet the minimum target level of 
the standard. For all cases of this study with (nearly) 
vertical daylight openings (Models A and B) it is 
impossible to reach the median daylight target level of 
2% if the uncorrected glazing-to-floor ratio is below a 
value of 21%. In particular, when site obstructions 
correspond to a higher class (class D), the median 
daylight factor could never reach the target daylight 
factor of 2%, even if highly reflective surfaces are used. 
Meanwhile, all models with daylight openings in the 
roof plane show median daylight factors which easily 
pass above 2%, except for one case with minimal 
windows in a large room under very obstructed site 
conditions. The main reasons are that daylight 
openings that are close to horizontal receive more 
daylight than vertical openings under an overcast sky 
model and also that the resulting distribution of 
illuminances on a horizontal reference plane is more 
uniform.  

Figure 2. Median daylight Factors in relation to the 
uncorrected Glazing-to-Floor ratio for the 105 case without 
obstruction.   

One of the main findings of the study for the sensitivity 
of the results is that some parameters have 
significantly more impact than others. The total area of 
daylight openings, the light transmittance of glazing, 
and the room depth are important factors. But external 
obstruction due to site conditions is certainly essential 
and frequently overlooked. On the other hand, masking 
elements, except for unusual situations such as 
extreme protruding elements in relation to the size of 

Healthy Buildings 2021 – Europe

- 528 -



the daylight openings, have limited impact on daylight 
provision. Masking elements, with obstruction angles
below 12°, reduce daylight provision by less than 5%.  

The effect of changing the glazing transmittance was 
only demonstrated on one geometrical configuration 
as this effect is close to a linear function when varying 
the light transmittance values. This is mainly because 
in an overcast sky condition the light rays are reaching 
the glazing relatively equally from all directions and all 
opaque surfaces are perfectly diffuse reflecting in the 
model. With higher site obstruction levels daylight 
provision starts to diverge from this perfect linear 
relation. The effect of glazing transmittance is much 
more complex to assess with non-diffuse materials and 
under clear sky. 

In Figure 3 a comparison of the results from simple 
assessment method implementing the evaluation with 
correction factors and the normative method given in 
EN 17037:2018 is shown. The cases are ranked 
according to their median daylight factor calculated 
with the simulations. The median daylight factor 
values are shown with the full line on the left-hand 
scale and the corrected glazing-to-floor ratio GFR* with 
individual points on the righthand scale. The dotted 
line represents the linear trendline for the simplified 
method results. It follows the curve of median daylight 
factors determined with the simulations.  

Figure 3. Comparison between simplified method (GFR*) on 
right Y-axis and daylight provision calculation according to EN 
17037:2018 (Median Daylight Factor) on left Y-axis 

Excluding the cases with the highest daylight provision 
the GFR* values are close to the linear trendline of the 
results with the detailed simulation method. The cases 
ranked from 1 to 9 are all cases with larger daylight 
openings in the roof and do not match the trendline, 
but the GFR* value still match well with the target 
daylight factor. The maximal deviation between the 
calculated GFR* and the expected value based on the 
trendline is in the order of 5 units and on the average 
difference is 0,5 units. The resulting R² value is 0,93. In 
general, the cases with a combination of rooflights and 
a vertical window (Model C with medium windows) 
are the most difficult to predict with a simple method 
and therefore they are diverging the most from the 
simulation results. 

CLASSIFICATION 

The modified glazing-to-floor ratio (GFR*) obtained 
with the simplified daylight evaluation method could 
be used for classification purposes. A daylight 
performance rating or score could be attributed based 
on the GFR* values for a space and this would 
represent a step forward from most of the actual 
building regulation schemes which are blind for the 
contextual parameters. This rating could be presented 
in as a graphical scale, frequently used in energy rating 
schemes, which requires that cases are sorted out into 
separated categories. For the daylight provision 
criteria the proposed classes could be defined from A 
to G with the class A representing the highest 
performance. This rating could be established so that 
the scales C and higher comply at least with a minimum 
performance level according to the European standard 
for the given geographical locations. The threshold 
values between classes C and D would then be set at a 
GFR* value of 17% for an equivalent target daylight 
factor of 2,0%.  If we focus strictly on this threshold 
only 6 cases would be classified in the wrong class for 
Brussels when using the simplified tool compared to 
the standard assessment method. An example of 
visualization of the classification in given in Figure 4  

Figure 4. Example of Daylight score and classification 

DISCUSSION 

A simple assessment is useful to help determine 
quickly the quantitative aspects of daylight in buildings 
in which more sophisticated daylight simulations are 
not used, e.g. single-family housing or existing 
dwellings that will be renovated. The daylight 
evaluation method proposed here is also particularly 
interesting for preliminary design or building rating 
purposes. However, it is important to remind that the 
European standard EN 17037:2018 also defines 
methods and recommended values for three other 
criteria which are more about the qualitative aspect of 
daylight (Deroisy 2017). These extra criteria are view 
out, exposure to sunlight, and glare. In further design 
stages, these should be considered and evaluated. In a 
broader perspective daylighting should also strive to 
integrate both visual and non-visual effects, producing 
physiological and/or psychological benefits upon 
humans. Due to benefits and risks that can occur it is 
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recommended that both are considered in the lighting 
design process. 

The other main advantage of the ‘Daylight Evaluation’ 
tool is that all the essential parameters are made 
explicitly visible for the users. This could help them to 
appreciate the impact of each parameter setting and 
enable them to adjust iteratively when possible to 
reach a desired or requested final target level. When 
integrated into a software tool the calculation speed 
could be much higher than with detailed raytracing 
simulations.  

The limitations of this simplified approach are related 
to the methodology used and the reduced set of test 
cases verified, which does not allow to generalize to 
every possible case. More cases should be assessed to 
confirm the reliability of this method and to extend its 
applicability. A particular issue is related to the 
complex interactions of the different parameters when 
combined in a case. For example, the impact of masking 
effects is not independent of the exposure condition 
and the chosen site obstructions. Other parameters 
also have an effect on daylight provision and could also 
be included. For example, mobile solar shading 
solutions are neglected but have a significant impact on 
daylight provision. The daylight performance with 
solar shading systems is highly dependent on the 
product type and its installation mode and is probably 
too complex to integrate for the objectives we pursued. 
Furthermore, the selection of a standard overcast sky 
as model as reference also restrains the application of 
the method to building sites where sky luminance 
conditions are predominantly overcast. For a more 
detailed evaluation of daylight provision, the 
calculation of daylight illuminance should focus on a 
set of various representative sky conditions for each 
geographical location, including at least clear and 
intermediate skies. Calculating daylight provision with 
a selection of representative exposure conditions could 
help to account for the orientation of the facade and 
give value the possible beneficial effects. 

CONCLUSIONS 

The main outcome of this study is that a simplified 
method for assessing daylight provision as proposed in 
the ‘Daylight Evaluation’ tool gives a reliable 
estimation for daylight provision in a typical individual 
space. The method is limited to situations that have 
comparable characteristics as defined for this study. 
The cases for which the method is appropriate are 
essentially restricted to: square or rectangular floor 
plans, symmetric and centrally placed windows and 
room surfaces with typical diffuse reflectance 
properties. Knowing these restrictions, the simple 
assessment offers a relatively good indication of 
illuminance levels by daylight in a space.  
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Table 2. Correction factors determination formulas, input parameters and reference values. 

Factor Description Input parameter(s) Reference value Correction factor 
C1 Glazing 

type 
v : light transmittance v = 0,80 C1 = v / 0,80 

C2 Wall 
thickness 

d : wall thickness 
with d ≤ 1000 mm 

d = 400 mm C2 = -0,0003d + 1,12 

C3 Site 
obstruction 

 : Average 
obstruction angle  
with 0° <=  <= 45° 
  Slope 
with 0° <=  <= 90° 

No obstructions 
( = ) 
Vertical façade 
( = )

C3( = 0°) = -0,00029α²-0.005α+1 
C3( =10°) = -0,00023α²-0,005α+1 
C3( =30°) =-0,00021α²+ 0,0015α+1 
C3( =60°) =-0,00018α²+ 0,0025α+1 
C3( =90°) =-0,00012α²+ 0,0018α+1 

C4 Overhangs v  Vertical
obstruction angle
with 0° ≤ v ≤ 70°

v = 0° C4 = -0,0003v² + 0,0066v + 1 
C4 = 0,46 if v ≥ 55°  

C5 Side masks h  Horizontal
obstruction angle
with 0° ≤h ≤ 90°

h = 12° C5 = -0,0045h + 1 
C5 = 0,75 if h ≥ 55° 

C6 Solar 
shading 

Not considered C6 = 1 

C7 Room depth D : room depth 
with D < 10 m 
  Slope 

D = 5 m C7 = 1 if D < 5 m or if  ≥  
C7 = -0,1D + 1,5 if D ≥ 5 m and 
 <  

C8 Slope   Slope Vertical façade 
( = ) 

C8 = 1 if  ≤  
C8 = -0,00032 ² + 0,055  +  if 
   

Healthy Buildings 2021 – Europe

- 531 -



Measurements of indoor air quality in four Norwegian schools 

Maria JUSTO ALONS0*1, Rikke Bramming J0RGENSEN2 and Hans Martin MATHISENl 

1 Energy and Process Engineering, NTNU, Trondheim, Norway 
2 Industrial Economics and Technology Management, NTNU, Trondheim, Norway 

* Corresponding author: maria.j.alonso@ntnu.no

ABSTRACT 

Children spend a minimum of six hours per day in 
Norwegian schools. Their exposure to different indoor 

air quality it is known to affect their performance. It is 

very common to use demand-controlled ventilation 

(DCV) in schools as is estimated to save about SO% of

the conventionally used energy for ventilation. CO2 and

temperature are the preferred control parameters.
Usually, it was expected that these human-centric

controls resulted in high indoor air quality as

occupants are the largest source of contaminants. This

study presents measurements for two months to up to
one year in the supply and room air in the four

classrooms whose ventilation is CO2-based DCV. Using

low-cost sensors formaldehyde, PM1, PM2.s, relative

humidity CO2 and temperature were monitored.

Even when the CO2 concentration lied below 1000 ppm

1) the concentration of formaldehyde surpassed the

recommended WHO thresholds in 30 % of the time and

2) RH is below 20 % during 56 % of the time.

INTRODUCTION 

Children spend one quarter of their day in schools. 

Over the past decades, most research in indoor air 

quality (IAQ) in schools has emphasized the need of 

measuring CO2 and temperature and use these 

parameters for control of ventilation (Clausen et al., 

2016; Heebfllll et al., 2018). Historically, research 

investigating the factors associated with IAQ and 

performance has focused on CO2 (Coley et al., 2007; 

Wargocki et al., 2020). CO2 is a good proxy for 

occupancy as about SO % of the pollutants emitted in 
offices are emitted by humans (Fanger, 1988). 

However, there is a growing body of literature proving 

that there are other pollutants that should be 

controlled and ventilated away. Erdmann and Apte et 

al. (Apte, 2006; Erdmann et al., 2002) concluded from 

the data analysis of 100 office buildings that there is 

prevalence of mucous membrane and lower 

respiratory sick building syndrome symptoms already 

at CO2 concentrations below the customary 1000 ppm 

threshold. 

Particulate Matter 

PM affects more people's health than any other source 

of pollution (Kim et a!., 2015). The data demonstrate a 

dose-dependent relationship between PM and human 
disease, and that removal from a PM-rich environment 

decreases the prevalence of these diseases (Anderson 

et al.2012). Chronic PM2.s exposure affects the 

respiratory and cardiovascular systems (Martinelli et 

al. 2013). Chronic bronchitis, stroke, heart disease, and 

thickening of arterial walls, diabetes, and reduced lung 

function are also connected to PM2.s exposures 
(Burnett et al. 1999; Kunzli et al. 2005; Pope et al. 

2002). The low end at which health effects have been 

demonstrated is not much above the background 

concentration and has been estimated to be 3-Sµg/m3 

(WHO 2005) 

Formaldehyde 

Formaldehyde is widely used in the manufacture of 

building materials and numerous household products, 

it is also a by-product of combustion and other natural 

processes (LBNL 2019) and a preservative in some 

food packing (NH! 2019). Wood-based products, 

cleaning products produced in ozone-initiated alkene 

reactions, and combustion emit formaldehyde 

(Wolkoff, 2013). Formaldehyde has been classified as a 

potential human carcinogen by the US EPA and 

International Agency for Research on Cancer as a Class 

2A carcinogen. It irritates humans mostly in the upper 

airways, mucosae, and eyes (Norliana et al. 2009). 

Abdollahi et a!. (2014) claim that it is a powerful cross

linking agent, even at low concentrations. 
Formaldehyde is a sensitizing agent that can cause an 

immune system response and sensory irritation 

(Wolkoff 2013). Moreover, formaldehyde is supposed 

responsible agent in the development of 

neurobehavioral disorders such as, but not limited to, 

insomnia, memory loss, lack of concentration, and 
mood and balance alterations, as well as a loss of 

appetite (Abdollahi et al.2014) 

Relative Humidity (RH) 

A common complaint in perceived IAQ questionnaires 

in office environments is perceived dry air. Some 

questionnaires have shown relations between low RH 
(5-30%), typical in cold climate offices during winter, 

and increased prevalence of complaints about 

perceived dry and stuffy air and sensory irritation of 

the eyes and upper airways (Wolkoff, 2018). Fewer 

tears are produced, and precorneal and epithelial 

damage has been observed at low RH (Wolkoff, 2018). 

Thus, the studies show that low RH aggravates the 
stability of the eye tear film, which initiates a cascade 

of adverse inflammatory reactions (Wolkoff & 

Kjrergaard, 2007) Interventional studies have shown 

that increasing RH may reduce the perception of dry 
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ABSTRACT 

During the winter in Scandinavian countries, up to 
90% of traffic-related particulate matter (PM) is from 
non-exhaust emissions sources such as asphalt wear. 
Measures to reduce urban PM have focused mainly on 
exhaust emissions, while the contribution from asphalt 
has received less attention. In vitro studies suggest that 
the composition of asphalt can affect the inflammatory 
potential of road dust. Using a whole-body human 
exposure chamber, we have explored whether 
different stone materials used in Norwegian asphalt 
impose different inflammatory reactions in plasma of 
healthy volunteers. Our results show no acute 
increases in the inflammatory markers SP-D, 
P- selectin, or CC16. However, quartz diorite induced
an apparent increase in ICAM-1, not seen for rhomb
porphyry or placebo dust (lactose). Although this did
not reach statistical significance, it resembles
previously observed fibrinogen-effects, and may
suggest that different types of stone minerals provoke
different inflammatory reactions in humans compared
to placebo dust.

INTRODUCTION 

An adult human at rest inhales approximately 14,000 L 
of air every day. If that air contains hazardous chemical 
pollutants, it can adversely affect human health. Each 
year, exposure to air pollution, such as particulate 
matter (PM), causes hundreds of thousands of 
premature deaths in Europe (European Environment 
Agency, 2020), and many previous epidemiological 
studies have shown  statistical associations between 
exposure to PM and an elevated risk of hospital 
admission and premature mortality  
(Chen & Hoek, 2020; Wei et al., 2019).   
All PM of 10 µm or less in aerodynamic diameter 
(PM10) can be inhaled and deposited in humans' 
respiratory tracts. The location in which the particles 
are deposited in the airway, along with the chemical 
composition of particles inhaled, determines the health 

effects of the exposure (Elvidge, Matthews, Gregory, & 
Hoogendoorn, 2013; Pöschl, 2005). 
Emissions from exhaust and non-exhaust sources, such 
as tire wear, brake wear, and road surface abrasion, 
contribute approximately equally to traffic related 
PM10 emissions. Implementation  of numerous 
regulations and vehicle-control mechanisms, such as 
parking fees and low emission zones, have significantly 
reduced traffic exhaust emissions (Sousa Santos et al., 
2020). The non-exhaust emissions, which are affected 
by the number of breaking events, road surface 
characteristics, and characteristics of the vehicle, such 
as weight, type of tires, and engine power (European 
Commission, 2014), remain a challenge. Due to the use 
of studded tires during the winter in Scandinavian 
countries, up to 90% of PM10 measured in urban areas 
may come from stone particles found in asphalt 
(Johansson, Norman, & Gidhagen, 2007; Kupiainen et 
al., 2005). Incentives for reduced carbon emissions 
have increased the number of electric vehicles used in 
Norway significantly in the last few years (Bjerkan, 
Nørbech, & Nordtømme, 2016). However, an average 
electrical vehicle is 24% heavier than an average diesel 
or gasoline vehicle, leading to increased wear of 
asphalt, tires, and brake pads, consequently increasing 
concentration of PM from non-exhaust emission 
sources (Timmers & Achten, 2016).  
Inflammation is a complex immunological reaction 
following various pathways (Prasad, Tyagi, & 
Aggarwal, 2016). It can be measured using various 
biological markers found in urine, blood, exhaled 
breath and bronchoalveolar lavage (BAL) fluid. 
The lung's alveolar surface is covered with a 
pulmonary surfactant consisting of specific proteins, 
all with different functions (Hermans & Bernard, 
1999). One essential specific protein found in the 
pulmonary surfactant is Clara Cell protein (CC16). 
CC16 is an anti-inflammatory protein secreted by Clara 
cells, which are mainly located in the lung's respiratory 
bronchioles (Lakind et al., 2007; Singh et al., 1988). 
Another protein secreted by the airways is Surfactant 
Protein D (SP-D). SP-D has an essential role in the 
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immune system. During inflammation, the SP-D 
concentration decreases in the lungs and increases in 
the circulatory system  (Tajima et al., 2020). Platelet-
Selectin (P-selectin), a lectin-like molecule  expressed 
by endothelial cells, plays an important role in 
mediating inflammation by promoting adherence of 
leukocytes to activated platelets and endothelium 
(Hayashi et al., 2000). Elevated P-Selectin 
concentrations have been detected in the plasma of 
animals and patients with inflammatory disease 
(Gearing & Newman, 1993; Krieglstein & Granger, 
2001). Another inflammation-related protein is 
Intercellular adhesion molecule-1 (ICAM-1), which 
plays a critical role in the local accumulation of 
inflammatory cells (Hua, 2013). 
The mineralogy of asphalt depends on which stone 
aggregate is being used. In some previous in vitro 
studies, different inflammatory potentials have been 
documented during exposure to stone aggregates of 
various mineral compositions. One of the main findings 
was that feldspar-rich stone materials showed little 
pro-inflammatory potential (Becher et al., 2001; 
Hetland et al., 2000; Øvrevik et al., 2005), and the 
choice of  stone types may significantly affect human 
health. In a recent study from Norway, the interactions 
of six different stone types, namely, quartzite, 
anorthosite, rhomb porphyry, dacite, quartz diorite, 
and hornfels, with HBEC3-KT cells and THP-1 
macrophages were investigated. Quartzite, rich in 
quartz mineral and with smaller amounts of muscovite 
and anorthite, was the most cytotoxic of the particle 
samples in both cell types and was also the most potent 
in HBEC3-KT cells with regards to the pro-
inflammatory response. Anorthosite and hornfels, 
which consist mainly of the minerals K-feldspar, 
plagioclase, and quartz, were most potent in THP-1 
cells (Grytting et al., 2021). In vitro studies have 
provided information on mechanisms of response, but 
we cannot be confident that the magnitude of 
responses and exposure concentrations applied are 
representative of, or relevant to, human health effects 
(Bernstein et al., 2004). 
The objective of this chamber study was to investigate 
the inflammatory potentials in humans following 
short-term controlled exposure to dust from the stone 
types quartz diorite and rhomb porphyry with 
different mineral composition. The present study 
focuses on cardiovascular, systemic effects. 

METHODS 

In this study, healthy volunteers were exposed in a 
double-blind manner to three different types of dust: 
quartz diorite, rhomb porphyry, and lactose, with the 
latter serving as a negative control. 

Study subjects 

Twenty-four healthy volunteers were recruited to 
participate in this study: however, one person 
withdrew from the study after the first exposure 

session. In groups of four, the remaining 23 subjects 
(10 males, and 13 females) were exposed to the two 
stone types and lactose in three separate exposure 
sessions, each lasting four hours. Only healthy people 
without a known chronic inflammatory illness or any 
other respiratory disease were accepted as 
participants in this study. Additionally, prior to each 
exposure sessions, the subjects were asked about their 
general health using a standardized questionnaire.  
Exposure occurred two days a week. Each exposure 
session started at 9 AM, with the subjects entering the 
exposure chamber at 30-minute intervals. Thus, the 
last person left the chamber at 2:30 PM. To avoid hang-
over effects, at least three weeks separated the 
exposure sessions. To maintain the anonymity of the 
subjects, they were given unique identification 
numbers (IDs) that were used for data storage 
purposes.  

Blood and urine samples 

Blood samples were collected from the subjects 
approximately 30 minutes prior to exposure (baseline 
readings) and 4 h and 24 h after exposure. Urine 
samples were collected immediately following 
exposure (baseline readings) and 24 h after exposure. 
The blood samples were collected in two different 
clinics: one was located in a separate room next to the 
exposure chamber and was where baseline blood and 
urine samples were collected, and one was situated at 
St. Olavs Hospital, approximately a 20-min walking 
distance from the exposure chamber, and used for the 
collection of the post-exposure samples (4 h and 24 h 
after exposure).  
The blood samples were collected in BD vacutainer 
K2EDTA tubes. After sampling, the samples were 
immediately centrifugated at 2000 x g for 15 min at 
4 °C, then pipetted in 0.5-1 ml aliquots into ten 
Eppendorf tubes. The urine samples were 
centrifugated at 2500 x g for 15 min at 4 °C and 
pipetted in 1 ml aliquots into five Eppendorf tubes. 
Following centrifugation, plasma and urine samples 
were stored at - 20 °C. At the end of each exposure day, 
all samples were transported to the Clinical Research 
Facility at St. Olav’s Hospital at Trondheim University 
Hospital and stored at -80 °C until transporting to 
Norwegian Institute of Public Health for analysis.  CC16 
in plasma and urine was analyzed using DuoSet® 
ELISA (RnD Systems, Inc., Biotechne, USA), Nunc 
Maxisorb plates (Thermo Scientific, USA) and Sunrise 
absorbance microplate reader with Magellan software 
ver. 4.00. (Tecan Trading AG, Switzerland). SP-D, P-
Selectin, and ICAM-1 were analyzed using Luminex® 
Assays (RnD Systems, Inc., Biotechne, USA) and Bio-
plex 200 instrument with Bio-Plex Manager software 
ver. 6.2. (Bio-Rad, USA). 

Exposure chamber and dust generation 

The exposure chamber was 11.8 m2 in size, with a total 
air volume of 35 m3. The air change rate was adjusted 
for each of the exposure materials so that the PM 
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concentrations were approximately the same across 
exposure days and as close to the 8-h occupational 
exposure limits for total dust (10 mg/m3) and 
respirable dust (5 mg/m3) as possible.  
The exposure chamber had mixed ventilation, i.e., the 
air was supplied to the room through one air terminal 
located on the ceiling and extracted through two 
extraction diffusers, in the ceiling. The air supply was 
filtered through a HEPA filter before being supplied to 
the exposure chamber. Using TSI DustTrak 8533, the 
concentrations of PM1, PM2.5, respirable dust, PM10, and 
total dust were monitored for two hours before each 
exposure session started. The PM concentrations 
measured were less than 0.01 mg/m3, which 
confirmed that the air was adequately filtered and that 
the exposure chamber was cleaned sufficiently 
between exposure sessions.  
During exposure, the subjects were seated at a table 
located in the middle of the exposure chamber. For 
moderate exercise, the subjects were required to use a 
step-board for 15 minutes each hour. Each hour they 
also had to rotate one seat around the table to reduce 
the variation in exposure concentration due to location 
within the room.  
The dust was dispersed to the room through a flexible 
silicone tube connected to an aerosol dust generator 
(TSI 3410 L during exposure to the two stone 
aggregates, and TSI 3400 during exposure to lactose). 
The silicone tube was connected through a hole, 
located approximately 1.3 m above floor level, on one 
of the four walls of the chamber.  
During exposure, the concentrations of various PM 
fractions were measured every minute using a TSI 
DustTrak 8533. In addition, both stationary and 
personal (respirable fraction) gravimetric samples 
were taken. Lactose powder easily agglomerates, as it 
contains more moisture than quartz diorite and rhomb 
porphyry. Therefore, the exposure chamber looked 
equally dusty during the lactose exposure days as 
during exposure to rhomb porphyry and quartz 
diorite. However, the achieved concentrations were 
low during lactose exposure, with median 
concentrations of total dust and respirable dust of 
5.7 mg/m3 and 0.3 mg/m3, respectively. During 
exposure to quartz diorite and rhomb porphyry, 
however, higher concentrations were achieved, with 
median concentrations of total and respirable dust of 
20.8 mg/m3 and 5.4 mg/m3, respectively, for quartz 
diorite and 22.4 mg/m3 and 5.7 mg/m3, respectively, 
for rhomb porphyry.  

Quartz diorite and rhomb porphyry were chosen 
because these stone types are used in the asphalt of the 
largest, most trafficked cities in Norway. 
These stone types also have similar size distributions 
and induced  pro-inflammatory responses in human 
bronchial epithelial cells (BEAS-2B) and THP-1 
macrophages, with  significantly higher responses 
(CXCL8 and TNF-α)  for quartz diorite in THP-1 

macrophages (Grytting et al., 2021). Lactose is an inert 
powder and should not trigger any inflammatory 
reactions. Thus, it was used for the control exposure in 
this study. Although filtered air has been used in most 
previous controlled exposure studies, lactose powder 
was used in our study so that the exposed subjects and 
the researchers would not know what type of exposure 
was being used.  
The mineral compositions of quartz diorite and rhomb 
porphyry were measured using X-ray diffraction (XRD) 
analyses, and the results are shown in Figure 1. The 
quartz diorite mainly consisted of plagioclase (32%), 
and quartz (27.5%), while the rhomb porphyry 
consisted mostly of plagioclase (47%) and K-feldspar 
(31%).  

Figure 1: The mineral compositions of quartz diorite and 
rhomb porphyry 
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Statistical analysis 

In this study, each individual was used as his/her own 
control, and the differences in reactions over time were 
the outcomes of interest. With the exception of CC16 in 
urine, which had normalized residuals after its log 
transformation, the remaining variables were 
positively skewed, and analyses were performed using 
the non-parametric Wilcoxon signed-rank test. In this 
test, the absolute change from baseline was calculated 
for each subject, and the absolute changes observed for 
each material were paired two and two. Statistical 
significance refers to p<0.05 (two-tailed). For the log 
transformed CC16, linear mixed effect models were 
used. For descriptive statistics, the percent change 
from baseline was calculated. Due to the non-normality 
of the remaining variables, the median values and 
median 95% confidence intervals (CIs) were used for 
graphical purposes. Spearman's correlation was used 
to analyze non-parametric bivariate correlations. 
Before the study started, a power calculation was 
performed, with a two-sided 5% significance level, 
based on different mean values for 24 subjects.  A mean 
change of at least 1.25, with a standard deviation of 1/3 
of this value, was assumed to be sufficient for achieving 
statistically significant differences for at least some of 
the parameters included.  
The study was approved by the Regional Ethics 
Committee (REK) with approval no.: 260381. All 
participants provided written informed consent before 
inclusion and were also given detailed oral information 
concerning the study. 

RESULTS 

The median percent change from the baseline score 
and 4 h after exposure and between the baseline score 
and 24 h after exposure for the inflammatory markers 
measured in plasma (CC16, ICAM-1, SP-D, and 
P- Selectin) and urine (CC16) are shown in Figures 2
and 3.
As shown in Figure 2, the median percent change in
ICAM-1, i.e., the change from baseline and 4 h after
exposure, was greatest post-exposure to quartz diorite
(+3.75%). According to the Wilcoxon signed-rank test,
however, the change observed in ICAM-1 at 4 h did not
reach statistical significance for either material.
However, from baseline and 24 h post exposure, quartz
diorite and lactose caused a statistically significant
reduction in plasma ICAM-1 levels when compared to
the absolute change observed following exposure to
rhomb porphyry.

For SP-D, a median decrease from baseline was 
observed for all three exposure materials (Figure 2). 
According to the Wilcoxon signed-rank test, no 
statistically significant differences among the three 
materials were observed.  

Although the median concentration observed for 
P- Selectin decreased post-exposure to all exposure
materials (Figure 2), the Wilcoxon signed-rank test

indicated that the absolute change observed between 
24 h post-exposure and baseline was significantly 
different comparing rhomb porphyry and quartz 
diorite (z=1.95, p=0.05), and rhomb porphyry and 
lactose (z=2.59, p=0.01).   

The median plasma concentration of CC16 decreased 
from baseline after exposure to all three materials 
(Figure 3). According to the Wilcoxon signed-rank test 
for the plasma concentration of CC16, the absolute 
differences observed between 4 h post-exposure and 
baseline when comparing quartz diorite and lactose 
reached statistical significance (z=2.55, p=0.01). A 
statistically significant difference was also observed 
when comparing rhomb porphyry and lactose (z=3.00, 
p=0.00). No statistically significant differences from 
baseline to post-exposure were observed for quartz 
diorite and rhomb porphyry. At 24 h post exposure no 
statistical differences were observed between the 
materials. Furthermore, no apparent effects were 
observed in urine levels of CC16 at 24 h (Figure 3).  

Figure 2: Median percent changes from baseline for plasma 
concentrations of ICAM-1, SP-D, and P-Selectin. 4 h is the 

percent change from 4 h post-exposure and baseline. 24 h is the 
percent change from 24 h post-exposure and baseline. 
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Notably, in eight subjects, quartz diorite caused an 
increase in CC16 measured in plasma 4 h post-
exposure. Similarly, rhomb porphyry exposure 
increased the plasma levels of CC16 in six subjects 4 h 
post-exposure. By contrast, an increase in plasma CC16 
was only observed for one subject post-exposure to 
lactose (Figure 4).  

DISCUSSION 

Outdoor air pollution, such as PM, can enter the indoor 
environment by infiltrating the building envelope and 
mechanical or natural ventilation system (Leung, 
2015). The ratio between the indoor and outdoor 
environment is challenging to determine, considering 
it depends on many factors (Chen & Zhao, 2011). A 
previous study found that 75% of the indoor air 
pollution variation could be explained by the 
concentrations measured outdoors (Cyrys, Pitz, 
Bischof, Wichmann, & Heinrich, 2004). When 

discussing health effects caused by indoor air pollution 
sources, outdoor air pollution is also essential for 
assessing the total risk associated with exposure.  
The adverse health effects following short-term and 
long-term exposure to air pollution is well established; 
however, the underlying mechanisms are not yet fully 
understood, making it difficult to determine exactly 
which biomarkers should be measured to characterize 
the health effects caused by exposure to PM.  
In this study, the plasma concentrations of CC16, SP-D, 
ICAM-1, and P-Selectin, plus the urine concentration of 
CC16, were measured. To the best of our knowledge, 
this is the first study in which the inflammation 
potential has been investigated in humans after 
controlled exposure to such different types of stone 
aggregates used in asphalt. The PM concentrations 
used in this study were set in such a manner as to not 
exceed the 8-h occupational exposure limit values for 
total dust (10 mg/m3) and respirable dust (5 mg/m3). 
However, the exposures used in this study largely 
exceed the PM concentrations in Norwegian cities, in 
which the ambient air quality criteria is 30 µg/m3 of 
PM10 a day.  
Several underlying factors, such as gender, age, body 
mass index (BMI), ethnicity, and exercise, affect the 
levels of inflammatory markers found in blood and 
urine, and many of these factors are not yet fully 
understood. In our study, however, these factors were 
controlled for, as each subject was used as their own 
control.  

For the CC16 concentration measured in plasma, a 
median decrease from baseline was observed 
following exposure to all exposure materials. However, 
4 h after exposure to quartz diorite and rhomb 
porphyry, the CC16 concentration measured in plasma 
increased for eight and six subjects, respectively, while 
an increase was observed for just one subject following 
exposure to lactose. The differences observed in 
absolute change from baseline reached statistical 
significance when comparing quartz diorite and 
lactose and rhomb porphyry and lactose. However, no 
significant difference was observed between quartz 
diorite and rhomb porphyry.  

The increase observed in plasma concentration of 
CC16 suggests that for some of the healthy subjects 
exposed, the inflammatory response was more 
pronounced following exposure to the two stone 
minerals compared to what was observed following 
exposure to lactose.  

As a biomarker for acute and chronic pulmonary 
damage, CC16 has received some criticism, especially 
when used as a single biomarker of effect and when 
used in uncontrolled epidemiology or survey studies. 
This criticism is due to its lack of specificity in specific 
exposures (Lakind et al., 2007). In several previous 
controlled exposure studies, when used as a marker of 
inflammation in healthy subjects, CC16 has provided 
ambivalent results. In some studies, no significant or 

Figure 4: The individual % changes (between 4 h after 
exposure and baseline) in plasma concentrations of CC16 

Figure 3: Median percent changes from baseline for plasma and 
urine concentrations of CC16. 4 h is the percent change from 4 h 

post-exposure and baseline. 24 h is the percent change from 
24 h post-exposure and baseline. 
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consistent associations were found between controlled 
exposure to particle-rich air or wood smoke and CC16 
measured in plasma and urine (Bräuner et al., 2009; 
Muala et al., 2015; Zuurbier et al., 2011). In one study, 
however, in which ICAM-1, SP-D, and CC16 were 
among the measured biomarkers, after 18 healthy 
individuals had been exposed to diesel exhaust and 
filtered air, the concentration of CC16 increased 
slightly, but not statistically significantly, immediately 
post-exposure to diesel exhaust (Xu et al., 2013). 
In our study, reductions were observed for SP-D and P-
Selectin, post-exposure to all exposure materials. In a 
previous Norwegian study, where exposure to PM was 
studied for professional ski waxers, the plasma 
concentrations of CC16 and SP-D were significantly 
lower following both exposure and non-exposure; 
however, the concentrations where more significantly 
reduced following exposure. It was speculated that the 
permeability of the alveolar-endothelial barrier was 
not compromised by exposure to ski wax aerosols and 
that the PM had an effect on pulmonary cells secreting 
these pneumoproteins (Freberg et al., 2016). In our 
study, no statistical difference was observed in SP-D 
concentration from baseline to post-exposure to the 
three exposure materials. Hence, the physiological 

relevance of this response remains unclear. 
In previous studies, ICAM-1 has been found to both 
increase and decrease following exposure to diesel 
exhaust particles and filtered air (Takizawa et al., 
2000; Xu et al., 2013). In our study, a median percent 
increase was observed 4 h post exposure to quartz 
diorite; however, this increase was not statistically 
significant compared to the other two materials. 
Notably, we have recently reported that exposure to 
quartz diorite, but not rhomb porphyry or lactose, 
increased plasma fibrinogen levels in the same 
experiments (Nitter, Hilt, Svendsen, Buhagen, & 
Jørgensen, 2021). Fibrinogen is known to induce ICAM-
1 expression in the vascular endothelium (Harley, 
Sturge, & Powell, 2000). Thus, it is tempting to 
speculate that these quartz diorite-associated effects 
could be connected. However, while the ICAM- 1 
increase was observed 4 h post-exposure, the effect on 
fibrinogen was observed after 24 h.  
In the study conducted by (Grytting et al., 2021), where 
the same stone aggregates were used to study acute 
pro-inflammatory responses in human bronchial 
epithelial cells (BEAS-2B) and THP-1 macrophages, 
quartz diorite was found to be significantly more 
potent than rhomb porphyry in THP-macrophages, but 
not in BEAS-2B cells, suggesting a potential for airway 
effects due to mineral exposure. The results of the 
present study suggest that stone aggregates also may 
increase the levels of selected pro-inflammatory 
markers in plasma. Furthermore, the responses to 
quartz diorite in particular, seemed greater compared 
to those following exposure to lactose powder. 

CONCLUSIONS 

No acute increases were observed for SP-D and P-
selectin concentrations in the blood of healthy 
individuals. Following exposure to the two stone 
aggregates, the CC16 concentrations measured in the 
plasma of some subjects increased, which could 
indicate that some subjects reacted more strongly to 
the stone minerals than the lactose powder. The non-
significant increase observed in the ICAM-1 
concentration 4 h post-exposure to quartz diorite, is 
resembling earlier observations on plasma fibrinogen 
levels, and is further suggesting that the stone 
aggregates may be more potent than the lactose 
powder. Although the results indicate that the mineral 
composition of inhaled stone dusts could affect blood 
levels of induced inflammatory markers in humans, the 
observed responses were relatively low and deviated 
from the effects of placebo dusts only for selected 
endpoints. Thus, the mechanisms and potential 
relevance of these systemic effects induced by stone 
PM remains to be clarified. 

LIMITATIONS AND FURTHER STUDIES 

Considering that some healthy subjects might be more 
vulnerable to certain chemicals or chemical 
compositions, one might question whether 23 subjects 
is sufficient when the responses caused by short-term 
exposure are as low as those observed in the present 
study. Another limitation is the number of exposure 
sessions, as each subject was only exposed to each 
material once. Furthermore, the lactose concentration 
should be more similar to the concentration of the two 
stone types. Regardless, we still believe that our results 
provide valuable information concerning the potential 
health effects of non-exhaust emissions. Hopefully, 
exposure to non-exhaust emission sources will be 
given more attention in future research.  
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ABSTRACT	
In	free-running	hospitals,	which	comprise	a	significant	
part	of	the	healthcare	infrastructures	in	countries	with	
the	 weakest	 public	 health	 systems,	 unmet	 space-
cooling	demand	can	exacerbate	indoor	overheating.	To	
date,	 we	 lack	 a	 comprehensive	 understanding	 of	
human	 thermal	 adaptability	 in	 naturally	 ventilated	
inpatients	 facilities.	 Building	 on	 a	 mixed-methods	
longitudinal	thermal	comfort	survey	in	eight	naturally	
ventilated	 multi-patient	 wards	 during	 the	 rainy	 and	
dry	 seasons	 at	 the	 main	 tertiary	 hospital	 in	 a	 post-
epidemic	context,	 the	 links	between	 thermal	comfort	
and	 occupant	 adaptive	 behaviours	 were	 explored	
through	predictive	correlations,	probit	regression	and	
narrative	 analysis.	 The	 findings	 revealed	 that	 nurses	
directed	 the	operation	of	 the	building	controls	while	
acceptable	thermal	conditions	were	defined	by	lower	
tolerance	 levels	 to	 elevated	 temperatures	 during	 the	
warm	 season	 and	 higher	 relative	 humidity	 levels	
during	 the	 rainy	 season.	 The	 mitigation	 of	 thermal	
distress	among	patients	through	the	control	of	indoor	
humidity	and	airflow	can	function	synergistically	with	
airborne	infection	control.	

INTRODUCTION	
Hospitals	 with	 significantly	 low	 annual	 carbon	
emissions	 for	 cooling	 (Kigali	 Cooling	 Efficiency	
Program,	 2018)	 across	 the	 equatorial	 zone	 compose	
the	 fragile	 healthcare	 infrastructures	 among	 the	
world’s	 weakest	 public	 health	 systems.	 Heatwaves,	
which	already	affect	hospital	operations,	are	predicted	
to	 occur	 more	 frequently	 and	 with	 greater	 severity	
contributing	 to	 more	 extended	 periods	 of	 indoor	
overheating	 and	 operational	 disruptions	 in	 hospitals	
(WHO,	 2020).	 Although	 evidence	 about	 indoor	
overheating	 and	 hospital	 occupant	 adaptive	
behaviours	 is	 instrumental	 for	 the	 alleviation	 of	
existing	 vulnerabilities	 (Carmichael,	 et	 al.,	 2013),	 to	
date,	 we	 lack	 thermal	 comfort	 indexes	 with	
applicability	in	naturally	ventilated	inpatient	facilities	
with	hot-humid	conditions	while	thermal	comfort	field	
surveys	 that	 combine	 physical	 and	 subjective	
measurements	 and	 include	 patients	 as	 participants	
have	 not	 yet	 been	 performed	 in	 naturally	 ventilated	
wards	across	the	equatorial	zone	(Koutroumpi,	2020).	
Building	 on	 the	 existing	 evidence	 that	 in	 the	 strictly	
regulated	 hospital	 environment,	 physiological	 and	
behavioural	 adaptive	 capacities	 significantly	 differ	

between	diverse	hospital	occupants	(Eijkelenboom	&	
Bluyssen,	 2019),	 this	 paper	 aims	 to	 explore	 how	
occupant	 behaviours	 and	 thermal	 adaptability	 can	
mitigate	critical	differentiations	in	thermal	discomfort	
among	 hospital	 occupants	 while	 taking	 into	 account	
the	 impact	 of	 relative	 humidity,	 indoor	 airflows,	
personal	factors	and	spatial	conditions.	

METHODS	

Collected	sample	
A	 mixed-methods	 longitudinal	 field	 survey	 was	
conducted	 over	 nine	 weeks	 during	 the	 rainy	
(September	 2016)	 and	 dry	 seasons	 (March-April	
2017)	in	eight	naturally	ventilated	wards	at	the	main	
tertiary	 government-run	 hospital	 with	 equatorial-
monsoonal	climate	(Am)	(Koettek,	et	al.,	2006)	at	one	
of	the	epicentres	of	the	2014-16	Ebola	outbreak.	The	
case-study	hospital	is	in	Africa's	west	coastal	zone,	at	a	
central	urban	 location	 (Figure	1).	A	multidisciplinary	
dataset,	 which	 consisted	 of	 environmental	 and	
behavioural	 data,	 was	 collected	 according	 to	 the	
instructions	 of	 the	 ASHRAE	 55:	 2013.	 Twenty-one	
semi-structured	 interviews	 with	 twelve	 doctors	 and	
nine	 head	 nurses,	 750	 Thermal	 Comfort	 Interviews	
(T.C.Is.)	 (45,000	 data),	 indoor	 and	 outdoor	
environmental	 monitoring	 (7,933	 hours),	 and	
window-opening	 behaviours	 (1,914	 photos)	
comprised	 the	 collected	 dataset.	 In	 total,	 twenty	
participants	 were	 excluded	 from	 the	 analysis	 of	 the	
T.C.Is.	 due	 to	 their	exposure	 to	 high	airflows	coming
from	 personal	 fans.	 The	 final	 sample	 consisted	 of
50.68%	 (370)	 nurses,	 25.62%	 (187)	 patients	 and	
23.70%	 (173)	 visitors,	who	were	 interviewed	 across	
four	surgical	(43.70%),	two	medical	(14.50%)	and	two	
mixed	(42.60%)	wards.
a)	 b)	

Source:	Google	Earth	(7.3)	 Source:	Author	
c)	
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Source:	Author	

Figure	1.	Location	and	architectural	characteristics	of	the	
case-study	hospital:	a)	aerial	view	of	the	urban	location;	b)	

southeast	view;	c)	aerial	photorealistic	view.	

Methods	of	data	collection	and	data	analysis	
Infection	 control	 practises	 were	 integrated	 with	
scientifically	 standardised	 protocols	 and	 nursing	
routines	following	one-week	piloting	and	co-designing	
processes	 with	 doctors	 and	 nurses.	 Context-specific	
infrastructural	 challenges	 and	 safety	 concerns	
hindered	the	installation	of	a	network	of	sensors	and	
the	monitoring	of	the	existing	ceiling	fans’	operation,	
which	 was	 intermittent	 due	 to	 regular	 electricity	
power	 cuts.	 The	 technical	 specifications	 of	 the	
equipment	 for	 the	recording	of	 the	physical	data	are	
illustrated	 in	 Table	 1.	 Although	 from	 the	 critical	
location	of	the	nurse	station	monitoring	of	the	indoor	
air	temperature	and	relative	humidity	was	continuous,	
recording	 of	 the	 indoor	 air	 velocities	 was	 repeated	
intermittently	 while	 at	 multiple	 locations	 over	 the	
morning	or	 the	evening	shifts	 sporadic	 recordings	of	
air	and	global	temperature,	relative	humidity	and	wind	
speed	were	performed	 in	 the	distance	 from	thirty	 to	
fifty	 centimetres	 during	 five	 minutes	 around	 each	
participant	throughout	each	T.C.I.	(Figure	2).	
Table	1.	Technical	specifications	of	the	equipment	for	the	
recording	of	the	physical	data	during	continuous	and	

sporadic	environmental	monitoring.	
Instrument’s	Name		 Measurement	

Range	
Accuracy	

Gemini	Tinytag	
Ultra	(TGU-1500)	

-30	to	+70oC
0%	to	100%

+-0.2oC	

TROTEC	TA	300	
Anemometer	

0.1	to	25	m/s	 +-0.05	m/s	

Thermal	Stress	
Meter		

PCE-WB	20SD	

-21.60	to	50oC +-0.5	oC	

Figure	2.	Spatial	distribution	of	the	physical	measurements	in	
plan	views	of	the	case	studies’	representative	typologies.	

Source:	Author.	
Voluntary	 participation	 in	 the	 T.C.Is.	 was	 limited	 to	
nurses	and	adult	patients	and	visitors	with	the	ability	
to	 provide	 consent.	 The	 following	 measures	 were	
taken	to	reduce	sampling	error:	a)	initial	estimation	of	
the	required	sample	size	(384)	according	to	Equitation	
(1)	(Lehmann,	2006)	for	statistically	significant	results	
(95%	 confidence	 intervals);	 b)	 maximisation	 of	 the
final	sample	by	extending	the	presence	of	the	research	
team	 in	 the	 case-study	 wards	 despite	 operational	
difficulties	 and	 unexpected	 events	 (patients’	 deaths	
etc);	 c)	 exclusion	 of	 occupants	 lacking	 continuous
presence	 in	 the	 wards	 over	 the	 last	 fifteen	 minutes	
before	 the	 T.C.I.;	 d)	 piloting	 both	 the	 content	 of	 the
questionnaire	and	the	process	for	the	collection	of	the
physical	and	spatial	data	in	a	sub-sample	of	the	case-
study	wards	during	normal	operation.

𝑆𝑆 = #$%&(()%&)
+$

(1)	

where:	
SS	is	sample	size,	Z	is	score	(Z)	equal	to	1.96	(for	95%	
confidence	intervals),	SD	is	standard	deviation	equal	to	
0.5,	E	is	margin	of	error	equal	to	0.05.	
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Four	 stages	 with	 a	 total	 duration	 of	 ten	 minutes	
comprised	 each	 T.C.I.	 Firstly,	 the	 research	 assistant	
explained	 in	 English	 or	 the	 local	 language	 the	
information	 letter.	 Following	 the	 participant's	
signature	 of	 the	 consent	 form,	 the	 interview	 began	
including	 standardised	 questions	 about	 thermal	
comfort,	 personal	 factors	 (gender,	age,	 health	 status,	
metabolic	 rates,	 clothing	 layers,	 education),	 adaptive	
behaviours	 and	 satisfaction	 levels	 that	 the	 research	
assistant	completed	 in	printed	questionnaires.	At	 the	
last	 stage,	 the	 physical	measurements	were	 taken	 at	
three	different	heights	 (0.1m,	1.1m	and	1.7m	around	
standing	participants	and	0.1m,	0.6m	and	1.1m	around	
seated	 participants	 and	 patients	 reclining	 in	 their	
beds)	and	the	spatial	attributes	(distance	from	existing	
environmental	 controls	 along	 with	 the	 state	 of	 the	
controls)	at	the	participant's	locations	were	recorded.	
Semi-structured	 interviews	 were	 performed	 only	
during	the	rainy	season,	either	during	the	morning	or	
the	 evening	 shifts	 at	 various	 locations	 within	 the	
hospital	 premises.	 Due	 to	 both	 doctors’	 and	 nurses'	
limited	 availability,	 the	 discussions	 were	 short	
(between	 three	and	eight	minutes)	while	permission	
for	 digital	 recording	 was	 granted	 only	 from	 two	
participants.	Questions	about	adaptive	behaviours	for	
the	amelioration	of	thermal	discomfort	at	an	individual	
level	and	in	relation	to	patient	care	and	aspirations	for	
better	 space-cooling	 were	 made	 similarly	 to	 all	
interviewees.	Photos	of	the	window-openings	position	
in	 the	 case-study	 wards	 were	 taken	 from	 specific	
locations	 two	 times	per	day	 (10:00-11:00	during	 the	
morning	 shift	 and	 17:00-18:00	 during	 the	 evening	
shift)	following	a	standardised	route.		
A	 statistical	 analysis	 of	 the	 quantitative	 data	 was	
performed	with	 STATA	 (SE	16),	while	NVivo	11	was	
used	 for	 the	 thematic	 content	 analysis	 of	 the	
transcripts	 from	 the	 semi-structured	 interviews.	
Indoor	 overheating	 was	 modelled	 according	 to	
Equations	(2-6)	of	the	low	and	upper	limits	of	ASHRAE	
55:	2013	models	for	90%	acceptability	to	account	for	
the	high	expectations	of	thermal	comfort	in	hot-humid	
settings.	 Relative	 humidity	 levels	 above	 37%	 have	
been	associated	with	mild	and	severe	adverse	health	
effects	 (Sterling,	et	al.	 1985).	Due	 to	 the	 non-normal	
distribution	 of	 the	 collected	 data,	 data	 analysis	 was	
performed	 according	 to	 non-parametric	 inferential	
statistical	methods	 along	with	 predictive	 correlation	
and	 regression	methods.	Wilcoxon	Rank	 Sum	Test,	 a	
distribution-free	 tool	 (Wright	 &	 London,	 2009),	 was	
used	 to	 explore	 the	 variation	 in	 exposure	 to	 indoor	
thermal	 conditions	 between	 different	 groups	 of	
occupant	types.	In	statistically	significant	correlations	
between	categorical	variables,	Cramer’s	V	effect	sizes	
were	 computed.	 Specific	 cut-off	 points	were	 used	 to	
indicate	 the	percentage	of	variance	 in	 the	dependent	
variable	that	was	explained	by	the	predictor	(McHugh,	
2018).	 Probit	 regression,	 which	 was	 used	 for	 the	
investigation	of	cumulative	proportions	of	the	nominal	
variables	 of	 thermal	comfort	 votes	at	 specific	 cut-off	

points,	is	suitable	for	the	analysis	of	small	samples	that	
are	very	common	among	thermal	comfort	field	surveys	
in	 hospitals	 (Khalid,	 et.	 al,	 2019).	 A	 simple	 linear	
regression	model	was	applied	to	investigate	the	links	
between	 the	 reported	 thermal	 comfort	 votes	 and	
recorded	environmental	conditions.	

Top=0.31*Trm+15.30													 					(2)	
Top=0.31*Trm+20.30……																		(3)	

Trm=(1-a)*[te(d-1)	+	a*te(d-2)	+	a*te(d-3)+…				(4)	
where:	
Top	 is	the	operative	temperature,	Trm	is	the	running	
mean	outdoor	temperature.	

𝑇𝑜𝑝(𝑠𝑝𝑜𝑡) =
F𝑇𝐴(𝑠𝑝𝑜𝑡)𝑥I10𝑥𝑊𝑆(𝑠𝑝𝑜𝑡)K( LMNO(PQRO)

(.SST	I(SUV%(PQRO)
)	(5)

(CIBSE,	2006)	
𝑇𝑚𝑟𝑡(𝑠𝑝𝑜𝑡) =

((LYZR[\(PQRO)T]^_)
`TF(.(U(SaUV%(PQRO)b.c	K
dU&b.`

)𝑥(𝑇𝑔𝑙𝑜𝑏𝑒(𝑠𝑝𝑜𝑡 −

𝑇𝐴(𝑠𝑝𝑜𝑡))
j
` − 273		(6)

(Hoyt,	et	al.	2017)	
where:	
Top(spot)	 is	 the	 operative	 temperature	 around	 the	
occupant,	TA(spot)	 is	the	air	temperature	around	the	
occupant,	 WS(spot)	 is	 the	 wind	 speed	 around	 the	
occupant,	Tmrt(spot)	is	the	mean	radiant	temperature	
around	the	occupant,	ε	 is	emissivity	equal	to	0.95	for	
globe	with	diameter	of	0.075m	,	D	is	the	diameter	of	the	
globe.	

RESULTS	

Reported	and	observed	adaptive	behaviours	
during	the	rainy	season	
Both	 doctors	 (25%)	 and	 head	 nurses	 (7.14%)	
considered	 their	 physiological	 capacity	 of	 thermal	
acclimatisation	 their	 most	 substantial	 aspect	 of	
thermal	 adaptability,	 followed	 by	 the	 adaptive	
behaviour	 of	 taking	 a	 break	 (17.86%	 for	 doctors,	
7.14%	for	nurses)	(Figure	3a).	Although	only	46.58%	
of	 nurses	 reported	 having	 changed	 their	 metabolic	
rates	over	the	last	hour	before	the	T.C.I.,	an	adaptation	
of	metabolic	rates	through	recent	rehydration	and	food	
consumption	 were	 reported	 by	 nurses	 (43.84%,	
35.62%),	 patients	 (56.00%,	 62.00%)	 and	 visitors	
(43.75%,	 29.17%)	 (Figures	 3b-c).	 Moving	 to	 cooler	
places	 and	 asking	 for	 help	 accounted	 for	 the	 most	
prevalent	adaptive	behaviours	among	nurses	(10.48%,	
14.7%),	patients	(1.61%,	6.45%)	and	visitors	(12.90%,	
4.84%)	 (Figure	 3b).	 However,	 a	 minority	 of	 nurses	
(12.33%)	 and	 patients	 (4.00%)	 admitted	 having	
changed	 their	 locations	over	 the	 last	hour	before	 the	
T.C.I.	 (Figure	 3c).	 Although	 clothing	 adaptation	 was	
mentioned	during	the	semi-structured	interviews	with	
doctors	(10.71%)	and	head	nurses	(3.57%),	changing	
clothes	 was	 a	 very	 uncommon	 behaviour	 among	 all
occupant	types	(Figures	3a-c).
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a)	

b)	

c)	

Figure	3.	Clustered	bar	graphs	with	percentages	of	reported	
adaptive	behaviours	for	the	restoration	of	thermal	comfort	
among	diverse	hospital	occupant	types	during	the	rainy	

season:	a)	adaptive	behaviours	reported	by	head	nurses	and	
doctors	during	the	semi-structured	interviews	(n=21);	b)	

adaptive	behaviours	reported	by	nurses,	patients,	and	visitors	
during	the	T.C.Is.	(response	rate	28.28%);	c)	adaptive	

behaviours	over	the	last	hour	before	the	T.C.Is.	reported	by	
nurses,	patients,	and	visitors	(response	rate	100%).	Source:	

Author.	
Whereas	moving	closer	to	a	window	was	the	prevailing	
behaviour	 among	both	 nurses	 (81.51%)	 and	 visitors	
(75.00%)	 over	 the	 last	 hour	 before	 the	 T.C.I.	 and	
window-opening	 (66.39%)	 was	 the	 most	 popular	
frequent	 interaction	 with	 existing	 environmental	
controls	 (Figures	 3b-c),	 median	 percentages	 of	
changes	in	the	percentages	of	open	apertures	between	
the	 morning	 and	 the	 evening	 shifts	 stood	 between	
0.00%	(0.06<SD>0.11)	and	4.5%	(SD=0.12)	in	all	case-
study	buildings	(Figure	4b)	Although	nurses	directed	
the	 operation	 of	 the	 existing	 environmental	 controls	
(window-opening	87.04%,	door-opening	63.83%	and	
fan-operation	78.48%)	(Figure	 4a),	 opportunities	 for	
interaction	 with	 existing	 controls	 in	 close	 distance	
occurred	 to	all	occupant	 types	 (Figure	4c).	However,	
adaptive	 behaviours	 affected	 the	 variation	 across	 all	
types	 of	 thermal	 comfort	 votes	 in	 relation	 to	 indoor	
temperature,	 relative	 humidity,	 and	 airflow	 only	
among	patients	(Cramer's	V	effect	sizes	from	0.27-0.70,	
p-value<0.001),	with	window-opening	accounting	for	
49%	 (Cramer's	 V	 effect	 size	 0.70,	 p-value<0.001)	 of
their	preference	votes	about	indoor	relative	humidity	
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(Figure	5).	Overall,	despite	the	observed	discrepancies	
between	 preferred	 adaptive	 behaviours,	 existing	
adaptive	 capacity	 and	 performed	 adaptive	 actions,	
votes	 of	 satisfaction	 (69,67%)	 with	 existing	
environmental	 controls	 prevailed,	 with	 nurses	
expressing	 the	 highest	 levels	 of	 content	 (63.53%)	
(Figure	4d).	
a)	

b)	

c)	

d)	

Figure	4.	Descriptive	graphs	of	the	reported	and	observed	
interactions	with	existing	environmental	controls	during	the	
rainy	season:	a)	pie	chart	with	the	distributions	per	occupant	
type	of	high	and	moderate	frequency	of	interaction	with	
windows,	doors	and	fans;	b)	boxplots	of	differences	in	the	

percentages	of	open	apertures	(%)	between	the	morning	and	
the	evening	shifts	during	the	rainy	season;	c)	pie	charts	of	the	
distributions	per	occupant	type	of	the	proximity	in	a	distance	
equal	or	less	than	1.50m	from	existing	environmental	controls	
at	the	time	of	the	T.C.I.;	d)	Stacked	bar	(100%)	graphs	of	the	

distribution	of	different	occupant	types	for	different	
satisfaction	levels.	Source:	Author.	

Recorded	thermal	conditions,	modelled	
overheating	and	reported	thermal	comfort	during	
the	rainy	and	the	dry	seasons	
At	 the	 hospital	 site	 during	 both	 seasons,	 whereas	
outdoor	 environmental	 conditions	 slightly	 differed	
from	 historical	 levels,	 significant	 deviations	 were	
monitored	 by	comparison	 to	 the	microclimate	at	 the	
meteorological	 station	 (Table	 2).	 Mean	 indoor	
temperature	 (28.14⁰C	 rainy	 season,	 29.56⁰C	 dry	
season)	remained	close	to	the	comfort	zone	defined	by	
the	upper	 limit	 for	90%	acceptability	of	 the	ASHRAE	
55:2013	standard	(29.09⁰C	rainy	season,	29.10⁰C	dry	
season)	by	far	exceeding	those	defined	by	the	low	limit	
(24.09⁰C	rainy	season,	24.10⁰C	dry	season)	(Table	2).	
Mean	 indoor	 relative	 humidity	 levels	 stood	within	 a	
range	 of	 unhealthy	 levels	 (81.10%	 rainy	 season,	
67.84%	 dry	 season)	 while	mean	 indoor	 wind	 speed	
indicated	weak	airflows	(0.35	m/s	rainy	season,	0.80	
m/s	dry	season).		
Table	2.	Descriptive	statistics	of	the	recorded	environmental	

data	and	modelled	comfortable	temperature	range.	
Environmental	
variable	

Rainy	season	 Dry	season	

Mean	(SD)	 Mean	(SD)	
TAext(His)(⁰C)	 25.35	(3.14)	 28.48	(5.53)	
TAext(S1(⁰C)	 27.42	(2.33)	 28.87	(1.96)	
TAext(Meteo)(⁰C)	 -	 26.11	(1.16)	
TA(in)(⁰C)	 28.14	(1.11)	 29.56	(1.30)	
Tcom(low	limit)	
(ASHRAE	55:2013)	

24.09	(0.03)	 24.10	(0.01)	

Tcom(upper	limit)	
(ASHRAE	55:2013)	

29.09	(0.03)	 29.10	(0.01)	

RHext(His)(%)	 87.80(10.85)	 75.01	(17.51)	
RHext(S1)(%)	 80.07	(7.93)	 66.22	(8.84)	
RHext(Meteo)(%)	 -	 82.76	(9.60)	
RH(in)(%)	 81.07	(6.89)	 67.84	(7.51)	
WS(His)(m/s)	 3.96	(2.21)	 4.16	(2.53)	
WS(in)(m/s)	 0.35	(0.35)	 0.80	(0.62)	

Among	 many	 participants,	 a	 vote	 of	 neutrality	 of	
thermal	sensation	was	not	necessarily	matched	with	a	
vote	 of	 comfort	 and	 acceptability	 of	 the	 thermal	
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conditions.	 Therefore,	 the	 sensation	 votes	 were	
combined	with	both	comfort	and	acceptability	votes	to	
determine	the	context-specific	comfort	zone.	Votes	of	
comfort	 and	 content	 were	 linked	 with	 median	
Top(spot)	values	standing	from	29.50	to	31oC,	median	
RH(spot)	values	varying	from	65	to	75%	and	median	
WS(spot)	 values	 in	 the	 0.40-0.55	 m/s	 region	 with	
patients	 expressing	 the	 lowest	 tolerance	 levels	 of	
indoor	 temperature	 and	 airflows	 (Figure	 6a).	
Acceptable	 thermal	 conditions	 estimated	 as	 the	
intersection	points	between	 the	 two	probit	curves	of	
the	preference	votes	for	warmer	or	cooler	and	for	less	
or	 more	 humid	 conditions	 showed	 that	 exposure	 to	
higher	 levels	 of	 indoor	 temperatures	 increases	
sensitivity	to	discomfort	with	the	acceptable	range	of	
Top(spot)	 values	 being	 lower	 during	 the	 dry	 season	
(28.20-29.38oC).	 Similarly,	 the	 acceptable	 range	 of	
RH(spot)	 values	 was	 lower	 during	 the	 rainy	 season	
(66.25-69.75%).	 However,	 cumulative	 proportions	
remained	lower	than	50%.	Acceptable	indoor	airflows	
stood	at	0.90	m/s	during	both	seasons.		

a)	indoor	operative	temperature	(oC)

b)	indoor	relative	humidity	(%)

c)	indoor	wind	speed	(m/s)

Figure	6.	Boxplot	of	comfortable	thermal	conditions:	a)	
indoor	operative	temperature	(oC)(Top(spot));	b)	
indoor	relative	humidity	(%);	c)	indoor	wind	speed	

(m/s).	Source	Author.	
Night-time	 overheating,	 which	 was	 calculated	
according	 to	 the	 low	 limit	 for	 90%	 acceptability	
ASHRAE	55:2013	model,	was	more	severe	in	all	case-
study	 buildings	 than	daytime	 overheating,	 especially	
during	 the	 dry	 season.	 Differentiations	 in	 indoor	
thermal	exposure	between	the	interviewed	nurses	and	
the	 rest	 of	 the	 occupants	 introduced	 a	 statistically	
significant	variation	only	in	terms	to	their	exposure	to	
higher	levels	of	indoor	RH(spot)	and	WS(spot)	values	
(Figure	 7).	 Temperature-related	 preference	 votes	
were	 slightly	 influenced	 by	 Tem(out)	 and	 RH(out)	
values	only	among	nurses	and	patients,	while	changes	
in	 RH(spot)	 values	 had	 a	 more	 severe	 impact	 on	
temperature-related	 sensation	 votes	 than	 the	
Top(spot)	 values,	 especially	 among	 nurses	 and	
patients	 and	 higher	 WS(spot)	 values	 improved	 the	
perception	of	comfort	only	among	patients	(Figure	8).	

DISCUSSION	
The	high	levels	of	awareness	for	adaptive	behaviours	
among	all	occupant	 types	were	not	 reflected	 in	 their	
realised	adaptive	actions.	“Soft”	interventions	that	can	
provide	 rehydration	 and	 outdoor	 cooling	
opportunities	are	likely	to	reduce	thermal	discomfort	
in	overheated	hospital	spaces	with	limited	resources.	
However,	 the	 lack	 of	 significant	 thermal	 exposure	
variation	among	nurses,	who	had	higher	capacity	 for	
adaptive	 behaviours,	 showed	 that	 environmental	
engineering	 drivers	 of	 differentiations	 in	 thermal	
exposures	cannot	be	ignored.	Their	positive	impact	is	
likely	 to	 be	 stronger	 among	 patients,	 whose	
dissatisfaction	 with	 existing	 environmental	 controls	
might	be	the	highest	while	their	thermal	adaptability	
remains	the	lowest;	thus,	increasing	their	vulnerability	
to	thermal	distress.	Contrary	to	this	project’s	findings,	
patients	 in	 hospitals	 in	 high-income	 countries	
expressed	during	thermal	comfort	surveys	the	highest	
levels	 of	 satisfaction	 with	 indoor	 environments	 (De	
Giuli,	et	al.,	2013;	Del	Ferraro,	et	al.,	2015,	Verheyen,	et	
al.,	2011).		
Estimating	 indoor	 overheating	 in	 hospital	 spaces	 in	
both	 temperate	and	 equatorial	 climates	according	 to	
the	existing	adaptive	thermal	comfort	indexes	resulted	
in	overestimating	thermal	discomfort	in	inpatient	and	
outpatient	 facilities	 (Ferraro,	et	al.,	2015;	Alotaibi,	et	
al.,	2020;	Azizpour,	et	al.,	2013).	Furthermore,	the	lack	
of	both	air-conditioning	and	climate-responsive	design	
for	the	reinforcement	of	passive	cooling	can	exacerbate	
the	 impact	 of	 indoor	 thermal	 conditions	 in	 crowded	
indoor	spaces	with	hot-humid	conditions	limiting	the	
applicability	 of	 existing	 adaptive	 thermal	 comfort	
indexes	 that	 consider	 outdoor	 temperatures	 as	 the	
main	predictor	of	indoor	overheating.	According	to	the	
only	 available	 data	 about	 recorded	 overheating	 in	
occupied	 hospital	 spaces	 with	 restrained	 resources,	
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waiting	 rooms	 in	 the	 rural	 health	 centres	 in	 Giyani,	
South	Africa	were	severely	overheated	(Wright,	et	al.,	
2017).		
The	 range	 of	 acceptable	 temperatures	 in	 air-
conditioned	hospital	spaces	across	the	equatorial	zone	
lied	between	23.20	to	35oC	in	Kuala	Lumpur,	Malaysia	
(Yau	&	Chew,	2014;	Khalid,	et	al.,	2019;	Azizpour,	et	al.	
2013)	 and	 from	 20.00	 to	 29.30oC	 in	 Thailand	
(Sattayakorn,	et	al.,	2017)	and	in	naturally	ventilated	
waiting	 rooms	 in	 Madagascar	 stood	 between	 24.50		
and	 27.50oC	 (Nematchoua,	 et	 al.,	 2017).	 Although	
differences	 in	 physiological	 thermoregulation	 and	
acclimatisation	 at	 a	 personal	 level,	 operational	
requirements,	building	services,	and	outdoor	climates	
increase	incomparability	of	the	existing	evidence,	this	
project's	findings	indicated	high	thresholds	of	thermal	
discomfort.	 Despite	 the	 recorded	 high	 levels	 of	
acclimatisation,	monitored	indoor	thermal	conditions	
in	 the	 case-study	 wards	 demonstrated	 significant	
overheating	 that	was	incompatible	with	 their	 clinical	
purpose.	
Similar	to	this	project’s	 findings,	higher	sensitivity	 in	
thermal	 discomfort	 has	 been	 found	 during	 seasons	
with	 more	 extreme	 thermal	 conditions	 in	 hospital	
spaces	in	the	Netherlands	(Derks,	et	al.,	2018)	and	in	
hospital	spaces	in	Iran	(Pourshaghaghy,	et	al.,	2012).	
As	 several	 studies	 have	 shown,	 tolerance	 to	 higher	
temperatures	 increases	at	 lower	humidity	 levels	and	
higher	airflows	(Cândido,	et	al.,	2011).	 In	overheated	
naturally	 ventilated	 multi-bed	 wards	 across	 the	
equatorial	 zone,	 a	 holistic	 understanding	 of	 thermal	
discomfort	 that	 integrates	 the	 influence	 of	 both	
humidity	 and	 airflow	 can	 extend	 the	 spectrum	 of	
possible	 interventions.	 Furthermore,	 in	 hospital	
spaces,	 ventilative	 cooling,	 thermal	 comfort	 and	
infection	 control	 are	 intertwined.	 Although	 the	
effectiveness	 of	 infection	 control	 through	 natural	
ventilation	remains	a	controversial	issue	(Atkinson,	et	
al.,	 2009),	 optimal	 ventilation	 performance	 through	
personalised	 control	 combined	with	minimization	 of	
the	duration	of	 the	exposure,	and	 the	viral	dose,	 can	
strengthen	 the	 protection	 against	 airborne	 infection	
and	mitigate	thermal	discomfort.	

CONCLUSIONS	
Climate-resilient	hospital	buildings	compose	climate-
resilient	 health	 systems	 (WHO,	 2015).	 In	 naturally	
ventilated	 wards	 with	 limited	 resources	 and	 hot-
humid	conditions,	the	integration	of	occupant	adaptive	
behaviours	in	established	safe	healthcare	practices	can	
alleviate	unequal	vulnerabilities	to	thermal	discomfort	
while	 strengthening	 the	 hospital’s	 role	 in	 climate-
resilient	 health	 systems.	 Furthermore,	 by	 increasing	
the	 space	 cooling	 potential	 of	 natural	 ventilation,	
carbon	 emissions	 from	 air-conditioning	 can	 be	
reduced.		
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Nomenclature	
TAext(His)(⁰C)=	 historical	 outdoor	 air	 temperature;	
TAext(S1(⁰C)=	 outdoor	 air	 temperature	 at	 hospital’s	
site;	 TAext(Meteo)(⁰C)=	 outdoor	 air	 temperature	 at	
local	 meteorological	 station;	 TA(in)(⁰C)=	 indoor	 air	
temperature;	 Tcom(low	 limit)=	 comfortable	 indoor	
temperature	 according	 to	 the	 low	 limit	 with	 90%	
acceptability	 model	 of	 the	 ASHRAE	 55:2013;	
Tcom(upper	 limit)=	 comfortable	 indoor	 temperature	
according	 to	 the	UPPER	 limit	with	90%	acceptability	
model	 of	 the	 ASHRAE	 55:	 2013;	 RHext(His)(%)=	
historical	 relative	 humidity;	 RHext(S1)(%)=	 outdoor	
relative	humidity	at	hospital’s	site;	RHext(Meteo)(%)=	
outdoor	 relative	 humidity	 at	 local	 meteorological	
station;	 RH(in)(%)=	 indoor	 relative	 humidity;	
WS(His)(m/s)=	 historical	 outdoor	 wind	 speed;	
WS(in)(m/s)=	 indoor	 wind	 speed;	 Top(spot)(⁰C)=	
operative	 temperature	 around	 occupant;	
RH(spot)(%)=	 relative	 humidity	 around	 occupant	
WS(spot)	(m/s)=	wind	speed	around	occupant;	Trm=	
running	 mean	 outdoor	 temperature.;	 Tmrt(spot)=	
mean	radiant	temperature	around	occupant.	

REFERENCES	
Alotaibi,	B.	S.,	Lo,	S.,	Southwood,	E.,	Coley,	D.	(2020).	

“Evaluating	the	suitability	of	standard	thermal	
comfort	approaches	for	hospital	patients	in	air-
conditioned	environments	in	hot	climates”.	
Building	and	Environment,	169.	
https://doi.org/10.1016/j.buildenv.2019.106561	

American	Society	of	Heating,	Refrigerating	and	Air	
Conditioning	Engineers	(2013).	ASHRAE	Standard	
55-2013:	Thermal	Environmental	Conditions	for
Human	Occupancy.	Atlanta,	GA:	American	Society
of	Heating,	Refrigerating	and	Air-Conditioning
Engineers.

Atkinson,	J.,	Chartier,	Y.,	Pessoa-Silva,	C.	L.,	Jensen,	P.,	
Li,	Y.	and	Seto,	W.	H.		(2009).	Natural	ventilation	
for	infection	control	in	health	care	settings.	
Geneva:	World	Health	Organisation.	
http://apps.who.int/iris/bitstream/handle/1066
5/44167/9789241547857_eng.pdf;jsessionid=8E
D78D89F1ED9755F19340C0A7EC225C?sequenc
e=1	

Healthy Buildings 2021 – Europe

- 552 -



Azizpour,	F.,	Moghimi,	S.,	Salleh,	E.,	Mat,	S.,	Lim,	C.H.,	
Sopian,	K.	(2013).	“Thermal	comfort	assessment	
of	large-scale	hospitals	in	tropical	climates:	A	case	
study	of	University	Kebangsaan	Malaysia	Medical	
Centre	(UKMMC)”.	Energy	and	Buildings,	64,	317–
322.	
https://doi.org/10.1016/j.enbuild.2013.05.033	

Baird,	G.	(1969).	“Air	change	and	air	transfer	in	a	
hospital	ward	unit”.	Building	Science,	3,	113-124.	

Borgeson,	S.	&	Brager	G.	(2008).	Occupant	control	of	
windows:	accounting	for	human	behaviour	in	
building	simulation.	Berkeley:	Center	for	the	Built	
Environment	(CBE).	
https://escholarship.org/uc/item/5gx2n1zz	

Cândido,	C.,	de	Dear.	R.,	Lamberts,	R.	(2011).	
“Combined	thermal	acceptability	and	air	
movement	assessments	in	a	hot	humid	climate”.	
Building	and	Environment,	246(2),	379-385. 
https://doi.org/10.1016/j.buildenv.2010.07.032	

Carmichael,	C.,	Bickler,	G.,	Kovats,	S.,	Pencheon,	D.,	
Murray,	V.,	West,	C.,	Doyle,	Y.	(2013).	
“Overheating	and	hospitals	–	What	do	we	know”?	
Journal	of	Hospital	Administration,	2	(1),	1-8.	
http://www.sciedupress.com/journal/index.php/
jha/article/view/1651	

Chartered	Institution	of	Building	Services	Engineers	
(CIBSE)	(2006).	Environmental	Design	CIBSE	
Guide	A.	Chartered	Institution	of	Building	
Services.	
https://www.academia.edu/15694416/Environ
mental_design_CIBSE_Guide_A	

De	Giuli,	V.,	Zecchin,	R.,	Salmaso,	L.,	Corain,	L.,	De	Carli,	
M. (2013).	“Measured	and	perceived	indoor	
environmental	quality:	Padua	hospital	case
study”.	Building	and	Environment,	59,	211–226.
https://doi.org/10.1016/j.buildenv.2012.08.021	

Derks,	T.H.,	Mishra,	A.K.,	Loomans,	M.G.L.C.,	Kort,	
H.S.M.	(2018).	“Understanding	thermal	comfort	
perception	of	nurses	in	a	hospital	ward	work	
environment”.	Building	and	Environment,	140,	
119–127.	
https://doi.org/10.1016/j.buildenv.2018.05.039	

Eijkelenboom,	A.M.	and	Bluyssen,	P.	(2019).	“Comfort	
and	health	of	patients	and	staff	related	to	the	
physical	environment	of	different	departments	in	
hospitals:	a	literature	review”.	Intelligent	
Buildings	International.	
https://doi.org/10.1080/17508975.2019.161321
8	

Ferraro,	S.D.,	Iavicoli,	S.,	Russo,	S.,	Molinaro,	V.	(2015).	
“A	field	study	on	thermal	comfort	in	an	Italian	
Hospital	considering	differences	in	gender	and	
age”.	Applied	Ergonomics,	50,	177–184.	
https://doi.org/10.1016/j.apergo.2015.03.014	

Hoyt,	T.,	Schiavon,	S.,	Piccioli,	A.,	Cheung,	T.,	Moon,	D.,	
Steinfeld,	K.	(2017).	CBE	thermal	comfort	tool,	
center	for	the	Built	Environment,	University	of	
California	Berkeley.	
https://comfort.cbe.berkeley.edu/	

Khalid,	W.,	Zaki,	S.	A.,	Rijal,	H.	B.,	Yakub,	F.	(2019).	
Investigation	of	comfort	temperature	and	thermal	
adaptation	for	patients	and	visitors	in	Malaysian	
hospitals.	Energy	and	Buildings,	183	(4),	84–99.	
https://doi.org/10.1016/j.enbuild.2018.11.019	

Kigali	Cooling	Efficiency	Program.	(2018).	Global	
Climate	Impact	from	Hospital	Cooling.	Kigali	
Cooling	Efficiency	Program.	https://www.k-
cep.org/wpcontent/uploads/2018/10/Kigali_CEP
_GlobalHospitalCooling_102418.pdf	

Keyhole,	Inc.	(2001).	Google	Earth	[Computer	
software].	Google.	

Koettek,	M.,	Grieser,	J.,	Beck,	C.,	Rudolf,	B.	and	Rubel,	F.	
(2006).	“World	map	of	Köppen-	Geiger	climate	
classification	updated”.	Meteorologische	
Zeitschrift,	15,	259-263.	
https://www.weather.gov/media/jetstream/glob
al/Koppen-Geiger.pdf	

Koutroumpi,	Stavroula	K.	(2020).	Identifying	gaps	of	
knowledge	about	thermal	comfort	in	naturally	
ventilated	wards	in	hot-humid	settings.	Global	
Journal	of	Engineering	Sciences,	vol.6	(2),2020.	
https://irispublishers.com/gjes/abstract/identify
ing-gap-of-knowledge-about-thermal-comfort-in-
naturally-ventilated-wards-in-hot-
humid.ID.000632.php		

Lehmann,	E.L.,	(2006).	Nonparametric:	Statistical	
Methods	Based	on	Ranks.	Springer-Verlag.	

McHugh,	M.	(2018).	“Cramér’s	V	coefficient”,	in	Frey,	
B.	B.	The	SAGE	encyclopaedia	of	educational	
research,	measurement,	and	evaluation.	SAGE	
Publications,	Inc.	

Chu,	S.	and	A.	Majumdar	(2012).	“Title	of	examples	for	
journal	papers	reference	style”.	Nature,	488(2),	
294–303.	https://doi.org/10.1111/bjh.16749		

Chu,	S.	and	A.	Majumdar	(2012).	“Title	of	examples	for	
journal	papers	reference	style”.	Nature,	488(2),	
294–303.	https://doi.org/10.1111/bjh.16749		

Nematchoua,	M.	K.,	Ricciardi,	P.,	Reiter,	S.,	Asadi,	S.,	
Demers,	C.	M.H.	(2017).	“Thermal	comfort	and	
comparison	of	some	parameters	coming	from	
hospitals	and	shopping	centres	under	natural	
ventilation:	The	case	of	Madagascar	Island”.	
Journal	of	Building	Engineering,	13,	196-206.	
https://doi.org/10.1016/j.jobe.2017.07.014	

Pourshaghaghy,	A.	and	Omidvari,	M.	(2012).	
“Examination	of	thermal	comfort	in	a	hospital	
using	PMV–PPD	model”.	Applied	Ergonomics,	43	
(6),	1089–1095.	
https://doi.org/10.1016/j.apergo.2012.03.010	

Healthy Buildings 2021 – Europe

- 553 -



QSR	International	(2017).	NVivo	11	[Computer	
software].	
Sattayakorn,	S.,	Ichinose,	M.,	Sasaki,	R.	(2017).	

“Clarifying	thermal	comfort	of	healthcare	
occupants	in	tropical	region:	A	case	of	indoor	
environment	in	Thai	hospitals”.	Energy	and	
Buildings,	149,	45-57.	
https://doi.org/10.1016/j.enbuild.2017.05.025	

Shi,	Z.,	Qian,	H.,	Zheng,	X.,	Lv,	Z.,	Li,	Y.,	Liu,	L.,	Nielsen,	
P. V.	(2018).	“Seasonal	variation	of	window
opening	behaviours	in	two	naturally	ventilated
hospital	wards”.	Building	and	Environment,	130,
85–93.
https://doi.org/10.1016/j.buildenv.2017.12.019	

Short,	C.A.,	Lomas,	K.J.,	Giridharan,	R.,	Fair.,	A.J.	(2012).	
Building	resilience	to	overheating	into	1960s	UK	
hospital	buildings	within	the	constraint	of	the	
national	carbon	reduction	target:	adaptive	
strategies.	Building	and	Environment,	55,	73–95.		
https://doi.org/10.1016/j.buildenv.2012.02.031	

StataCorp	LLC	(2019).	STATA	(SE	16)	[Computer	
software].	

Sterling,	E.M.,	Arundel,	A,	Sterling,	T.D.	(1985).	
Criteria	for	human	exposure	to	humidity	in	
occupied	buildings	(part	1).	AHRAE	Transactions,	
91	(1),	612-622.	
http://sterlingiaq.com/photos/1044922973.pdf	

Verheyen,	J.,	Theys,	N.,	Allonsius,	L.,	Descamps	(2011).	
“Thermal	comfort	of	patients:	objective	and	
subjective	measurements	in	patient	rooms	of	a	
Belgian	healthcare	facility”.	Building	and	
Environment,	46,	1195–1204.	
https://doi.org/10.1016/j.buildenv.2010.12.014	

World	Health	Organization.	(2015).	Operational	
framework	for	building	climate	resilient	health	
systems.	World	Health	Organization.	
http://webcache.googleusercontent.com/search?
q=cache:QjytSRM8yzQJ:https://www.who.int/act
ivities/supporting-countries-to-protect-human-
health-from-climate-change/climate-resilient-
health-systems&hl=en&gl=uk&strip=0&vwsrc=0	

World	Health	Organisation.	(2020).	Guidance	for	
Climate-Resilient	and	Environmentally	Sustainable	
Health	Care	Facilities.	Geneva.	

https://www.who.int/publications/i/item/97892400
12226	

Wright,	D.B.	&	London,	K.	(2009).	First	(and	second)	
steps	in	statistics	(2nd	ed.).	SAGE	Publications	

Wright,	C.Y.,	Street,	R.A.,	Cele,	N.,	Kunene,	Z.,	
Balakrishna,	Y.,	Albers,	P.N.	(2017).	Indoor	
temperatures	in	patient	waiting	rooms	in	eight	
rural	primary	health	care	centres	in	Northern	
South	Africa	and	the	related	potential	risks	to	
human	health	and	wellbeing.	International	Journal	
of	Environmental	Research	and	Public	Health,	14	
(1),	1-11.	https://res.mdpi.com/ijerph/ijerph-14-
00043/article_deploy/ijerph-14-00043.pdf	

A.T.S.V.	 A.T.C.V.	 A.T.P.V.	 A.R.H.S.V.	 A.R.H.C.V.	 A.R.H.P.V.	 A.W.S.S.V.	 A.W.S.P.V.	
Opening	
windows	
Patients	rainy	
season	(n=50)	

0.70	(5)	 0.54	(4)	 0.45	(2)	

(p.value<0.001)	 (p.value<0.01)	 (p.value<0.01)	
Opening	doors	
Nurses	dry	
season	(n-146)	

0.38	(6)	 0.30	(3)		 0.51	(5)	 0.32	(3)	 0.42	(5)	

(p.value<0.01)	 (p.value<0.01)	 (p.value<0.001)	 (p.value<0.01)	 (p.value<0.001)	
Switching	on	
fans	
Patients	dry	
season	(n=137)	

0.52	(4)	 0.42	(5)	 0.43	(4)		 0.27	(4)	 0.37	(5)	

(p.value<0.001)	 (p.value<0.001)	 (p.value<0.001)	 (p.value<0.001)	 (p.value<0.01)	
Water	
consumption	
Patients	dry	
season	(n=50)	

0.52	(5)	

(p.value<0.01)	
Visitors	rainy	
season	(n=48)	

0.51	(4)		

(p.value<0.01)	
Food	
consumption	
Patients	rainy	
season	(n=50)	

0.50	(5)	 0.56	(5)		 0.49	(3)		 0.66	(5)	 0.47	(2)	

(p.value<0.01)	 (p.value<0.01)	 (p.value<0.01)	 (p.value<0.001)	 (p.value<0.01)	
Red	for	very	strong	correlations	(0.70)	I	Pink	for	strong	correlation	(0.50-0.69)	I	Light	pink	for	moderate	correlation	(0.30-0.49)	I	Light	blue	for	weak	correlation	(0.20-0.29)	

Figure	5.	Matrix	of	Cramer’s	V	effect	size	in	statistically	significant	bivariate	correlations	between	thermal	comfort	votes	and	
adaptive	behaviours	in	different	samples	of	occupant	types	who	participated	in	the	T.C.Is.	Source:	Author.	

Top.(spot)(oC)	 R.H.(spot)(%)	 W.S.(spot)(m/s)	
median	dif.	 Wilcoxon	rank-sum	test		 median	dif.	 Wilcoxon	rank-sum	test	 median	dif.	 Wilcoxon	rank-sum	

test	
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Overall	(n=730)	 -0.05 do	not	reject	Ho	
(exact	Prob.>0.05)	

2.19	 reject	Ho	
(exact	Prob.<0.001)	

0.09	 reject	Ho	
(exact	Prob.<0.001)	

Total	
satisfied	with	
environmental	controls	
(n=578)	

-0.14 do	not	reject	Ho	
(exact	Prob.>0.05)	

2.59	 reject	Ho	
(exact	Prob.<0.001)	

0.09	 reject	Ho	
(exact	Prob.<0.001)	

Total	close	(<=1.50m)	to	a	
window	area	with	open	
windows(n=338)	

-0.22 do	not	reject	Ho	
(exact	Prob.>0.05)	

3.26	 reject	Ho	
(exact	Prob.<0.001)	

0.08	 reject	Ho	
(exact	Prob.<0.001)	

Figure	7.	Results	of	the	Wilcoxon	rank-sum	test	(Ho:	null	hypothesis	of	equality	in	variance)	between	the	nurses	and	
the	rest	of	the	hospital	occupants,	who	participated	in	the	T.C.Is.,	in	three	different	samples	of	the	Top.(spot)(⁰C),	

R.H.(spot)(%)	and	W.S.(spot)(m/s)	values	.	Source	Author.

Figure	8.	Scatterplots	with	fitted	lines	(95%	confidence	bands)	of	linear	regression	between	the	reported	thermal	
comfort	votes	from	nurses,	patients	and	visitors	and	the	recorded	environmental	conditions.	The	data	have	been	

grouped	into	bins.	Source	Author.	
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ABSTRACT 

A CFD (computational Fluid Dynamics) simulation 
model of the porous ceiling radiant air-conditioning 
system was established to study the influence of the 
ceiling temperature and envelope temperature 
(including the temperature of the walls and the floor 
of a room) on the thermal environment in the room 
equipped with such a system. The results showed that, 
for the summer condition, higher ceiling temperatures 
would result in higher indoor air temperature and 
higher Predicted Percentage Dissatisfied (PPD), which 
meant potential discomfort of occupants in the room. 
For the winter condition, however, a higher ceiling 
temperature within 28°C would result in a lower PPD, 
thus improved the thermal comfort. Considering the 
energy-conservation, the thermal comfort could be 
assured if the ceiling temperature was not more than 
28°C. As for the effect of envelope temperature, the 
result showed that the increase in the envelope 
temperature during summer could result in a higher 
indoor air temperature, but the thermal comfort of 
occupants could still be ensured under such condition. 
Considering both the thermal comfort and the energy-
conservation, a ceiling temperature of 18°C 
(underside surface temperature of the ceiling) and an 
envelope temperature between 26°C and 32°C were 
proved appropriate for the summer. Similarly, based 
on the simulation results, a ceiling temperature of 
26°C, and an envelope temperature between 8°C and 
11°C were found appropriate for the winter. The 
results indicated that for the porous ceiling radiant 
air-conditioning system, ceiling temperature should 
be controlled to increase the ratio of radiant heat 
transfer in the summer, and the envelope 
temperature should be lowered to improve the 
energy-conservation of the system. In the winter, the 
heat transfer by radiation of the porous ceiling would 
account for a larger ratio, therefore the system 
showed good heating capacity and energy-
conservation performance in winter. 

KEYWORDS 

radiant air-conditioning; thermal environment; air 
temperature; PPD index 

INTRODUCTION 

It has been reported that the energy consumption on 
buildings in China accounts for nearly 40% of the total 
social energy cost, among which the energy 
consumption on heating and air-conditioning 
accounts for 20% approximately. Moreover, over 90% 
of the buildings in China are heavy energy-
consumption ones, the energy consumption of which 
on heating and air-conditioning per square meters 
reaches up to 3 times that found in other developed 
countries. Therefore, it is important to reduce the 
energy consumption on heating and air-conditioning 
in buildings by developing new technologies.  

The porous ceiling radiant air-conditioning system is 
one kind of new energy-saving technologies in 
buildings. The heating and cooling of the system are 
realized by convection heat transfer of the air flowing 
into the room through holes in the ceiling, and 
radiation heat transfer of the porous ceiling. The ratio 
of these heat transfer can be adjusted according to the 
local climate. The system is characteristic of energy-
conservation and comfortableness comparing to the 
traditional air conditioning system, in addition it can 
avoid condensation problem in the room. 

Based on the heat transfer theory and the analysis of 
the porous ceiling radiant air-conditioning system, as 
well as our previous research, a simulation model was 
established to study the thermal environment of a 
room equipped with the system. 

METHODS 

Numerical simulation with CFD was adopted to study 
the thermal environment of a reading room in a 
university in south China. The dimensions of the 
reading room are 3400mm in length, 2000mm in 
width and 3000mm in height (shown in Figure 1a). 
The key component of the radiant air conditioning 
system is the energy storage area that is installed at 
the top of the room. This area is a cavity with 3 air 
inlets at one side and 3 air outlets at the other side. 
Meanwhile, the bottom of this area is the porous 
ceiling that allows the air to flow through and enter 
the room. Consequently, both convective and radiant 
heat transfer are included in this system. The air flow 
and heat transfer process are depicted in Fig 1b.
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The energy storage area has a height of 300mm. 
There are 3 inlets (230mm in length and 120mm 
in height) at the south side and 5 outlets (230mm 
in length and 120mm in height) at the north side of 
the energy storage area. The porous ceiling 
consists of 14 smaller ceilings (600mm in length 
and 600mm in width) and 1 piece with fluorescent 
lamp panel. The model is shown below.  

a)

b)
Figure 1 Diagrammatic sketch of the room with porous 
ceiling radiant air-conditioning system (a: structure of the 
air-conditioning system; b: air flow and heat transfer 
process of the system) 

The boundary conditions of the model were 
determined according to the theories and features 
of the system. The open porosity and the aperture 
of the ceiling were 2.14% and 1cm, respectively. 
The supply air temperature was 10 °C in summer 
and 35 °C in winter. By controlling the supply air 
flow rate, the ceiling temperature could be 
controlled at 16°C, 18°C and 20°C at summer 
condition, and 24°C, 26°C and 28°C at winter 
condition. As for the heat gain from the walls of the 
room, the constant wall temperature boundary 
condition was adopted to simplify the simulation. 
The wall and floor temperature used in the 
simulation was the mean inner surface 
temperature of each surface from 9:00 to 17:00, 
which was measured by our team before the 
simulation. As for the heat gain from the lamp at 
the centre of the ceiling, we ignored it because its 
heat dissipation is much less than that of the 
ceiling.  

Table 1. The temperature of the inner surface of the room 
(°C) 

Considering the PPD (predicted percentage of 
dissatisfied) index provides an estimate of how 
many occupants in a space would feel dissatisfied 
by the thermal conditions, we selected it as an 
indicator of thermal comfort performance of the 
room. During the simulation, we have assigned the 
clothing insulation of 0.5clo at summer and 1.5clo 
at winter condition, respectively. And the 
metabolic rate was set to 1met (58w/m2) that 
corresponding to the rest status of the human 
body. The initial relatively humidity was set to be 
60% that was a neutral indoor humidity, and the 
air velocity was the calculated value through the 
porous ceiling. Based on these 6 parameters, we 
obtained the PPD values. 

RESULTS 

By conducting the simulation, effects of the ceiling 
temperature and envelope temperature on 
thermal environment (air temperature 
distribution and PPD index) of the reading room 
were analyzed. The vertical plane X=1 (in width 
direction) in the centre of the room was selected 
as the typical plane to study. The air temperature 
showing in Fig. 2, 3, 6 and 7 were given in the 
format of Kelvin Temperature.  

The effects of ceiling temperature 

Air temperature distribution 

For summer condition, the simulation was carried 
out when the ceiling temperatures were   16°C, 
18°C and 20°C. The results showed that the air 
temperature in the room increased when the 
ceiling temperature increased. The mean air 
temperature near the porous ceiling was found to 
increase by 2.9°C when the ceiling temperature 
increases from 16°C to 20°C. Similarly, the mean 
air temperature increase in the working area was 
found to be 2.4°C. The air temperature distribution 
under 3 different ceiling temperatures was shown 
in Figure 2. In addition, temperature stratification 
was observed in Figure 2. However, air 
temperature in the working area was 
comparatively uniform. Therefore, for summer 
condition, a temperature increase of the porous 
ceiling could result in a reduction in cooling 
capacity of the air-conditioning system and air 
temperature increase in the room. 

North 
wall 

South 
wall 

West 
wall 

East 
wall 

Floor 

Summer 29 27 27 26 25 

Winter 11 13.5 12.5 14 15 
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a) 

b)

c)
Figure 2 Air temperature distribution in summer under 
different ceiling temperatures. When ceiling temperature 
is a) 16°C, b) 18°C and c) 20°C 

For winter condition, the simulation results were 
shown in Figure 3. The mean air temperature in 
the room was found to increase when the ceiling 
temperature increased. The mean air temperature 
near the ceiling increased by 2.2 °C, while the 
mean air temperature in the working area 
increased by 2.5°C when the ceiling temperature 
increased from 24 °C to 26°C. The temperature 
stratification was observed in figure 3. However, 
the hot air in winter tends to move upward, 
therefore the temperature distribution in the room 
was more uniform than that in summer, especially 
in the working area. The results suggested that for 
winter condition, an increase in ceiling 
temperature could improve the heating capacity of 
the system and increase the indoor air 
temperature in the room. 

a) 

b)

c)
Figure 3 Air temperature distribution in winter under 
different ceiling temperatures. When ceiling temperature 
is a) 24°C, b) 26°C and c) 28°C. 

PPD index 

For summer condition, the PPD index that related 
to human thermal comfort in the room was shown 
in Figure 4. As the ceiling temperature increased 
from 16°C to 20°C, the mean PPD values were 
5.8%, 7.2% and 16.2%, which suggested that the 
thermal environment of the room degraded 
gradually. However, the PPD value was under 10%, 
a critical value for human thermal comfort 
evaluation, when the ceiling temperature was 16°C 
and 18℃. Only if the ceiling temperature was 20°C, 
the PPD value would be more than 10%, which 
indicated that the thermal environment in the 
room was not comfortable. 

For winter condition, the PPD values were found to 
be 8.5%, 5.2% and 5% respectively, when the 
ceiling temperature increased from 24°C to 28°C 

Healthy Buildings 2021 – Europe

- 558 -



(shown in Figure 5). Therefore, the PPD value 
decreased as the ceiling temperature increased, 
and it was always less than 10%. The results 
suggested that the thermal environment of the 
room would be improved when the ceiling 
temperature increased. 

a)

b)

c)
Figure 4 PPD index in summer under different ceiling 
temperatures. When ceiling temperature is a) 16°C, b) 
18°C and c) 20°C. 

a)

b)

c)
Figure5 PPD index in winter under different ceiling 
temperatures. When ceiling temperature is a) 24°C, b) 
26°C and c) 28°C) 

The effects of the envelope temperature 

In order to study the effects of the envelope 
temperature on the thermal environment of the 
room, the ceiling temperature was set to 18°C and 
the envelope temperatures were 26°C, 29°C and 
32°C in summer condition. In winter condition, the 
ceiling temperature was set to 26°C, and the 
envelope temperatures were 8°C, 11°C and 14°C. 
The plane X=1 (in width direction) in the centre of 
the room was selected again as the typical plane to 
study. 

Air temperature distribution 

The simulation results were shown in Figure 6. For 
summer condition, according to Figure 6, the mean 
air temperature in the room increased when the 
envelope temperature increased. But the air 
temperature change near the porous ceiling was 
more significant than that in the working area. The 
mean air temperature near the ceiling was reduced 
by 2.3°C, while the temperature in the working 
area was increased by 1.9°C. The differences in 
temperature change lay in the increase of the 
thermal load in the room caused by the 
temperature increase of the building envelop. In 
addition, the temperature stratification near the 
ceiling was more significant than in the working 
area. The reason for the thermal load in the room 
was due to the radiation heat transfer, therefore 
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the temperature changed more rapidly near the 
porous ceiling. 

a)

b)

c)
Figure 6 Air temperature distribution in summer under 
different envelope temperatures. When ceiling 
temperature is a) 26°C, b) 29°C and c) 32°C) 

For winter condition, the simulation results were 
shown in Figure 7. According to figure 7, as the 
envelope temperature increased from 8℃ to 14°C, 
the mean air temperature near the ceiling 
decreased by 1.6°C, while the mean air 
temperature in the working area increased by 
1.6°C. The reason for the decline the air 
temperature near the ceiling is due to the reduced 
radiation heat transfer because of the reduced 
temperature differences between the ceiling and 
the envelope. However, the thermal load in the 
room was increased as a result of the temperature 
increase of the envelope, therefore the mean air 
temperature in the working area was increased. 

a)

b)

c)
Figure 7 Air temperature distribution in winter under 
different envelope temperatures. When ceiling 
temperature is a) 8°C, b) 11°C and c) 14°C) 

PPD index 

For the summer condition, there was an increases 
in the PPD value as the envelope temperature was 
increased. According to Figure 8, the mean PPD 
values were found to be 6.1%, 5.9% and 9.7% 
when the envelope temperature were 26°C, 29°C 
and 32°C. The PPD index indicated that the 
thermal environment of the room was acceptable.  

For winter condition, when the envelope 
temperature was 8, 11, 14°C, the mean PPD values 
were found to be 5.2%, 8.6% and 15.7%. Therefore, 
the thermal environment in the room changed 
greatly as the envelope temperature changed. 
When the envelope temperatures were 8 and 11°C, 
the PPD value was under 10%, a critical value to 
evaluate the human thermal comfort in the room. 
However, when the envelope temperature was 
14°C, the PPD value was higher than 10%, which 
would bring thermal discomfort to the occupants. 
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The reason was due to the increases in the 
envelope temperature, the temperature difference 
between the porous ceiling and the building 
envelope would then the reduced, and therefore 
the radiation heat transfer of the system would 
also be reduced.  

a)

b)

c)
Figure 8 PPD index in summer under different envelope 
temperatures. When ceiling temperature is a) 26°C, b) 
29°C and c) 32°C) 

a)

b)

c)
Figure 9 PPD index in winter under different envelope 
temperatures. When ceiling temperature is a) 8°C, b) 11°C 
and c) 14°C) 

DISCUSSION 

Numerical simulation was carried out to study the 
air temperature distribution and PPD index 
variation in a reading room equipped with porous 
ceiling radiant air-conditioning system, under 
different ceiling temperatures and envelope 
temperatures. Two interesting findings were 
obtained according to the simulation results, and a 
few suggestions were put forward for the practical 
application of the air-conditioning system. 

Provided that the indoor and outdoor thermal load 
were constant, for summer condition, the air 
temperature in the room would increase as the 
ceiling temperature was increased. The PPD index 
would increase thus the thermal comfort of 
occupants in the room would deteriorate. The 
reason was due to the radiant heat transfer of the 
system would attenuate as a response to the 
increase in the celling temperature, meanwhile the 
convection effect would dominate. As a result, the 
PPD value would increase and the occupants in the 
room would feel uncomfortable gradually. In 
practical applications, the ceiling temperature 
should be not more than 20°C to ensure that 
thermal comfort of occupants in the room. 

For winter condition, the air temperature in the 
room would increase as the ceiling temperature 
was increased. However, the PPD index would be 
reduced and improve the thermal comfort of the 
occupants; due to the increase in celling 
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temperature which enhance the radiation heat 
transfer. In practical applications, however, the 
ceiling temperature should not be too high. The 
ceiling temperature be not more than 28°C in 
winter, considering both the thermal comfort of 
occupants and the energy conservation 
requirements. 

Provided that the cooling capacity of the system 
were constant, for summer condition, the air 
temperature in the room would increase as the 
envelope temperature was increased, while the 
value of PPD index was within 10% and therefore 
the thermal environment was acceptable. In 
practical applications, the envelope temperature 
should be not less than 26°C and not more than 
32°C to ensure both the thermal comfort of 
occupants and energy conservation, when the 
ceiling temperature is 18°C.  

For winter condition, the thermal comfort of 
occupants and the energy conservation 
requirements could be satisfied when the envelope 
temperatures were between 8°C and 11°C, and the 
ceiling temperature was 26°C. However, if the 
envelope temperature was too high, the energy 
consumption would increase. In addition, the 
thermal comfort of occupants would also 
deteriorate as a result of the attenuated radiation 
heat transfer due to the reduced temperature 
difference between the ceiling and the envelope. 

Finally, the limitation of this study may lie in that 
the heat gain due to the occupants and possible 
equipment was not considered. The heat gain 
brought by the human body consists of the 
sensible heat and latent heat, among which the 
latter would change the humidity condition of the 
room thus may further affect the thermal comfort 
of the human body. In addition, the heat 
dissipation due to lighting equipment and 
computers may also elevate the indoor air 
temperature thus add more extra load of the 
system, leading to different thermal comfort. 
Furthermore, the boundary conditions have been 
simplified in this study. The wall temperature and 
floor temperature were provided as the constant 
wall temperature condition, and the windows 
were not considered, which would lead to 
deviation to the actual results. What’s more, the 
recommended wall temperature in winter was 
obtained simply by PPD index. It was low enough 
to lead to the condensation on the wall thus 
deteriorate the quality of the indoor environment. 
These factor will be considered in our future 
studies.  

CONCLUSION 

Porous ceiling radiant air-conditioning system is 
one kind of air-conditioning system considering 
both energy conservation and thermal comfort. 

The holes in the ceiling can provide the convective 
heat transfer and the ceiling can realize the radiant 
heat transfer. By adjusting the ratio of convection 
heat transfer and radiant heat transfer according 
to the environment, thermal comfort and energy 
conservation can be realized at the same time.  

In practical applications, the ratio of radiant heat 
transfer of the system should be increased in the 
summer by controlling the ceiling temperature, to 
improve the energy conservation performance of 
the system. In winter, a higher ceiling temperature 
can reduce the energy consumption and ensure the 
thermal comfort of occupants. In addition, the 
envelope temperature should also be taken into 
consideration in practical applications. 
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ABSTRACT 
Today, more than 26 million European children are 
living in unhealthy homes putting them at higher risk 
of experiencing health problems. Our research is based 
on analysis of the Eurostat microdata from the EU-
wide survey “Income and Living Conditions in Europe” 
(EU-SILC). The results show that mould and dampness, 
as well as poor ventilation, can take a child from good 
health to poor health with links to higher levels of 
asthma, allergies, eczema, and lower and upper 
respiratory conditions. Across Europe, the prevalence 
of children affected by asthma has become an 
increasing problem in the last few decades. Unhealthy 
home environments can result in higher absence from 
school and work, putting a greater strain on both 
children, parents and the economy. Tackling the 
unhealthy homes, poor quality schools and day-care 
centres is an opportunity to improve the health and 
quality of life of European children. 

INTRODUCTION 

Today, we know that our homes have a huge impact on 
our health and wellbeing. We live 90 % of our lives 
inside buildings; in our homes 2/3 of this time, with the 
remaining third spent in workplaces, schools, and 
other public spaces (WHO 2014). Within Europe, 
residential buildings cover about 75% of the building 
stock, with 60% of European households living in 
single-family homes and 40% in multi-family homes 
(Eurostat 2012). One of the challenges is Europe’s old 
building stock. Many of Europe’s buildings are energy 
inefficient, as well as in need for improvements, so that 
the residential building stock support residents’ health 
and quality of life, which is emphasized by the UN 
Sustainable Development Goal (SDG) 3. The SDG 3 
underlines the importance of ensuring good health and 
well-being. And the ‘healthiness’ of indoor 
environments, such as homes, schools and workplaces, 
has recently received increasing attention and been the 
subject of publications and guidelines by governmental 
agencies and the World Health Organization (WHO 
2018). The WHO has distinguished among the 
following aspects of the indoor environment: 
• Thermal environment (covering temperature,

humidity, heat radiation and air movement);

• Air quality environment (covering gaseous matter,
liquid matter and particulate matter (PM));

• Noise environment; and
• Light environment.

Many, if not all of these aspects, are directly influenced 
by the condition and structure of buildings. For the 
purpose of this paper, we adopt the term indoor 
climate to cover all these aspects. According to the EU 
Statistics on Income and Living Conditions (EU-SILC) 
database, the housing inadequacies have a negative 
impact on the indoor climate, and it have an effect on 
people’s health of a significant number of EU citizens, 
including the children. And taking the health risks of 
unhealthy homes and schools seriously, by assessing 
the need for improvements to buildings across Europe, 
is essential to achieving both UN SDGs as well as WHOs 
initiatives. Furthermore, a Eurofound study from 2016 
which analysed both direct and indirect healthcare 
costs related to inadequate housing found that €194 
billion in total economic costs could be saved per year 
if housing conditions were improved (Eurofound 
2016). This paper is based on a yearly initiative, funded 
by the VELUX Group, under the overall headline; the 
Healthy Homes Barometer. The Healthy Homes 
Barometer intends to investigate European citizens’ 
health and well-being and the impact of the building’s 
state.  

OBJECTIVES AND RESEARCH QUESTIONS 
The overall objective of the present study was to take a 
detailed look at the impact of the indoor climate on 
human and in particular on child health, and to 
estimate the overall societal costs related to this. The 
study had the following underlying research questions: 
1. What is the evidence in terms of existing studies

and literature concerning the impact of poor indoor
climate on human and in particular on children’s
health? More specifically, what is the impact of the
following hazards: damp, mould, indoor air
pollution, noise, radiation through radon, excess
cold, and lack of daylight?

2. How prevalent are problems related to non-optimal
indoor climate in European homes? How does the
prevalence of the above issues differ between
different countries and regions and between
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different types of homes (single- or multi-family 
homes) and of ownership (rented, loan, fully 
owned)? 

3. Which correlations can be observed between the
prevalence of non-optimal indoor climate and the
health status of affected children?

4. Following on all the above, what is the health and
educational burden of poor indoor climate?

5. What would be the economic benefits associated
with reduction in children’s exposure to poor
indoor climate?

Study design 
Our study examined the above research questions 
based on four distinct tasks (see table 1), which 
partially build upon each other.  
Table 1.  Overview of the hazards covered by each study task 

Hazard REA Multi-
variate 

regression 
analysis 

(EU-SILC) 

Estimation 
of health 

and 
educational 

burden 

Macro-
economic 
modelling 

Damp and 
mould 

    

Indoor air 
pollution  

 

Noise   
Radiation  

Excess 
cold 

  

Lack of 
Daylight 

  

Poor 
ventilation 

 

Rapid evidence assessment. We conducted a rapid 
evidence assessment (REA) which addressed primarily 
research question 1, by identifying studies that 
examine the association between the above hazards 
and a number of specific diseases and health 
conditions. In doing so, the REA also informed the 
estimation of the health burden and the educational 
burden, as well as the macroeconomic modelling, by 
identifying quantified information with regard to 
attributable risks. Hence, it was also related to 
research questions 4 and 5. A REA is a systematic 
approach to searching literature to capture as much of 
the available evidence as possible while minimising 
bias. What distinguishes it from a fully-fledged 
systematic literature review is the fact that it sets 
certain limits with regard to the scope of the search, 
such as publication date or place of publication. This 
way, it balances the benefits of the structured approach 
with the need to conform to limited resources and time 
constraints. Hence, while it does (purposefully) not 
achieve full coverage, a REA constitutes a robust, 
systematic and replicable method providing a reliable 
indication of the evidence available in a particular 
domain.  

Using a classical search protocol, the PubMed search 
returned 3,602 articles, and reduced to 1,291 after 
duplicates were removed. The titles and abstracts of 
these 1,291 articles were screened by the research 
team against the inclusion and exclusion criteria to 
decide which ones to take forward for a full-text quality 
review. The criteria used to assess the quality of the 
articles were based on those used previously by RAND 
Europe described in Guthrie et al. (2017). A total of 122 
articles were taken forward for full-text extraction, but 
an additional 56 articles were excluded that were 
deemed to be out of scope (either geographically or 
topically). This left 66 articles which were reviewed 
and had data extracted. 
Analysis of statistical databases. In parallel, we carried 
out an analysis of statistical databases which 
addressed research question 2 by identifying data 
sources concerning the prevalence of the above 
hazards in the EU. The European Union Statistics on 
Income and Living Conditions (EU-SILC) database, 
provided by Eurostat, was identified as a data source 
that provides annual statistics at microdata (i.e. 
household) level. The EU-SILC database is a 
comprehensive household survey that is conducted 
every year, which includes a variety of different 
variables, such as metrics for poor indoor climate or 
inadequate housing situations. Each year, an ad-hoc 
module is developed to complement the variables 
collected on an annual basis and to gain a more in-
depth understanding of otherwise-unexplored aspects 
of social inclusion. This analysis focus on the Health 
and Children’s Health ad-hoc module (Eurostat 2019a) 
from the most recent EU-SILC microdata, collected in 
2017. The household respondent (typically the parent 
or guardian) was asked to provide additional 
information on the health of all children living in the 
household, answering questions on the general health 
of the children, whether their activities are limited 
because of their health, and whether the children have 
any unmet medical needs and the reason for this. All 
EU-SILC data are self-reported.  
In order to determine the overall health burden related 
to specific diseases associated with poor indoor 
climate, we use data from the Global Burden of Disease 
(GBD) database. The GBD data are a comprehensive 
database on all aspects of the burden (e.g. mortality 
and morbidity) associated with a large variety of 
diseases (IHME 2019a). GBD data includes information 
on both the prevalence of a risk factor and the relative 
harm caused by it, presented through estimates of the 
following outcomes for a given cause (e.g. asthma). In 
order to examine the associations between poor 
indoor climate and the burden related to disease areas 
of child health, the educational burden and for the 
macroeconomic modelling, we extracted outcomes 
from the GBD dataset for the four health conditions 
that emerged from REA. We focussed the analysis on 
the exposure to damp or mould because there were 
sufficient parameters for this poor indoor climate 
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indicator in the literature on the relative risk to 
develop a health condition, such as asthma.  
Regression analysis. Using the EU-SILC microdata 
provided to us by Eurostat, we then carried out a 
multivariate regression analysis, the linear probability 
model (LPM) and ordinal logit models (OLM), as well 
as the general ordinal logit model (GOLM). Further 
details on the statistical methods is described in 
appendix b in the report by RAND (2019). The LPM and 
the OLM have in common that they allow for an 
assessment of the association between an explanatory 
variable (e.g. a problem with damp in the dwelling) and 
a dependent variable of interest, when the dependent 
variable is either binary (e.g. child healthy, ‘yes’ or ‘no’) 
or ordinal scaled (e.g. self-reported health status of a 
child in different categories, such as ‘poor’, ‘good’, ‘very 
good’). All statistical analyses were conducted in 
STATA 15, and results are statistical significance if 
p<0.1. The statistical analysis address research 
question 3, with the aim of identifying correlations 
between the four hazards for which EU-SILC provides 
data and the self-reported health status of children 
living in the same households. In doing so, we 
controlled for various confounding factors, such as 
deprivation. For the vast majority of the statistical 
analyses conducted in relation to children, we have 
only cross-sectional data available, and hence we 
cannot infer causal relationships in the data within the 
statistical analyses presented in this chapter. However, 
the dataset includes a large set of control variables that 
allows for the adjustment of some confounding factors, 
which allows us to examine the independent 
association between two variables. As the EU-SILC data 
are at the level of the country, we include country-fixed 
effects in each regression, adjusting for country-
specific variables, such as size, economic strength, and 
legislation, as well as country-specific institutions (e.g. 
different health systems), among others. 
Estimation of the health burden and the educational 
burden. In the next step, we made an estimation of the 
health burden and the educational burden of children 
exposed to damp in their homes. The reason to focus 
on damp is the fact that there is a high correlation 
between damp and mould and that the latter has been 
identified by the REA as a risk factor with regard to the 
following four diseases: asthma, atopic dermatitis, 
lower respiratory infections, and upper respiratory 
infections. The following indicators were used to 
measure the health burden and the educational 
burden, respectively: disability adjusted life years 
(DALYs) and school days missed. 
Macroeconomic modelling. We have developed a 
bespoke macroeconomic model that allows us to 
assess the economic benefits associated with 
improving indoor climate in households with children 
in the EU. The model is a multicountry dynamic 
computable general equilibrium (DCGE) model, which 
treats the many markets of goods and inputs as an 

interrelated system. It focusses on the reduction of 
effective labour supply through the following three 
channels: (a) increased mortality; (b) reduced labour 
productivity of the affected child’s parents/caregivers; 
and (c) reduced labour productivity of the affected 
child in later life. In additional, we also modelled the 
economic benefits associated with improving 
ventilation rates in European primary and secondary 
schools. 

OUR HOMES AND ITS HEALTH EFFECTS ON 
CHILDREN 
This section examines the associations between 
different indicators of poor indoor climate and 
corresponding health of European children based on 
EU-SILC data. For that purpose, we use the prevalence 
of poor indoor climate indicators of damp, noise, lack 
of daylight and the inability to keep the house 
adequately warm and self-reported child’s health. We 
then investigate empirically the associations between 
poor indoor climate indicators and children’s health 
and educational outcomes. Specifically, we analyse the 
following: 
1. The associations between the prevalence of damp,

noise, lack of daylight and the inability to keep the
house adequately warm and self-reported child’s
health.

2. The health burden on children associated with
damp and mould, including the calculation of
disability adjusted life years; and overall school
days missed associated with damp and mould in
residential buildings in Europe.

Association between building deficiencies and 
health 
Living in unhealthy homes puts children indicator, the 
proportion of households affected, as well as the 
proportion of children in total affected, is reported by 
country for the year 2017. Overall, about 13% of EU 
households report issues with their dwellings of 
residence regarding leaking roofs, damp or rot in 
windows, which affects about 15% of all individuals 
aged 0 to 15 (which are labelled as children for the rest 
of this section) (RAND, 2019). Also, about 13% report 
that their dwelling has not enough light and hence that 
it is too dark, which roughly affects about 5% of the 
children. A total of 18% of the households’ report 
having issues with noise in the dwelling from 
neighbours or from outside, which affects about 17% 
of children. The ability to keep the home adequately 
warm may relate not just to an actual housing 
deficiency, but also to the general socio-economic 
situation of a household. On average, about 8% of 
households report struggling to keep their dwelling 
adequately warm. This affects about 7% of children. 
Overall, for each indicator of poor indoor climate, there 
is considerable variation across the EU member states. 
Figure 1 show the total number of children, in 
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percentage, by country that are exposed to at least one 
of the four poor indoor climate indicators as reported 
in the EU-SILC. On average, we find that about one third 
of children across the EU 28 are exposed to at least one 
of the four poor indoor climate indicators, 
representing about 26 million children. Further 
analysis from a regression analysis using as dependent 
variables the binary indicators of whether respondents 
in the EU-SILC data report to have issues with (1) 
leaking roofs, damp or rot; (2) a lack of light; (3) noise 
from indoors or outdoors; (4) a lack of ability to keep 
dwelling adequately warm; or (5) at least one of the 
four poor indoor climate indicators, suggest that these 
indicators of poor indoor climate tend to be clustered 
together. If we look at household income, we find that 
all poor indoor climate indicators are associated with 
lower household incomes. That is, all else being equal, 
households in higher household income quintiles are 
less likely to report any of the four housing 
deficiencies. 

Figure 1. The proportion, in percentage, of children across 
EU-28, exposed to at least one poor indoor climate. The 

entries in percentage are weighted with appropriate cross-
sectional weights. Total number of children (N=78,608,010) is 

based on UN Population data. 

The association between different indicators of poor 
indoor climate and children’s health is reported on a 
scale from 1 (‘bad’) to 4 (‘very good’). The overall 
health status of children as reported across the EU-28 
member states have a ‘very good’ health status, with 
about one third reporting ‘good’ health. Only about 
4.5% of children report only ‘fair’ or ‘poor’ health. The 
statistically factors associated with a child’s health 
using ordered and generalized ordered logit 
regression models (as the dependent variable is based 
on an ordinal scale) suggest that, all else being equal, 
all four indicators of poor indoor climate are 
statistically significantly associated with a child’s 
health status. The findings further suggest that a 
household’s socio-economic status is positively 
associated with a child’s health status. For instance, we 
find that household income is positively associated 
with reporting a better health status of a child, as well 
as a better education level. Households that have been 
classified as suffering from economic deprivation 

report on average a lower health status for the child. 
Finally, using the coefficients from these regressions, 
we conduct a counterfactual analysis in estimating how 
many children across the EU would have an improved 
health status if they had not been exposed to any of the 
four poor indoor climate indicators. The analysis 
suggests that about 1.2 million children could improve 
their health status by reducing their exposure to the 
four poor indoor climate indicators. This corresponds 
to about 1.5% of all children or about 4.3% of children 
who have not reported a very good health status 
initially. 

Association of health and educational burden 
associated with damp and mould 
We have examined the potential healthy life years lost 
(e.g. DALY) in association with exposure to damp and 
mould associated with four disease areas (asthma, 
atopic dermatitis, lower and upper respiratory 
infections) based on GBD data. Today, about 10-15 
percent of new cases of childhood asthma in Europe 
can be attributed to indoor exposure to dampness and 
mould. This exposure can be linked to healthy life lost. 
The analysis suggests that, across the EU-28 member 
states, exposure to dampness and mould has been 
associated with about 7,300 DALYs related to asthma, 
more than 14,600 DALYs related to atopic dermatitis, 
and more than 15,000 DALYs related to lower and 
upper respiratory infections combined. This results in 
more than 37,000 DALYs across the EU-28 member 
states and divided by the total number of incidences 
across the four disease areas, we find that damp and 
mould is associated with about 4.6 per cent of cases. It 
is important to highlight that the reported figures 
likely present an overestimate of the true figures, as 
the four disease areas are likely correlated with each 
other, meaning that, for instance, a child with asthma 
may also have atopic dermatitis.  
In Europe, more than 65 million students and almost 
4.5 million teachers spend between 170 and 190 days 
annually at school (see European Commission, 2018 
for member state-specific distribution of annual school 
day “The Organisation of School Time in Europe. 
Primary and General Secondary Education – 2018/19), 
and up to 70 percent of that time is spent inside the 
classroom.  If we then consider how this will affect 
overall school days missed associated with dampness 
and mould in residential buildings. By using a 
population attributable fraction (PAF) of a risk factor 
of each of the diseases and the average number of 
school days (e.g. about 180 days on average) missed by 
disease area, we can estimate the total number of 
school days missed in 2017 associated with the 
exposure to damp and mould. Assuming that children 
suffering from asthma lose on average about 2.5 school 
days per year due to the illness (Ferrante & La Grutta 
(2018)), children suffering from atopic dermatitis, 
about 4 school days (Filanovsky et al. (2016)), and 
children suffering from upper and lower respiratory 
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infections, about 1 school day (i.e. conservative 
assumption made by the authors). Estimating annually 
across the 28 EU member states suggest that about 0.3 
million school days are missed by pupils due to asthma, 
1 million due to atopic dermatitis, and 0.3 million due 
to lower and upper respiratory infections associated 
with exposure to damp. Overall, about 1.7 million 
school days are missed per year due to diseases 
associated with dampness and mould in residential 
buildings. On average, this means about 2.5 missed 
school days per sick child per year because of illnesses 
that frequently correlate with an unhealthy indoor 
climate alone in residential buildings. 

Figure 2. Estimated missed school days, of total school days, 
due to burden of disease from estimated dampness in EU 

housing stock in school age children (asthma, atopic 
dermatitis, lower and upper respiratory infections). Variation 
in missed school days across the EU member states is shown 

by percentage difference from EU average. 

POTENTIAL ECONOMIC IMPLICATIONS 
ASSOCIATED WITH EXPOSURE TO POOR INDOOR 
CLIMATE AT HOME AND IN SCHOOLS 
In this section, we estimate the economic effects 
associated with the exposure of children to 
damp/mould in residential buildings and its impact on 
their health. Furthermore, we estimate the potential 
economic benefits associated with improved 
ventilation rates in schools. The analysis covers all 28 
EU member states. To estimate the economic effects of 
a reduction in the exposure to damp and the 
improvement of ventilation rates, we use a 
macroeconomic model. For further details about the 
macroeconomic model, see RAND report (RAND, 
2019). If we look at how much an economy of a country 
could produce more, from now into the future, if we 
were to stop today’s children now and all future 
generations from being exposed to damp and mould, 
we can get an estimated cumulative economic gains by 
2040 to US$21.2 billion, by 2050 US$38.9 billion and 
by 2060 about US$62 billion. The cumulative gain 
represents the total GDP that could be produced more 
over the 40 years if children were not exposed to damp 
and mould at home. The reason for the increase over 
time is that the more future child generations profit 
from a damp- and mould-free environment, the larger 
will be the associated health and economic gains in the 

future. There is variation across the EU member states 
in terms of the cumulative economic gains, which are a 
function of the size of a country’s underlying economic 
structure and size but also of the initial level of 
exposure to damp and mould. These gains can also be 
estimated by the number of dwellings affected by 
damp and mould where a child lives, which is provided 
by the EU-SILC database. At the EU level, we estimate 
that, the cost of making a dwelling damp-free is less 
than US$7,384 by 2060. Again, it is important to take 
into account that, in reality, the full benefits only occur 
over time, as more children benefit from a damp-free 
environment. 
Generally, a large part of the empirical literature with 
regards to the association between poor indoor air 
quality and school performance focused on the 
concentration of CO2 or the ventilation rates in 
classrooms. For instance, Fisk (2017) provides a 
summary of the existing evidence of the effects of a lack 
of ventilation in schools. Based on reviewed literature, 
the author concludes that ventilation rates in 
classrooms across the globe often are below the 
recommended guidelines, associated with high levels 
of CO2 concentration. Furthermore, Fisk (2017) 
concludes that there is relatively robust evidence on 
the associations between ventilation rates and student 
performance. Other studies have investigated the 
association between ventilation rates and academic 
performance of children. For instance, Haverinen-
Shaughnessy & Shaughnessy (2015) estimated the 
effects of classroom ventilation rate and temperature 
on academic achievement in US elementary schools. 
The authors found positive associations between 
ventilation rates and test scores in maths, reading and 
science. On average, test scores increased by about 0.5 
per cent per each litre per second per person linear 
increase in ventilation rates, from 0.9 to 7.1 l/s per 
person; however, the evidence regarding effects above 
that level seem to suggest that the effect flattens after 
this threshold.  
In this analysis, we model the economic effects, over a 
horizon of up to 40 years, from an increase of 
ventilation rates in European schools. Specifically, in 
different sub-counterfactual scenarios, we model 
hypothetical increases in ventilation rates in l/s person 
(incremental steps), compared with a baseline world 
where ventilation rates are not changed. In our 
analysis, we draw on three different sources of data or 
relevant modelling parameters. First, we use the 
findings provided by Haverinen-Shaughnessy & 
Shaughnessy (2015), which found that up to the 
threshold of 7.1 l/s, an increase in ventilation rate by 1 
l/s increases math test scores by 0.5 per cent and 
reading scores by about 0.15 per cent. Second, we use 
data on the distribution of ventilation rates across 
Europe provided by the SINPHONIE report (EC 2014) 
across four clusters of countries. In our analysis, we 
want to be conservative in the estimation of the cost, 
and hence we assume that children in schools with 
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ventilation rates above 7.1 l/s per person would not 
profit from an increase in ventilation rates in terms of 
better educational performance, based on the findings 
by Haverinen-Shaugnessy and Shaughnessy (2015). A 
detailed description on the assumptions made for this 
analysis can be found in RAND, Finally, we translate 
improved test scores into increased life-time earnings 
using parameter estimates provided by Crawford & 
Cribb (2013). Their findings suggest that a one 
standard deviation increase in math test scores at age 
10 is associated with a 7.1 per cent increase in gross 
weekly earnings at age 38 and that a one standard 
deviation increase in reading test scores is associated 
with a 2.1 per cent increase at age 38. We translate 
these findings of higher wages into the macroeconomic 
model as a general productivity or efficiency increase 
(affecting the effective labour supply), feeding this 
back into the labour efficiency part of the 
demographics model. The increase in human capital 
associated with the increase in test scores has a 
positive productivity-enhancing effect in the CGE 
model. The effect of increased efficiency is phased in 
over a 10-year period, as the first cohort of children 
benefitting from better ventilation rates would enter 
the labour market in 10 years’ time, so in 2030 in our 
model. In cumulative terms, the overall economic 
benefit at EU-28 level from improving ventilation rates 
by 2.5 l/s per person of US$120.5 billion by 2050 and 
US$281.4 billion by 2060, with average annual 
increases of GDP by US$4 billion by 2050 and US$7 
billion by 2060. 

CONCLUSION 
Our study has found that a significant proportion of 
children in the EU-28 are exposed to one or several 
indoor climate hazards. Exposure to each of these four 
housing deficiencies is correlated with a higher risk of 
certain health issues. Because of the strong evidence 
base and good availability of data, our subsequent 
quantitative analysis and modelling task has focused 
on the impact of damp and mould. In summary, if in all 
dwellings reporting damp, noise, excess cold and/or 
lack of daylight those respective deficiencies were 
removed, the health of more than 1 million children 
(aged 0–15) in the EU could be improved. The burden 
of disease from indoor damp and mould exposure of 
children in relation to asthma, atopic dermatitis, as 
well as respiratory infections is 37,500 disability 
adjusted life years (DALYs) for the EU as a whole. The 
total number of school days missed by children across 
the EU that is attributable to the prevalence of damp 
and mould in their homes is 1.7 million. The 
macroeconomic costs associated with children’s 
exposure to damp and mould can be estimated to be 
US$62 billion over the next 40 years. In addition to all 
the above analyses concerning children’s exposure to 
damp and mould in their homes, we carried out an 
economic analysis related to the economic effects 
associated with improving ventilation rates in 

European primary and secondary schools. Based on 
our calculations, it can be stated that improving 
ventilation rates in European schools could lead to 
substantial economic benefits: We estimate that even a 
small improvement in ventilation rates, of 0.5 l/s per 
person, in European schools would be associated with 
a cumulative total increase in EU-28 GDP by 2050 of 
US$24.4 billion, which would increase to US$57 billion 
by 2060. The estimated economic benefits more 
substantial improvements in ventilation rates would 
be even larger. For instance, a 2.5 l/s improvement 
across European schools would be associated with an 
increase in cumulative EU-28 GDP of US$120.5 billion 
by 2050 and US$281.4 billion by 2060. 
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Figure 1 The proportion, in percentage, of children across EU-28, exposed to at least one poor indoor climate. The entries in 
percentage are weighted with appropriate cross-sectional weights. Total number of children (N=78,608,010) is based on UN 

Population data. 

Figure 2 Estimated missed school days, of total school days, due to burden of disease from estimated dampness in EU housing 
stock in school age children (asthma, atopic dermatitis, lower and upper respiratory infections). Variation in missed school days 

across the EU member states is shown by percentage difference from EU average. 
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ABSTRACT 
Deep renovation of the existing building mass is an 
important task to reach the target of energy efficient 
buildings and neighbourhood.  
However, the current renovation rate is only 1% of the 
European building stock each year, and barrier for 
increased rate must be addressed. Attaching 
prefabricated elements with integrated technologies 
such as photovoltaic panels or ventilation equipment 
to the façades and roofs can improve energy 
performance and indoor climate as well as provide 
local renewable energy supply. The construction 
period can be short, with limited disturbance to 
building usage.   
The project 4RinEU has developed and demonstrated 
solutions suitable for several climates. Building 
airtightness of the renovated buildings is an important 
design goal of the refurbishment, and is determined by 
blower-door tests before and after renovation.  
This paper presents air-tightness results from a demo 
case study in Norway.  In the demo case the 
airtightness as determined by blower-door tests quite 
unexpectedly deteriorated, while the design goal for 
the projects was a major improvement. Probable 
causes for the discrepancy are discussed, and include 
leakage from the ground, in element joints and in 
unplanned openings.   

INTRODUCTION 
Reducing the energy demand of existing buildings is 
identified as important to achieve UN Sustainability 
goals of affordable and clean energy and climate action. 
The European Union is committed to increase energy 
efficiency of the building stock through increasing the 
rate of building renovation improving energy 
performance and indoor climate European Parliament 
and the Council, (2018).  
The project "Robust and Reliable technology concepts 
and business models for triggering deep Renovation of 
Residential buildings in EU" (4RinEU) has the overall 
objective of defining robust and reliable models for 
deep renovation Pernetti, Pinotti et al. (2020). This 
entails technology packages supported by usable 
methodologies which will feed into reliable business 
models. Prefabricated façade elements including 
technical installations, such as a Renewable Energy 
Source (RES) and ventilation with heat recovery, is one 

of the defined renovation technologies within 4RinEU 
European Commission, (2016). Barriers are identified 
and recommendations to stakeholders to overcome 
these presented Thunshelle, et. al (2018).  Prefabricated 
façade elements for renovation have also been studied 
in several projects. Ott, Loebus et al. (2014), Kalamees, 
Pihelo et al. (2017), Pihelo, Kalamees et al. (2018). It is 
postulated that this renovation technology can reduce 
heating and cooling demand, improve indoor climate 
and add local renewable energy production through a 
cost-efficient process. Moreover, as there is little need 
for a rig area and the construction process can be done 
without relocating the inhabitant, there are also little 
impact on the building users and the environment. 
The airtightness perspective is an important aspect 
that needs to be considered if prefabricated elements 
are applied to existing constructions. In a Nordic 
climate, a building's airtightness is important for 
energy efficiency and indoor climate, and for more 
than 60 years methods for airtightening building 
envelopes have been systematically studied Granum 
(1951). 
Elements are designed to provide excellent 
airtightness of the elements themselves as well as in 
the joints between elements.  
Within the framework of 4RinEU, a deep renovation 
demo project was developed together with Boligbygg 
Oslo KF – a municipal enterprise that owns, manages 
and lets social housing in Oslo. For this Norwegian 
demo, integration of PV panels and ventilation ducts 
were chosen to be integrated in the elements. 
Prefabricated technical rooms allow space for air 
handling unit and technical equipment. 
In this paper we report the airtightness goals, results, 
causes and consequences. 

METHODS 

Demo Building 
The building selected for deep renovation (Figure 1) is 
a two-storey timber-frame building from 1971, with 
only minor later upgrades, owned by Boligbygg Oslo 
KF. The building contains in total eight apartments, 
each with a floor area of approximately 42m2, 
distributed around two staircases. The building is 
situated in a suburban area (Haugerud) in Oslo. 
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Prior to refurbishment, apartments had electrical 
heating, one electrical heated boiler per apartment and 
natural (stack) ventilation. 

Design goals 
In the design process, energy and ventilation-related 
targets as given in Table 1 were set Pinotti, Thunshelle 
et al. (2021).  

Table 1 Selected design goals for the refurbishment 

Before Target 
U-values (W/m²K) 
-Roof 0.30 0.11 
-Façades (av) 0.36 0.13 
-Windows 1.8 0.8 
Ventilation rate unknown 1.2 m³/m²h1) 

Ventilation air heat 
recovery 

- 80% 

N50 2.55 1.0 
1) Ventilation requirements cannot be expressed by a single

figure, but given as the general rate for occupied rooms.

Refurbishment actions 
External, insulated woodframe elements with 
integrated supply air ducts (north façade), preinstalled 
windows, PV-panels (south façade) and external 
cladding were added to the existing external walls. 
During the condition assessment prior to 
refurbishment, it was determined that the load bearing 
capacity of the existing construction was insufficient 
for the added loads, and a new foundation for wall 
elements was prepared around the perimeter of the 
building.  

In addition to the new façade elements, roof elements 
and a prefabricated space for ventilation equipment 
was added to the existing construction.  A new 

entrance area was also built at site for each of the two 
staircases. The building after refurbishment is shown 
in figure 2. 

Air leakage measurements 
Blower door tests were performed according to EN ISO 
9972:2015 using Energy Conservatory Model 4 fans 
and Energy Conservatory SG 700 micromanometers. 
Test procedure and data collection were 
semiautomatic using TecTite Express ver 5.1.8.4.  
(Blowerdoor Gmbh).  
Results are reported as n50(h-1), using internal 
depressurization only.   
To visualize leakages, indoor thermography at - 50 Pa 
(Outdoor – indoor air pressure) according to EN 13187 
and smoke generators at 50 Pa were used.  
Where accessible leakages were detected, the leakages 
were remediated by expanding polyurethane foam, or 
with the aid of airtight spun bond polyethylene fabric 
(housewrap) and tape.  

Figure 2 The demo building after refurbishment. 

Figure 1 The demo building prior to refurbishment. 
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RESULTS AND DISCUSSION 

Building airtightness 
Table 2 provides the measurement of the building 
leakages during different stages.  The target of 1.0 was 
not reached.  

Table 2.  Building leakage before and after refurbishment 
Stage n50 (h-1) 

Prior to refurbishment 2.55a 
After refurbishment 3.5 

After remediation of accessible leakages 2.82 

Observed leakages 
By thermography from the inside, substantial leakages 
were detected around the no longer used ventilation 
openings, around internal hatches, as well as between 
dividing walls and existing external walls, and around 
windows and doors in new entrance area. However, it 
was noted that the temperature of the leakage air was 
intermediate between outdoor and indoor 
temperatures.  
The smoke test detected that smoke was emerging 
from the ground around new fundaments, through 
holes in the façade in the newly established technical 
room, at vent pipe guards on new roof elements, and 
between wall and roof elements.  Metal sheet coverings 
made the exact observation of leakages difficult.  
Minor leakages were also observed around a few 
windows and doors.  More details are given in table 3  

Assessing and designing airtightness 
Data on the air permeability of building materials and 
many key components readily are available, which in 
principle allows the estimation of the airtightness of a 
construction in the design stage Relander, Holøs et al. 
(2012).  Some leakage pathways, typically in joints 
between components and penetrations depend on 
construction detail and quality of workmanship, and 
could introduce significant uncertainties to 
airtightness estimates Kalamees, Alev et al. (2017). This 
uncertainty is normally larger in refurbishment 
projects, as some leakage pathways – usually from the 
ground – are typically not changed by refurbishment. 
No generally usable method for quantifying individual 
leakages in an existing building is available, and any 
estimates of airtightness post-refurbishments are 
uncertain. In the described case, it was assumed that 
many of the leakages would be addressed as newer and 
more airtight windows and doors would be more 
tightly sealed against a continuous external 
housewrap. Even if the achievable improvements were 
only roughly estimated, it came as a surprise that 
airtightness deteriorated through the refurbishment 
process, especially as there was a close focus on joint 
details between elements and elements and 
foundations. 

Leakage Pathways identified in literature 
The typical location of leakage pathways in Nordic 
buildings was recently reviewed Gullbrekken, Schjøth 
Bunkholt et al. (2020). According to the review, the 
most common air leakages reported from field 
measurements in the literature are located in the 
connections between external wall and ceiling or floor, 
external wall and window or door, and external wall and 
penetrations in the barrier layers.  

Leakage detection and possible pathways 
Internal thermography at depressurization is a 
powerful technique to detect where outdoor air enters 
the internal space. When a layer close to the indoors is 
designed to be the primary barrier against air leakage, 
the technique is very useful, as it can both point out 
weaknesses in the designed airtight layer and suggest 
where remediation should be attempted.  However, 
when the primary airtight barrier is designed to be a 
layer on the outside of an external element, the method 
proved to provide limited useful information, as the 
leakage air mainly entered the indoor spaces at some 
distance from the leakage in the external barrier.  

Figure 3. Construction detail existing and new 
construction at foundation level, indicating possible 

pathway for leakages. 

In the examined case, the use of internal smoke 
generation and pressurization represented an 
improvement over internal thermography, as more 
leakages could be located. Unsealed holes in wall in 
technical rooms after relocation of exhaust ventilation 
ducts, leakages around pipes and cables, and at vent 
guards became immediately obvious, and further 
remediation was possible.   
External thermography would possibly have detected 
some of the leakages detectable by smoke but has the 
additional problem of being disturbed by solar 
radiation.    
Some air leakages could be quantified as they were 
accessible for remediation, and in total, the remediated 
leakages amounted to 0.7 air changes per hour at 50 
Pa. 
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Still, a substantial part of the smoke was in all 
likelihood transported some distance behind sheeting 
or cladding before becoming visible, and the actual 
leakages were not visible without substantial 
dismantling.  Construction details were then discussed 
closely by the architect, element producer and 
scientific advisors. Possible pathway detected by 
foundation is showed in figure 3. Experience show that 
existing construction is often not exactly as expected, 
and small adjustments at site can have consequences 
for the air tightness. Possible improvements were also 
detected in airtightness details between new wall and 
roof elements. 

Consequences 
Air leakages in buildings can have different 
consequences, depending on the available driving 
forces, the leakage pathways, the indoor and outdoor 
climate as well as usage. When balanced heat-recovery 
ventilation replaces stack or mechanical extract 
ventilation without heat-recovery, the airtightness of 
the building is very important for the achievable 
energy efficiency improvement.  Balanced ventilation 
will provide neutral or a slight underpressure to 
prevent moisture accumulation in the building 
envelope in cold climate. Wind pressure and stack 
effect can increase infiltration in an untight 
construction, and cause heat loss.  For the examined 
case, leakages below ground are not affected by wind, 
while leakages in joints wall/roof are more exposed. 
The actual energy usage in the pilot case is monitored 
and will be reported elsewhere.  
From an indoor environmental perspective, drafts 
associated with direct leakage pathways and a positive 
pressure difference between the outdoors and the 
indoors is undesirable. The effect is normally 
immediately noticeable by inhabitants. The 
inhabitants in the examined case expressed higher 
thermal satisfaction after the deep renovation, which 
indicate few such direct leakages. Detected leakages 
are regarded as to a semi-heated space, cavities 
between new and existing construction, and previous 
cold attic. 

Infiltration air can be contaminated, e.g. by 
microorganisms from crawl spaces Mattsson, Carlson 
et al. (2002), Airaksinen, Kurnitski et al. (2004), 
Airaksinen, Pasanen et al. (2004) or other materials 
infected by microorganisms, by compounds such as 
aldehydes emitted from materials in the building 
envelop Poppendieck, Ng et al. (2015), or by radon or 
other contaminants from the ground Pacheco-
Torgal(2012). The actual radon risk depends on local 
geological conditions., and in the reported case is 
regarded as moderate as the pilot building situated in 
an area with moderate to low exposure to radon 
(Geological survey of Norway).  

Remediation and prevention 
Some of the leakages were due to insufficient attention 
to known penetration of sewage pipes and cables. 
These can be prevented by improving penetration 
details in production and mounting, and ensuring 
compliance, e.g. via checklists.   
Details in joints between wall and roof elements will be 
improved for new projects. Construction details 
between walls elements and elements/foundations are 
more mature than the above mentioned. 
The leakages from the ground occurred due to 
unexpected/unknown properties of the existing 
construction and could only have been prevented by a 
more thorough assessment and analysis before 
refurbishment. In general, more focus is needed 
towards airtightness details below ground and existing 
condition when doing a deep renovation. 
Some leakages occurred post refurbishment. Examples 
are ventilation ducts penetrating walls that later were 
moved without sealing the original opening, and 
internal drainpipes that were lead through the façade 
elements. The latter can serve as examples of actions 
that are typically out of control by the building 
entrepreneur. Airtightness is an important 
maintenance subject for the responsible building 
owner. 

CONCLUSIONS 
In a case study, deep renovation with prefabricated 
wooden elements did not improve building 
airtightness, mainly due to a leakage pathway from the 
ground, that as far as we know has not been described 
in the scientific literature.  
Deep renovation with prefabricated elements 
increases the complexity of the building envelop and 
may, if not checked, create complex pathways for air 
movement within the construction. Consequently, 
thermography of inner surfaces has limited 
applicability in detecting leakages that need 
remediation. Smoke generation in the pressurized 
interior may be a useful supplementing method in 
leakage detection.  
Complex pathways and leakage from the ground could 
pose a risk for intrusion of radon and moisture and 
should be avoided by assessing all leakage pathways in 
the design process. Particular attention should be 
given to all works performed by actors not responsible 
for airtightness, to all existing penetrations of the 
airtight barrier, and to maintaining the achieved 
airtightness during the operation phase.  
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Table 3 Detected leakages. a): Internal leakages refer to detectable air leakages in layers not intended to be airtight / 
continuous. b): detectable after dismantling metal sheet.   

Pathway Detectable by 
thermography 

Detectable by 
smoke test 

Evaluation 

Operable window / 
window frame 

Yes Yes Minor leakage 

Window frame / wall Yes Hardly Minor leakage 

Inspection hatch to crawl 
attic 

Yes No "Internal leakage" a 

Old air inlet openings 
(closed but not sealed) in 

existing wall 

Yes No "Internal leakage" a 

Dividing wall / external 
wall 

Yes No "Internal leakage" a 

Sewer vent pipe 
penetrations 

No Yes Major leakages, effectively repaired 

Unsealed openings after 
moved ducts in wall of 

technical room 

No Yes Major leakages, effectively repaired 

Penetrating drainpipes No Yes Medium leakage, effectively repaired 

Penetrating cables No Yes Small leakages partially repaired 

Wall element joints No Yes Minor leakage, inaccessible 

Wall / roof element joints  No Yesb Medium leakage, inaccessible 

New / old fundament No Yes Major leakage, inaccessible 
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ABSTRACT 

Various odours can cause a negative perception of the 
indoor air quality. The intensity of the odour can 
fluctuate for example due to weather conditions, 
ventilation, and use of the building. In addition, the 
degree of odour perception among individuals, is 
highly variable. Absence of an adequate measuring 
method makes it difficult to get a systematic and 
uniform description of the odour and where in the 
building the odour is most noticeable. This leads to 
challenges in clarifying the causes and relevant 
measures are often difficult to submit. Examination of 
682 cases with odour in dwellings and commercial 
buildings have shown that causes and remedial actions 
can be revealed by a systematic procedure. 
Complainers are asked to characterize the smell in few, 
standardised words and describe where and when 
they experience the odour. This information is often 
crucial for the surveyor when performing the following 
building examination. 

INTRODUCTION 

In buildings, there are several various volatile 
compounds that make up the specific odour in the 
indoor air. These molecules can have an origin from 
outside or from various sources inside buildings. 
Indoor sources that affect the odour can be building 
materials, use and residence of people as well as 
various consequences due to exposure to water leaks, 
fire, or other damages (SINTEF Community 2012, Ryan 
& Beaucham 2013, Bøe & Mattsson 2018). There is no 
certain evidence that common levels of volatile 
substances in Norwegian indoor environments pose 
any health risk (Norwegian Institute of Public Health 
2015). On the other hand, studies of some of the 
normal occurring substances, such as from mould 
damages has shown that living in home with mould 
problems may increase the risk of respiratory 
infections, and symptoms (Pirhonen et al 1996). In 
some work environments, there may be connections 
and levels that are unacceptable and thus constitute a 
clear health risk (Swedish Work Environment 
Authority 2015). 

The specific odour the human olfactory organ can 
sense, consist of a complex combination of many 
molecules and chemical compounds released to the air. 
Small changes in the molecular composition can 
change the perception of the smell. This complexity 
makes it extremely difficult to develop or use adequate 
measuring methods (Sensorisk studiegruppe 2015). 
Nevertheless, with a trained sense of smell and 
experience from several odour cases, our survey has 

shown that methods can be described to remove the 
undesirable odours, even though the exact source or 
definition of the odour is not always revealed.  

Some of these substances, but not all, can be perceived 
as an odour. The perception of smell varies between 
different people, so there is no unambiguous definition 
or level of what is acceptable (Norwegian Institute of 
Public Health 2015). Under normal conditions, the 
concentration of odour from normal sources is so low 
that it does not lead to a problem with indoor air 
quality (Norwegian Building Authority 2017). 
Avoidance of odour sources indoors and a good air 
exchange leads to a removal or at least dilution of 
pollutants and odorants. This will ensure good indoor 
air quality (SINTEF Community 2017). However, due 
to air pressure differences that can occur under 
different ventilation conditions, ventilation can cause 
local negative pressure that led to odours from 
adjacent areas and structures being drawn into zone 
where it is perceived as troublesome (Mahooti-Brooks 
et al. 2004). 

Odours are perceived differently by different people. 
Abnormal odours indoors can be perceived as 
annoying to some people, while other does not 
experience any undesired smell (Hägerhed-Engman et 
al. 2016). It is shown that odour assessment can be 
performed both by the users of the buildings and by 
experts in the field (inspector). However, it is 
noticeable that it can be significant variations in the 
assessments even between experienced inspectors 
because they have individual sense of smell and 
knowledge (Hägerhed-Engmann et al 2009).  

Age, gender, smoking and state of health are examples 
of factors that affect the sense of smell. Permanent lack 
of sense of smell (and taste) has also recently been 
shown to be a consequence of certain infections, such 
as acovid 19 infection (Dæhlen 2021). Absence of 
odour can therefore be due to both actual absence of 
an odour and the individual variation of the sense of 
smell. 

It has been revealed that even absence of physical 
occurrence of odour, can be experienced as an 
unpleasant smell by some people. This is described as 
“distortion on olfactory perception” or “phantom 
odour perception” (“phantosmia”). The reason for such 
condition is explained by several reasons, for instance 
after experiencing a shock or an unpleasant incident, 
such as a house fire or mould damages (Nordin 2009). 
Treatment is reported to be active therapy, 
medications, and surgery (Leopold 2002). Bainbridge 
et al (2018) reported that 6,5% of people over 40 years 
old experience phantom odour problems. Two out of 
three of those who experienced phantom odour were 
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women. Reporting odours even when there is no real 
source may be one of the reasons why it is not always 
possible to clarify an odour source. However, this 
cannot be known in the first place and one should 
therefore always take as a starting point that the odour 
has a real source that can be found. 

Measuring odour is difficult and complicated for 
various reasons: the human olfactory organ is 
extremely sensitive and even small particles or 
molecules can be detected by the human nose. The 
results of for instance chemical measures such as VOC 
(volatile organic compounds), normally give a low 
result despite a distinct smell at the location. Chemical 
measures on a molecular level can be carried out, but 
the result is in most cases hard to interpret and rarely 
lead to the actual cause of the odour (Norwegian 
Institute of Public Health (2015). 

Intensity of odours tends to decrease as time passes by 
natural decomposition, although this depends on the 
source and other factors (Norwegian Institute of Public 
Health 2015). In cases where this process is time-
consuming, active measures are needed. Which 
measures depend on the source of the odour, type of 
materials and building physics. The optimal solution is 
removal of the odour source. Where this is not 
possible, a thorough cleaning can have a satisfactory 
effect. Use of ozone or products with odours to mask 
the problem usually have limited lasting effect. In some 
cases, sealing of the odour can have an effect, but this 
is rarely recommended as the only action (Bøe & 
Mattsson 2018).  

In many cases, mould damages have a characteristic 
odour, but not all mould damages have a special or 
significant smell (Koskinen et al 1999). However, if it is 
a sense of mould odour, house owners often have a 
clear perception of the problem and source since 
specific odours often are reported in cases due to water 
damages (Hägerhed-Engmann 2009). Despite this, our 
experience is that even simple causes can be difficult to 
solve for those who do not have a sufficient 
understanding of building physics and experience of 
such issues. In cases with more complicated causes, it 
has been shown that even professionals with a 
potentially good knowledge of buildings and building 
physics may have difficulty finding out the causes of 
odour problems. A reason for this might be that 
professional building surveyors in Norway have not 
standardised established methods for investigating 
odour problems in buildings in general (Bøe & 
Mattsson 2019) and especially not in the survey 
documents that is made in connection with property 
transfers (Ministry of Justice and Public Security 
2020). The consequence of this is often that not even 
simple issues are clarified in a satisfactory manner. 
Furthermore, it is rare that odour problems have 
insurance coverage. This may be because the cause of 
the damage is not eligible for coverage, but also 

because the original reason for the odour which may 
be covered by the insurance has not been determined. 

In a building there are many potential odour sources 
and clarification of odour sources can be difficult. 
However, odour problems are due to a source 
combined with air movements or diffusion into the 
residence zone. A systematic examination of air 
movements often provides a good basis for clarifying 
even diffuse odour problems. 

We have through 35 years assessed many cases 
regarding odour problems indoors in various 
buildings. 682 cases of odour-problems of various 
types and severity have been studied to gain 
knowledge about this complex issue. The main 
objective of the study has been to investigate whether 
the odour-problems can be classified into specific 
groups and based on this find a procedure that can be 
helpful in solving odour problems in general. This part 
of the study has resulted in a list of 15 categories that 
often, occasionally, or rarely is the probable cause of 
the unpleasant odour. The idea is that categorising the 
odour-sources will make it easier to solve the 
problems. In table 3, a listing of the most common 
sources of odours reported in our 682 cases is listed 
and described briefly. The dataset is also studied to see 
if there is a coherence between building age, building 
type, location in the building and odour-problems.  
Another main issue of this study has been to develop a 
protocol and procedure that can be followed by 
building inspectors working with odour problems. 
This procedure will facilitate the work to solve 
difficult odour problems. Such procedure, which is 
based on the survey of 682 cases as well as experience 
from daily work on solving a large spectre of building 
problems, is described in figure 1 and table 1, 2, 
including a suggestion of useful tools and 
preparations and a general description on how the 
survey can be carried out. 

MATERIAL AND METHODS 

General 

Review of 682 surveys where the odour problem was 
the main reason for the assignment, have been carried 
out by Mycoteam in the period 2007 - 2020. 
Information from the reports and other relevant 
information of the main problem has been assessed in 
this paper. In cases where there were minor odour 
problems in addition to the main problem, this has not 
been included in this study. 

The work on examining odour problems, is based on a 
three-stage procedure; 1.) Collection of information 
before inspection. This includes information from the 
residents regarding odour-variation, construction 
details, previous reports, and other relevant 
information. 2.) Visual and odour examination at the 
site with a survey of building physics, which normally 
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includes a. Constructions, b. Ventilation conditions, 
and c. Sampling. 3). Assessment and report (figure 1). 

Figure 1. Flowchart of the procedure for odour examination.

Collection of information 

Prior to an assignment, we ask residents or users of the 
building for general building information and location 
of the smell. Questions such as when the smell is 
observed, if there is any variation in the intensity and 
what kind of smell it is, are being asked. It is also of 
interest to find out how many of the people who 
normally stay in the premises experience the smell. 
The following issues should be clarified prior to the 
inspection (table 1). 

Table 1. Relevant information the users are asked to clarify 
before the inspection. 

1 Is the odour persistent or does it fluctuate? 
Variation in the odour pattern should be 
clarified prior to the inspection.  

2 Has there been a recent change in building 
physics or use of the building that can influence 
the occurrence of odour? Does this change 
cohere with the time the smell was first 
noticed? 

3 If odour is fluctuating: what time of day / week 
is it most likely to experience the smell? Is there 
a seasonal fluctuation or does the weather affect 
the odour perception? 

4 Can the inspection be arranged on short notice? 
Inspection should ideally be done when the 
odour is present.  

5 Does the building ventilation affect the odour? 
Information about settings and operating hours 
is needed.  

6 A detailed or as detailed description of the 
building construction should be described prior 
to the inspection. 

To ensure an optimal examination, precautions are 
given to the residents, users, or caretakers of the 
building prior to an inspection (table 2).  

Table 2. Relevant information before the inspection. 

1 Odour producing activities prior to the 
inspection must be limited, such as brewing 
coffee, cooking, smoking etc. 

2 People attending the inspection cannot use 
strong perfumes or similar products that can 
conceal or reduce the chance of smelling the 
odour in question. 

3 Specific types of food, scented candles, incense, 
and similar products with strong scent that can 
affect the indoor air, must be removed before 
the inspection.  

4 The ventilation can affect to odour. In some 
cases, air-vents should be considered closed 
prior to the inspection or at least tested by the 
residents whether this affects the odour 
perception.  

5 Make sure the temperature is high enough. 
Temperature is an important factor in the 
perception of smell.  

Visual inspection and odour examination 

Based on given information - visual examination of 
available surfaces and constructions for any deviations 
in relation to building conditions, moisture problems 
and other conditions that may be relevant to the 
specific odour problem are being performed. In 
addition, we carry out a general odour control by using 
the nose in the various premises trying to locate 
deviations and patterns of the odour. An important 
task in this phase is to try to locate differences and to 
locate where the odour seems to be strongest. This can 
be time consuming and regularly pauses must be taken 
outside the area of suspected odour. 

Building survey 

Ventilation and air flow inside the building is 
important to reveal.  Measurements involving air 
exchange rate, where fresh air enters and where the 
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exhaust air exits can be carried out. In addition, we 
examine pressure differences within the building. We 
also consider how this can vary with use of the building 
and seasons. Dräger air flow test tubes are used for 
clarifying air leaks and air currents. In some cases, it is 
also necessary to carry out more detailed pressure-
differences using adequate equipment to measure the 
pressure differences between separated areas on a 
more permanent basis (logging).  

Sampling and analyses 

In cases where it is suspected that the odour is due to 
special building materials or microbiological damage, 
material samples can be taken for odour examination 
in odour-neutral laboratory environments and/or 
microscopic analyses. 

Material samples are taken with a suitable tool and 
kept in an air-tight bag or wrapping. It is important to 
ensure that the container does not affect the odour of 
the sample. Several layers of aluminium foil are a 
suitable material for keeping the odour sample tight 
and unexposed. Surface growth of mould is sampled 
with a tapelift from the surface. In special cases a few 
other methods can or are being used. For instance, 
measuring volatile organic compounds (VOC) can be 
performed if the source of the odour is related to 
petroleum products.  

RESULTS 

Type of building 

Of the 682 surveys we have examined in period 
between 2007 and 2020, the building type was clearly 
stated in 537 cases. The remaining assignments had a 
vague or inadequate description. In addition, several 
cases do not include buildings at all, but cars, buses, 
trains, boats, and various other objects.  

The distribution of the various building types is shown 
in Figure 2. Red columns show the total percentage of 
various building types in Norway. The first column 
shows that of all Norwegian buildings, 40 % are 
dwellings. The blue columns show the percentage of 
the odour assignments that have been present in the 
various building types. Approximately 58% of the 
odour problems in this study, are listed in a dwelling. 
Numbers from the distribution of all buildings in 
Norway, are gathered from Statistics Norway (2021). 
We point out that the total number of buildings in 
Norway obviously (blue columns) is much greater than 
the buildings that have been examined by Mycoteam 
(red columns). In this case, we compare the numbers 
in percentage, thus being able to compare the numbers. 
The results show that the distribution between houses 
and apartments correspond well with the total number 
of dwellings, while assignments in cabins and 
commercial buildings deviate. 

Figure 2. Type of building with reported odour problems (n = 
537) examined by Mycoteam 2007-2020 compared with total
amount of Norwegian buildings (n = approx. 2.6 million).

The distribution of the surveyed building types agrees 
well with the general distribution of different building 
types in Norway (Statistics Norway, 2021). The 
discrepancy on a larger proportion of commercial 
properties in our survey may be because there are 
many commercial buildings (offices, schools, shops) 
located in South-Eastern Norway where the population 
density is higher than other areas in Norway. In 
addition, many of them are on the ground floor in 
apartment buildings and apartment blocks. 

Building age 

Figure 3 shows the distribution of buildings with odour 
problems in relation to year of construction. We see 
that the distribution of odour problems agrees well 
with the general distribution of the age of the building 
stock in Norway (Statistics Norway 2021). The 
discrepancy in the number of buildings examined from 
<1900 is probably since Mycoteam is based in Oslo, 
where there are many brick buildings from the 19th 
century. 

The problem with assessing the age of buildings is that 
old buildings are refurbished, modernized, and rebuilt. 
For this reason, therefore, both newer materials and 
constructions are found in old buildings, which means 
that even old buildings can have "modern" problems. 
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Figure 3. Building with known age with reported odour 
problems (n = 274) examined by Mycoteam 2007-2020 
compared with total amount of Norwegian buildings (n = 1,5 
million).  

The distribution of the age of buildings shows that 
odour problems occur in buildings regardless of how 
old they are. 

Location of odour problems in the building 

The review of the reports shows that the largest 
number of odour assignments have been associated 
with basement floors and the first floor (Fig. 4), which 
is as expected since most buildings have a residential 
floor on the first floor and often a basement. In 
addition, it is especially the basement that has 
moisture problems that can cause odour problems in 
these areas. In a several stories building, there is 
normally an air flow from the basement to the upper 
stories, thus explaining why odours in the basement 
affects especially the first floor.  

The exception is odour problems in apartment 
buildings that normally have a boundary to a separate 
floor. Within the individual apartments, it has turned 
out that there are odour problems that are mainly 
unrelated to which floor it is. The declining trend with 
the number of odour cases upwards on the floors is 
because there are few tall buildings in Norway and the 
fact that all buildings have a 1st floor, but the number 
of stories decrease in a building after first floor. The 
sudden drop from 5th floor to 6th floor is probably due 
to our location in Oslo where there is an old regulation 
not allowing buildings higher that 5 stories in a great 
area of the city.  

Figure 4. Location of examined odour problem compared (n = 
342) in surveys performed by Mycoteam 2007-2020.

Sources to and characterization of odour types 

Experience of various odours is individual, both in 
terms of type of smell and intensity. Our experience is 
thus that there may be different descriptions of the 
same smell. Since we have requested the smell to be 
described with key words instead of a fuller 
description, it is easier to see a pattern in the type of 
smell in question. 

We have listed a summary of current odour categories 
where both odour type and presumed origin (such as 
external source, building-related, use-related, or 
damage-related) from the 545 cases where a 
characterization of odour has been reported (figure 5). 
Based on a description made by the inspectors in the 
specific assignments, we have made a list of the most 
common odours we have experienced. In some cases, 
similar odours are grouped together in one category. 

Figure 5. Description of observed smell in examined cases of 
odour problems (n= 545). 
This is not a complete overview of assignments with 
odour problems we have examined. The reason for this 
is that when the main cause of the assignment is not 
odour but, for example, a clear and extensive problem 
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with water, fire, sewage, mould or wood-decaying 
fungi attack, the assignment is normally not defined as 
an odour damage. 

All odours have an origin either inside the building or 
from the outside. The odour compounds can 
theoretically be dispersed with air movements and 
diffusion from areas with high concentration in the air 
to areas with low concentration and quite far from the 
actual source. Our investigations have shown that the 
source of odour is hidden in constructions or in many 
cases is place somewhere other than where it is being 
smelled. This can be explained by the fact that in cases 
where the odour sources are clearly visible and 
obvious, they are naturally more easily detected and 
thus removed without the need for external expert 
assistance. 

The most common spread of odour, such as mould 
odour from leaky basement walls as well as food and 
cigarette smoke odour via air leaks from adjacent 
neighbouring apartments, occurs with air movements 
(figure 6). One consequence of this is that many odour 
problems are experienced more during the heating 
season than during the hot season. The reason for this 
is that the transport of odorants from hidden sources 
increases when there is a negative pressure in the 
building. This understanding is important both when it 
comes to identifying an odour problem and assessing 
the effect on the indoor climate. On the other hand, 
temperature of building materials and the indoor 
environment also affects the risk and strength of 
specific odours. Higher temperatures usually cause 
increased release of molecules and odour, thus causing 
stronger perception of certain odours.  

Figure 6.  Air leakages transport odour from the source to 
other areas.  

Typical examples of common odour problems are 
sewage odour from air leaks in drainpipes (figure 7). 
Odour might also come from objects in the rooms 
(figure 8-9). 

Figure 7.  Various air leaks from drainpipes is a common 
cause for odour problems. 

Figure 8.  Objects in the rooms can be the source of odour. 

Figure 9. Not even a dead mouse behind a refrigerator is not 
necessarily an easy problem to detect without a systematic 
approach. 

DISCUSION 

Defining and solving odour problems 

The possibility of solving a difficult odour problem, 
increases when a thorough and systematic procedure 
is followed. This work often starts with a detailed 
description by the residents experiencing the odour. It 
is often useful getting information regarding the 
presence and variation in the presence of the odour 
and construction details. This is due to the difficulty 
and variable description of individual perception of 
various odours.  Prior to the odour inspection, we ask 
the client to give information regarding what kind of 
smell they experience. Furthermore, information 
about any variations in space, time and intensity is of 
crucial importance. 
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Odours can, based on origin, be divided into two main 
groups: biological origin and non-biological origin 
(table 3).  

Table 3. Types of odours that can be found in buildings. 
Origin Type of smell 

Biological origin 

Mould Various odours are placed in this 
category since mould species can 
create different odours. Some 
specific mould species generate 
characteristic odours that can 
easily be recognized by a trained 
nose, such as Chaetomium 
globosum and Stachybotrys 
chartarum 

Actinobacteria A characteristic odour that is 
related to the smell of mould, but 
easy to recognize and separate 
from mould by a trained nose. 

Deterioration Dead animals and other biological 
products being decayed. 

Faeces Faeces from mammals cause a 
distinct and characteristic smell.  

Sewage Air leakages from the sewage 
pipes give a distinct smell.  

Urine Urine from mammals cause a 
distinct smell. Specific types of 
chemicals, mould species and 
bacteria can also cause an odour 
that resembles the smell of urine.  

Food/cooking Smell from cooking. 

Non-biological origin 

Petroleum 
products 

Diesel fuel, fuel oil, gasoline and 
kerosene all give distinct odours 
that can be distinguished by the 
human nose. 

Tobacco Smoke from cigarettes and other 
tobacco products. 

Fire smoke 
and fire 
related smell 

Odour from burned materials, 
smoke from fire, soot.  

Chemical Products and materials such as 
paints, chemicals, glue, floor 
coverings, new building material.  

Aromatic Fruity odour from ethereal oils, 
scented candles, incense, and 
similar sources.  

New building 
materials 

New materials used within a 
building has variable odours. 

Wet building 
materials 

Wet building materials has 
variable odours. 

Other sources Various smell, such as inadequate 
ventilation. 

Through a high number of various odour problems, we 
have gathered experience that in most cases lead to 
solving the problems (figure 10). 

 Figure 10. Result of examined odour problems (n= 682). 

Internal discussions are carried out in complicated 
cases, thus using the knowledge and competence 
within the organization to find a solution to the 
problem. It is important to prepare for the job already 
before the inspection takes place. Prior to the building 
examination, the inspector needs to gather as much 
relevant information as possible. In this phase, it is 
important to establish knowledge about the technical 
aspects of the building, such as construction details, 
ventilation, use of the building, construction changes 
that have been made recently and so on. It is also 
important to find out how long the odour has been 
present and how many people in the household (and 
among visitors) that experience the specific odour. 
Because odour problems tend to fluctuate in strength 
and presence, a preliminary study by the residents is 
often helpful to make sure the odour is present when 
the building inspection is taking place. Prior to 
inspection, the residents are asked to give feedback on 
the odour strength at the day of the inspection. If the 
odour is absent at the time the inspection is scheduled, 
the inspection should be postponed. In addition, 
residents are told to minimize or remove other 
odour/sources prior to the inspection. This includes 
removing scented candles and similar products, avoid 
using perfume and other distinct fragrances, avoid 
cooking food with distinct smell and so on.  

Many of our inquiries come from people who recently 
have moved into a new house or bought a new 
property. These cases are usually difficult to solve 
because the new owner lack information about both 
the odour history and the building history. In addition, 
former owners are usually hesitant to give out 
information on possible former odour problems.  

When preforming the actual odour inspection, this 
must be done in shorter periods at a time and must 
include frequent breaks in fresh air. The search for the 
odour must both be based on information from the 
residents but also based on a thorough building 
inspection. It is often necessary to crawl on the floor 
and use a stepladder to examine odour variety in the 
building. Odours occur when gases / molecules are 

78%

7% 15%

Solved Unsolved Not reported
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being spread by air currents to the air. Hence, creating 
a change in the air currents and a change in the 
pressure in the building is often necessary to reveal the 
odour we are searching for. This can be done by using 
fans in the house and close windows, doors, and air 
hatches. In some cases, it is also helpful to use portable 
fans to create a pressure change in the specific areas. 
The use of plastic to close openings and create a zone 
with reduced size can be a relevant procedure for 
instance in bigger rooms and open areas. The portable 
fan will suck air from one side of the provisional zone 
to the other side of the zone. This can help generate a 
stronger precipitation of the odour within the zone. In 
buildings with a balanced ventilation system, the 
settings and use of the ventilation system is important 
when searching for the undesirable smell. When 
searching for odours, it is often a search for air flow 
between constructions or areas. An air flow test tube 
or other smoke-producing devices are helpful tools in 
this process.  

Use of odour panels as a helpful tool 

Due to the lack of adequate and helpful measuring 
methods, a trained odour panel can be used to evaluate 
and assess odour samples. The people who attend an 
odour panel, should have experience in considering 
odour problems in buildings. The odours that cause 
problems in buildings deviate from those odours that 
are relevant in for instance in distinguishing 
differences in the food and nourishment industry. 
Therefore, there is little adequate education or suitable 
tests that can be transferred from this large industry. 
As far as we know, there is no systematic procedure or 
established list of relevant odours that can facilitate the 
task of revealing an odour problem in an indoor 
environment. Nevertheless, by establishing an odour 
panel with experience from field studies, we can 
perform a neutral assessment that can decide whether 
certain building materials have a distinct smell or not. 
For instance, we use odour panels to consider whether 
building materials still have traces of odour after 
renovating a building from a fire damages. The odour 
panel have certain odour-groups to choose from in 
their evaluation.  In addition, the panel is stating the 
level of odour strength based on a four levelled scale 
(no odour, limited odour, moderate odour, strong 
/substantial odour. All tests are being performed in an 
odour neutral environment. The participants of the 
odour panel have experience from field work 
regarding odour problems but have no knowledge of 
what kind of problem or issue they are facing in the 
specific case.  When carried out like this, the use of an 
odour panel is a helpful tool in addition to an 
inspection at site (Sensorisk studiegruppe 2015). 

CONCLUSIONS 

Odour problems occur for various reasons and in all 
types of buildings, regardless of the age of the building. 

With a systematic approach, it is possible to clarify and 
solve even complex odour problems. Our experience in 
working on odour cases for several years, has shown 
that the source of an unpleasant and unwanted odour 
can be due to both new and old causes of damage. 

Since there is possibly a large gap between simple and 
comprehensive solutions, a thorough investigation can 
be necessary to solve the case and simultaneously save 
unnecessary costs. This study, that are based on 682 
odour cases performed the last 13 years, have shown 
that there is a high solving rate (78 %) of solving the 
problem, despite often being a complex problem. The 
high rate of solving the problems is due to trained 
inspectors with years of experience in combination 
with a systematic and thorough approach to the 
problems. The starts with gathering important and 
often vast and detailed information from those 
experiencing the odour. The next step consists of a 
thorough and often time-consuming inspection to try 
to find the source of the smell. To solve a difficult odour 
problem, understanding the building physics and 
construction is essential. Changing the air movements 
and pressure within certain areas can generate the 
odour if absent at the time of the inspection.  It is not 
essential to have a particularly good sense of smell to 
clarify odour problems, but it is obviously a helpful 
tool. It is often a collaboration between the trained and 
experienced expert and information from the users or 
residents that lead to solving the case. 
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ABSTRACT	
The	indoor	built	environment	has	a	significant	impact	
on	 the	 occupant's	 physiological,	 psychological,	 and	
behavioral	health.	Moisture	is	an	important	parameter	
that	 has	 a	 direct	 bearing	 on	 the	 quality	 of	 a	 built	
environment.	 Commonly	 referred	 to	 as	 water,	
moisture	impacts	nearly	all	dimensions	of	a	building's	
functional	 performance,	 i.e.,	 structural,	 durability,	
thermal,	 acoustics,	 indoor	 air	 quality,	
ventilation/freshness/odor,	 aesthetics,	 and	 also	
influences	the	health	of	occupants.	Very	high	humidity	
can	 cause	 physical	 and	 chemical	 deterioration	 of	
materials,	increased	action	of	biological	contaminants,	
and	accelerate	the	spread	of	infections.	However,	low	
humidity	 can	 result	 in	 breathing	 difficulties,	 cough,	
irritation	in	the	eye,	wheeze,	skin	chapping,	etc.		
Building	 materials	 have	 an	 impact	 on	 indoor	 air	
quality.	 Vernacular	 building	 materials	 are	 often	
effective	 in	 regulating	 the	 thermal	 performance	 of	 a	
building,	 ensuring	 energy	 efficiency.	 Also,	 people	
residing	 in	 such	 dwellings	 have	 been	 found	 to	 have	
high	 resilience	 to	 withstand	 the	 adverse	 external	

conditions.		This	exploratory	study	aims	to	understand	
the	 performance	 of	 building	 materials	 for	 the	
regulation	 of	 indoor	 moisture	 and	 air	 quality	 for	
promoting	 the	 health	 and	well-being	 of	 the	 building	
and	 the	 occupants.	 The	 study	 involves	 monitoring	 a	
conventional	(brick,	concrete)	dwelling	and	vernacular	
dwellings	 (adobe	 construction,	 brick/lime	
construction)	 situated	 in	 India's	 Composite	 Climatic	
zone.	 The	 result	 suggests	 that	 dwelling	 constructed	
with	earth	(adobe)	maintains	 the	narrowest	range	of	
variation	 in	 indoor	 relative	 humidity.	 The	 indoor	
relative	humidity	variation	range	is	widest	in	cement	
concrete	construction.		
The	 paper	 examines	 factors	 that	 regulate	 relative	
humidity	 in	 the	 indoor	 environment.	 Understanding	
the	 moisture	 buffering	 capacity	 of	 the	 building	
materials	in	indoor	RH	regulation	for	occupant	health	
has	also	been	discussed.		

INTRODUCTION	
The	 built	 environment	 comprises	 the	 natural	
environment	 and	 the	 built	 environment	 comprising	
infrastructure	facilities	around	us	and	articles	used	in	

Figure	1	Moisture	transport	within	an	enclosure	
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everyday	life.	Buildings	are	shelters	for	human	beings.	
(Klepeis	 et	 al.(2001))	 reveal	 that	 90%	 of	 our	 life	 is	
spent	 indoors.	 The	 indoor	 environmental	 quality	 is	
significantly	 responsible	 for	occupants'	physiological,	
psychological,	 and	behavioral	health	 (Andersen	et	 al.	
(1973);	Hutcheon	(1964);	McIntyre	&	Griffiths	(1975);	
Jorn	Toftum	&	Fanger	(1999)).	The	aspects	of	comfort	
perception	 and	 composure:	 occupational,	 thermal,	
acoustic,	 illumination	 have	 been	 found	 to	 impact	
wellness	 perception	 in	 occupants	 and	 vice	 versa.	
People	exposed	 to	environmental	 conditions	 close	 to	
natural	 tend	 to	have	high	resilience	 to	withstand	 the	
adverse	external	conditions(al	Tawayha	et	al.	(2019);	
Mayer	&	Frantz	(2004)).	With	the	increasing	range	of	
building	 materials	 used	 globally,	 the	 vulnerability	
towards	 its	 ill	 effects	 leading	 to	health	consequences	
increases	 (John	 D.	 Spengler	 &	 Chen	 (2000);	 Straube	
(2014);	 Wolko	 (2018)).	 Several	 studies	 explain	 the	
hazardous	 effect	 caused	 by	 Volatile	 Organic	
Compounds	 and	 Endocrine	 disruptive	 chemicals	
emitted	 by	 the	 building	 materials	 on	 human	 health	
(Nehr	et	al	(2017)).	The	outdoor	environmental	factors	
(temperature,	 humidity,	 wind,	 and	 radiation)	 in	
conjunction	 with	 these	 emissions	 cause	 temporal	
interactions	leading	to	detrimental	impacts.		
Moisture/Humidity	 has	 been	 found	 to,	 directly	 and	
indirectly,	impact	human	and	building	health(Höppe	&	
Martinac	 (1998);	 John	 D.	 Spengler	 &	 Chen	 (2000);	
Seppänen	 &	 Kurnitski	 (2009);	 Wolkoff	 &	 Kjærgaard	
(2007)).	The	several	physical	processes	leading	to	the	
occurrence	of	moisture	in	an	indoor	environment	are	
explained	in	(Figure	1).In	buildings,	the	occurrence	of	
damp	 in	 cold	 climates,	 surface	 defects	 like	 flaking,	
efflorescence	 cause	 deterioration	 of	 buildings.	 Also,	
exposure	 to	 variation	 in	 humidity	 levels	 has	 been	
found	 to	 affect	 occupants'	 wellness.	 Direct	 health	
impacts	 due	 to	 prolonged	 exposure	 to	 improper	
moisture	conditions	include	cold,	cough,	skin	irritation,	
dryness	 in	 the	 nose	 and	 eyes,	 and	upper	 respiratory	
problems.	 It	 has	 been	 found	 to	 cause	 illnesses	 like	
dermatitis,	 asthma,	 and	 reduced	 olfactory	 response	
(Seppänen	&	Kurnitski	(2009)).		Indirect	impacts	due	
to	 varied	 perceptions	 of	 moisture	 by	 occupants	 are	
discomfort,	distress,	and	loss	of	productivity.	
With	 emerging	 studies	 on	 the	 hygroscopicity	 of	
materials,	 physical	 understanding	 of	 moisture	
transport	 in	 buildings	 has	 improved	 (Hens	 (2017);	
Jerman	 &	 Černý	 (2012);	 Liu	 et	 al.	 (2017)).	 The	
phenomenon	 of	 moisture	 buffering	 has	 been	
understood	 through	 experimental	 and	 numerical	
studies	 in	 several	 building	materials	 (Cascione	 et	 al.	
(2019);	 Osanyintola	 et	 al.	 (2006);	 Osanyintola	 &	
Simonson	(2006);	C.	Rode	(2005);	Carsten	Rode	et	al.	
(2009);	 Roels	 &	 Janssen	 (2004);	 Salonvaara	 et	 al.	
(2004)).	 It	 is	 predominantly	 responsible	 for	
maintaining	 hygroscopic	 equilibrium	 in	 an	 indoor	
environment	 by	 regulating	 relative	 humidity	 (or	
absolute	 moisture	 content/humidity	 ratio)	 and	
enhancing	Indoor	air	quality.	Implications	of	regulated	

relative	humidity	and	moisture	buffering	in	an	indoor	
environment	 towards	 the	 thermal	 performance	 of	 a	
building	and	thermal	comfort	of	occupants	are	evident	
from(Jerman	 &	 Černý	 (2012);	 Lozhechnikova	 et	 al.	
(2015);	Osanyintola	&	Simonson	(2006);	Woloszyn	et	
al.	(2009);	Zhang	et	al.	(2017)).	
In	 this	 paper,	 results	 obtained	 from	 monitoring	
conventional	 buildings	 (brick/concrete	 construction)	
and	 vernacular	 buildings	 (adobe	 construction)	 for	
three	 months	 in	 India's	 composite	 climate	 zone	 are	
presented.	 This	 ongoing	 study	 explains	 the	
phenomenon	of	regulation	of	relative	humidity	in	both	
conventional	 and	 vernacular	 study	 blocks.	 Empirical	
relations	 developed	 by	 (Fang	 (1998b,	 1998a);	 Jørn	
Toftum	 et	 al.	 (1998b,	 1998a);	 Jorn	 Toftum	&	 Fanger	
(1999))	have	been	used	to	understand	the	Percentage	
of	Dissatisfied	occupants	for	warm	respiratory	comfort	
and	 indoor	 air	 quality	 to	 compare	 the	 different	
building	 typologies	 for	 humidity	 related	 comfort	
offered	 to	 the	occupants.	Theoretical	 laws	have	been	
used	to	understand	and	explain	the	results	in	terms	of	
humidity	ratio	(w)	or	absolute	water	vapor	(kg-water	
vapor/kg-dry	 air).	 An	 attempt	 to	 understand	 the	
physical	 process	 of	 moisture	 buffering	 with	 the	
derived	data	for	humidity	ratio	has	been	made.	

CASE	STUDY:	JAMGORIA	CLUSTER	
	

	
	

Figure	2	The	cluster	of	buildings	around	the	courtyard	as	seen	
from	the	entrance	(between	C2	and	C3)	

	

Study	Location	
Jamgoria	 is	 located	 in	Bokaro	district,	 in	 the	State	of	
Jharkhand,	 situated	 in	 the	 eastern	 part	 of	 India	
(Composite	 Climate	 zone).	 Summers	 are	 generally	
warm	 and	 dry,	 with	 May	 being	 the	 warmest	 month	
(mean	 temperature	 is	 31.5	 degrees	 Celsius).	 The	
lowest	 averages	 are	 seen	 in	 January	 (mean	
temperature	 is	 16.8	 degrees	 Celsius).	 	 Most	 of	 the	
precipitation	occurs	from	June	to	September.	Situated	
at	214	meters	above	the	mean	sea	level,	this	region	is	
the	 lowest	Chotanagpur	plateau	 level,	 also	 called	 the	
Manbhum	area.	The	region	is	surrounded	by	areas	rich	
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in	mineral	resources	such	as	mica,	bauxite,	limestone,	
copper,	iron	ore,	and	coal.	The	agriculture	and	mining	
industry	 are	 the	 primary	 sources	 of	 income	 for	
livelihood.	 Predominant	 mining	 activities	 in	 the	
neighboring	 region	 have	 been	 a	 cause	 of	
environmental	pollution	causing	affecting	the	health	of	
residents	of	the	area.	

Building	details	
Earth	construction	was	predominantly	practiced	in	the	
region	 till	 the	 last	 decade,	 when	 a	 sudden	 surge	 in	
construction	 using	 standardized	 materials	 emerged.	
The	 building	 selected	 is	 a	 cluster	 surrounding	 a	
courtyard.	 Each	block	 is	 owned	by	 one	household	 of	

the	 same	 family.	 The	 cluster	 consists	 of	 3	 building	
types	as	marked	in	(Figure	3)	i.e.	
1. Vernacular:		Adobe	Construction	(V1,	V2,	V3)
2. Later	Vernacular:	Brick,	Cement,	Lime	Construction

(V4,	C2,	C3)
3. New	 Conventional	 Construction:	 RCC	 and	 Brick

Construction	(C1,	C4)
The	 cluster	 was	 documented,	 and	 dataloggers	 were	
installed	in	each	room	to	monitor	indoor	temperature	
and	relative	humidity.	However,	for	the	purpose	of	this	
study,	 where	 it	 was	 intended	 to	 compare	 the	
performance	 of	 building	 typologies,	 V3,	 C1,	 and	 V4	
(bedroom	1	in	each	of	the	blocks)	were	selected	as	they	

Figure	4	Layout	details	of	Selected	Study	Rooms	in	different	blocks		

Figure	3	Building	Typologies	in	Jamgoria	Cluster	Case	Study	
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have	 similar	 orientation,	 and	 occupational	 patterns.	
The	 selection	 of	 rooms	was	 based	 on	 consistency	 in	
anthropogenic	 activities	 for	 better	 comparison.	 The	
details	 of	 the	 selected	 study	 rooms	 are	 shown	 in	
(Figure	4).					

Study	Overview	
The	study	was	initiated	during	the	lockdown	due	to	the	
COVID-19	 pandemic.	 All	 study	 building	 was	
documented	by	taking	physical	measurements	on-site	
and	 documentation	 in	 the	 form	 of	 sketches	 and	
drawings.	Also,	this	cluster	was	selected	because	of	the	
presence	 of	 varied	 building	 typologies	 at	 one	 place,	
which	was	accessible	 for	any	 instrument	 installation,	
data	monitoring/download,	and	other	necessary	visits.	
With	the	limited	instruments	for	data	logging	available,	
data	loggers	were	installed	in	selected	rooms	to	initiate	
the	real-time	monitoring.	We	are	 initiating	 logging	 in	
other	rooms	also	and	parameters	causing	the	change	in	
moisture	levels	at	material	and	envelope	levels	will	be	
investigated	 further	 taking	 the	 study	 forward.	 The	
analysis	of	the	data	presented	in	this	paper	intends	to	
compare	 the	 building	 typologies	 for	 the	 ability	 to	
regulate	 indoor	 moisture	 levels	 based	 on	 empirical	
studies	done	in	the	past.		

STUDY	METHODOLOGY	

Monitoring	and	Data	Collection	
The	 outdoor	 and	 indoor	 environmental	 variables	
measured	were	air	Temperature	(T	in	0C)	and	relative	
Humidity	 (RH	 in	%).	For	outdoor	measurements,	 the	
temperature	 and	 humidity	 sensor	 "Tempnote-TH32	
Datalogger"	(accuracy	±0.5oC,	±3%RH)		was	placed	in	
a	Stevenson	screen	and	hung	outdoors	in	the	courtyard	

with	the	help	of	a	projected	bamboo	from	the	roof	of	
one	of	the	Entrance	block.	It	was	installed	at	the	height	
of	4.5	meters	above	the	ground	level,	undisturbed	by	
human	activities	in	the	area.		
For	 indoor	 measurements,	 "Elitech	 RC-4HC	
datalogger"	(accuracy	±0.5oC,	±3%RH)	was	used.	The	
sensors	were	hung	from	the	roof	to	allow	unhindered	
data	 logging.	 The	 study	 rooms	 had	 no	windows;	 the	
sensors	were	placed	away	from	the	doors	to	avoid	the	
effect	 of	 air	movement.	 All	 the	 instruments	 used	 for	
data	logging	were	pre-calibrated	by	the	manufacturers.	

Data	Interpretation	and	Analysis	
For	data	 interpretation	and	analysis,	 the	elevation	of	
Jamgoria	 z	 is	 214	 m	 above	 the	 mean	 sea	 level.	 For	
calculations,	 the	 temperature	 at	 mean	 sea	 level	 is	
considered	to	be	15oC.	Total	atmospheric	pressure	at	
height	"z"	was	calculated	using	(Equation	1,	Equation	
2),	where	r	is	the	density	of	air	[kg/m3]	and	'α'	is	the	
lapse	rate	[6.4997	0	C/m].	

!"
!#
= −𝜌𝑔	 (1)	

T =	𝑇$ − 𝛼𝑧	 (2)	

f	 is	 the	 relative	 humidity,	 or	 ratio	 of	 the	 partial	
pressure	 of	 water	 vapor	 pwv	 [Pa]	 in	 the	 air	 to	 the	
maximum	partial	pressure	of	water	vapor	(saturation	
pressure)	 pwv,s	 [Pa]	 at	 a	 given	 temperature	 T	 [oC].	
Temperature	and	RH	data	collected	from	the	field	were	
used	to	determine	the	partial	pressure	of	water	vapor	
using	 (Equation	 3).	 pwv,s	 is	 calculated	 using,	 Teten's	

Figure	5	Trend	in	change	of	temperature	from	10th	September	to	30th	November	2020	in	different	rooms	
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Relations	(Equation	4)	(Yang	et	al.	(2012))	where	B,	C,	
and	D	are	constants	with	B=7.5,	C=237.3,	D=0.21429	
for	Ts>00		C.	

	f =	 "!"
"!",$

(3)	

𝑙𝑜𝑔%$	𝑝'(,* =
+,$
-.,*

−𝐷 (4)	

For	 calculation	 of	 humidity	 ratio	 w	 [kg-water	
vapor/kg-dry	air],	 (Equation	5)	has	been	used.	Here,	

the	molar	mass	of	dry	air	Mda	is	taken	as	28.9645	[kg.	
K/mol]	and	the	molar	mass	of	water	vapor	Mwv	is	taken	
as	 18.01527	 [kg.k/mol].	 pt	 is	 the	 total	 atmospheric	
pressure	 in	 [Pa],	pwv	 is	 the	 partial	 pressure	 of	water	
vapor,	and	pda	is	the	partial	pressure	of	dry	air.		

	𝑤 = /!"
/%&

	 . "!"
"%&

	= 	/!"
/%&

	 . "!"
"'0	"!"

(5)	

An	analysis	of	occupant	comfort	in	the	room,	which	is	
significantly	 affected	 by	 variations	 in	 RH	 levels,	

Figure	6	Trend	in	change	of	relative	humidity	from	10th	September	to	30th	November	2020	in	different	rooms	

Figure	7	Trend	in	change	of	humidity	ratio	from	10th	September	to	30th	November	2020	in	different	rooms	
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respiratory	comfort,	and	perceived	indoor	air	quality,	
is	done	using	empirical	relations(Fang	(1998b,	1998a);	
Jørn	 Toftum	 et	 al.	 (1998b,	 1998a)).	 Percentage	
Dissatisfied	for	warm	respiratory	comfort	(PDwrc)	 is	
given	by	(Equation	6).		
This	 relation	 is	 based	 on	 the	 result	 of	 the	 study	
conducted	in	(Jørn	Toftum	et	al.	(1998b))	that	explains	
that	too	dry	or	too	humid	environment	can	cause	warm	
respiratory	 comfort	 by	 causing	 insufficient	
evaporative	 and	 convective	 cooling	 of	 the	 mucous	
membranes	in	the	upper	respiratory	tract	leading	to	a	
perception	of	poor	air	quality.	
Percentage	 Dissatisfied	 due	 to	 perceived	 indoor	 air	
quality	(PDiaq)	is	assessed	using	(Equation	7),	where	
H	is	the	total	enthalpy	of	air	in	kJ/kg.	The	equation	is	
derived	from	the	study	conducted	in	(Fang	(1998b)),	
and	 it	 considers	 only	 enthalpy	 of	 the	 air	 as	 a	
determinant	 of	 indoor	 air	 quality.	 	 Equation	 6	 and	
Equation	7	hold	good,	assuming	that	the	indoor	air	is	
unpolluted	or	does	not	exceed	the	threshold	limit	for	
certain	 identified	 pollutants.	 The	 empirical	 relations	
from	the	studies	mentioned	above	have	been	used	for	
preliminary	 analysis.	 The	 determinants	 of	 comfort	
such	 as	 acclimatization	 to	 a	 particular	 climate	 zone,	
age,	 occupation,	 social	 and	 economic	 status	 of	
occupants	 are	 not	 the	 same	 in	 this	 case.	 Hence,	 the	
inferences	drawn	from	the	analysis	need	to	be	verified	
as	we	take	the	study	forward.	

	𝑃𝐷'12	 =	
%$$

%.345607.9:.$.%:(7$0,).$.%=(=>.90$.$%"!")?
	100	

(6)	

𝑃𝐷@AB	 =	
34560$.%:09.>:(0$.77C.%.DD>)?
%.34560$.%:09.>:(0$.77C.%.DD>)?

	100	 															(7)							

RESULTS	AND	ANALYSIS	

Temperature	 and	Humidity	data	were	monitored	 for	
82	days,	 from	September	10,	2020,	 to	November	30,	
2020,	 at	 an	 interval	 of	 15	 minutes.	 Loggers	 were	
turned	 off	 from	 October	 4	 (9:30	 AM)	 to	 October	 5	
(10:00	AM)	because	of	cleaning	done	in	the	test	rooms	
on	a	local	festival.		

Temperature	and	Relative	Humidity	
The	temperature	and	Relative	humidity	data	recorded	
shows	 the	 seasonal	 variation	 as	 the	 monthly	 mean	
temperature	drops	from	31.2	0C	to	25.3	0C	and	monthly	

mean	 RH	 drops	 from	 76.2	 %	 to	 59.1	 %	 as	 given	 in	
(Table	1).		
(Figure	5)	shows	the	variation	of	temperature	values	
in	 the	 courtyard,	 vernacular,	 later	 vernacular,	 and	
conventional	 room.	 During	 the	 study,	 the	 courtyard	
values	reached	a	maximum	of	39.5	degrees	Celsius	on	
October	16,	2020,	at	1:11	PM	and	a	minimum	of	16.4		
degrees	 Celsius	 on	 November	 23	 at	 6:41	 AM.	 The	
results	show	that	conventional	room	temperature	has	
a	 maximum	 range	 of	 diurnal	 variations,	 following	
which	 is	 the	 outdoor	 courtyard	 diurnal	 variation;	
however,	the	average	conventional	room	temperature	
remains	the	lowest	amongst	the	three.				
Also,	 the	 diurnal	 variation	 range	 is	 the	 least	 in	 the	
vernacular	 rooms	 (lowest	 in	 adobe	 construction),	
offering	a	more	consistent	temperature	throughout	the	
whole	day.	
	(Figure	6)	shows	the	variation	of	relative	humidity	in	
the	different	rooms.	Both	the	vernacular	rooms	always	
remain	 at	 a	 higher	 relative	 humidity	 than	 the	
conventional	 room	 and	 also	 offer	 a	 lower	 range	 of	
diurnal	 variation.	 The	 conventional	 room	 shows	 the	
highest	variation	in	relative	humidity	during	the	day,	
where	the	values	remain	lower	than	the	courtyard	RH	
most	 of	 the	 time.	 The	 vernacular	 bedrooms	 have	 a	
higher	 RH	 than	 the	 courtyard;	 however,	 during	
November,	the	RH	values	have	been	observed	to	drop	
lower	than	the	courtyard	RH	during	the	afternoon.	The	
temperature	 and	 relative	 humidity	 are	
interdependent,	and	it	becomes	difficult	to	understand	
each	of	them	explicitly.	From	the	data,	we	see	that	as	
the	temperature	drops	during	November,	the	Relative	
humidity	 increases;	 however,	 the	 air	 is	 still	 dry	 in	
terms	 of	 humidity	 ratio.	 	 For	 quantification	 and	
analysis	 of	 moisture	 independently	 and	 in	 absolute	
terms,	 the	 quantity	 of	 "Humidity	 ratio"	 expressed	 in	
grams	of	water	vapor	per	kg	dry	air	(g-wv/kg-da)	was	
used	as	discussed	in	the	next	section.	

Humidity	Ratio	
Humidity	 ratio	 values	 are	 used	 to	 understand	 the	
absolute	moisture	content	in	the	air	on		dry	air	basis	at	
a	given	temperature	and	relative	humidity.	(Figure	7)	
shows	 the	 variation	 of	 absolute	 moisture	 values	
(humidity	ratio	computed	using	(Equation	5).	In	all	the	
selected	rooms,	windows	were	absent.		Also,	the	effect	
of	the	wind	was	minimum	in	the	vernacular	rooms	due	
to	 the	 presence	 of	 the	 common	 lobby,	 as	 shown	 in	

Monthly	mean	
Values		

Temperature	(0C)	 Relative	humidity	(%)	

September	 October	 November	 September	 October	 November	

Courtyard	 31.2	 30.7	 25.3	 76.2	 67.3	 59.1	

Vernacular	 30.1	 29.1	 24	 83.1	 74.4	 62	

Later	Vernacular	 31.2	 29.5	 23.8	 82.7	 78	 68.7	

Conventional	 29.9	 28.3	 22.7	 69	 60.1	 56.6	

Table	1	Monthly	mean	values	for	different	rooms	
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(Figure	3).	 	The	absence	of	any	anthropogenic	source	
of	moisture	 and	 ventilation	 leading	 to	 change	 in	 HR	
levels,	 the	variation	of	humidity	ratio	 in	the	different	
building	 typologies	 might	 be	 attributed	 to	 their	

respective	material's	ability	to	regulate	the	indoor	air	
moisture	levels.	
As	seen	in	(Figure	7),	the	conventional	room	shows	a	
very	high	range	of	diurnal	variations	 in	 the	humidity	

Figure	8	Frequency	Distribution	of	humidity	ratio	

Healthy Buildings 2021 – Europe

- 593 -



ratio,	which	remain	lower	than	the	courtyard	humidity	
ratio.	In	a	study	conducted	by	(Tran	Le	et	al.	(2010)),	it	
was	observed	that	more	hygroscopic	(hemp	concrete)	
led	to	a	higher	value	of	air	relative	humidity	at	the	same	
temperature	 compared	 to	 less	 hygroscopic	 (cellular	
concrete).	In	the	present	study,	a	similar	phenomenon	
is	observed.	However,	the	humidity	ratio	levels	in	the	
conventional	 room	 drops	 below	 the	 courtyard,	 the	
reason	 for	which	 needs	 to	 be	 investigated.	 (Ge	 et	 al.	

(2014))	 have	 shown	 that	 moisture	 buffering	 is	 a	
surface	 phenomenon	 by	 virtue	 of	 which	 sorption	 of	
desorption	 of	 water	 vapor	 occurs	 in	 the	 material	 to	
maintain	the	relative	humidity	levels	in	an	enclosure.	
The	 values	 depend	 upon	 the	 moisture	 absorption	
capacities	of	different	materials;	for	example,	plywood	
shows	 moisture	 absorption	 as	 high	 as	 355	 g/m2,	
whereas	 Aerated	 Cellular	 Concrete	 block	 shows	
moisture	absorption	values	as	low	as	41	g/m2.

Figure	9	Trend	in	change	of	Variation	of	Percentage	dissatisfied	for	warm	respiratory	comfort	and	Indoor	Air	Quality	on	23rd	
September	2020	(highest	observed	courtyard	RH)	
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The	later	vernacular	room	shows	the	highest	recorded	
humidity	 ratio	 values,	 going	 even	 higher	 than	 the	
courtyard	 humidity	 ratio.	 Anthropogenic	 factors	 for	
moisture	generation	during	the	day	can	be	ruled	out	in	
all	three	rooms	as	the	residents	are	out	for	work	during	
the	daytime.	However,	 the	moisture	 retention	by	 the	
articles	housed	in	the	rooms	may	be	a	reason	for	the	
higher	humidity	ratios	observed	(Yang	et	al.	 (2012)).	
The	 vernacular	 rooms	 have	 a	 narrow	 range	 (Adobe	
showed	 a	 narrower	 range	 than	 brick/Lime)	 of	
humidity	ratio	recorded	with	values	lying	within	the		
range	 of	 courtyard	 humidity	 ratio	 limits	most	 of	 the	
time.	 The	 frequency	 distribution	 of	 humidity	 ratio	 is	
shown	in	(Figure	8),	which	shows	that	 the	courtyard	
values	and	very	similar	to	that	of	the	vernacular	rooms.	
This	 observation	 hints	 at	 the	 ability	 of	 vernacular	
material	envelopes	to	maintain	an	indoor	environment	
very	close	to	natural	with	respect	to	moisture	in	the	air	

by	 offering	 a	 quick	 response	 to	 any	 change	 in	 the	
indoor	 moisture	 levels.	 The	 possibility	 of	 moisture	
accumulation	 in	 the	 three	 above-mentioned	 building	
typologies,	 the	 physical	 phenomenon	 of	 moisture	
transport	 from	 outside	 to	 inside,	 and	 its	 effect	 on	
building	 functional	performance	and	occupant	health	
needs	to	be	further	scrutinized.		
Based	 on	 (ASHRAE,	 S.	 55.	 (2004))standards,	 the	
comfort	humidity	ratio	is	0.012kg-wv/kg-da,	later,	(Li	
et	al.	(2019))	proposed	the	revised	value	to	be	0.0188	
kg-wv/kg-da,	and	(Kong	et	al.	(2019))	further	revised	
it	as	0.017	kg-wv/kg-da.		
This	 implies	 that	 even	 though	 the	vernacular	 rooms'	
humidity	 exposure	 is	 narrow	 in	 range,	 it	 is	 in	
consonance	 with	 exterior	 environmental	 conditions.	
However,	 there	 is	 a	 sudden	 change	 in	 the	 indoor	
humidity	 conditions	 in	 the	 conventional	 room,	 very	
different	 from	 the	 natural	 conditions.	 The	 diurnal	
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Figure	10	Trend	in	change	of	Variation	of	Percentage	dissatisfied	for	warm	respiratory	comfort	and	Indoor	Air	Quality	on	4th	
November	2020	(lowest	observed	courtyard	RH)	
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variation	 in	 humidity	 ratio	 decreases	 significantly	 in	
November	 as	 the	 outside	 temperature	 drops.	 If	 this	
trend	continues,	the	diurnal	variation	during	the	peak	
summer	months	will	be	very	high,	which	needs	to	be	
observed	and	analyzed	further.		

Percentage	Dissatisfied	for	warm	respiratory	
comfort	and	indoor	air	quality 
The	 values	 obtained	 for	 Percentage	 Dissatisfied	 for	
warm	 respiratory	 comfort	 using	 (Equation	 6)	 show	
that	the	humidity	parameters	are	conducive	and	tend	
to	 have	 more	 acceptability	 than	 the	 outside	
temperature	 conditions	 in	 the	 conventional	 room.		
Trend	of	the	comfort	percentages	is	shown	in	(Figure	9	
and	Figure	10)	show	the	percentage	dissatisfied	on	the	
day	with	highest	observed	courtyard	relative	humidity	
and	 the	 lowest	observed	courtyard	 relative	humidity	
respectively.		
Especially	 during	 the	 winter	 month	 of	 November,	
when	the	air	is	drier,	the	accepted	respiratory	comfort	
inside	 the	 conventional	 rooms	 is	 always	 higher	 than	
that	 of	 the	 outside	 environment;	 however,	 during	
September,	 the	 later	 vernacular	 room	 (brick/lime	
construction)	 should	 be	 uncomfortable	 as	 per	 the	
relation	 than	 the	 outside	 environment	 during	
midnight.	 	 However,	 in	 the	 vernacular	 room	 (Adobe	
construction),	 though	 the	 variation	 of	 percentage	
acceptance	is	not	very	high,	but	it	is	consistently	more	
comfortable	 and	 acceptable	 than	 the	 outside	
environment	in	all	the	study	months.	
The	indoor	air	quality	as	accepted	in	the	conventional	
room	 is	 the	 best	 as	 per	 the	 relation,	 however	 as	 the	
temperature	 drops	 in	 the	 month	 of	 November,	
acceptance	 in	 the	 vernacular	 rooms	 increases.	
However,	 the	 results	 obtained	 from	 the	 empirical	
studies	 are	 subject	 to	 acclimatization	 and	 other	
personal	 factors,	 which	 could	 carry	 characteristic	
responses	 unique	 to	 Indian	 conditions.	 The	 comfort	
levels	 in	 the	 dwellings	 have	 to	 be	 validated	 by	
obtaining	 responses	 from	 the	 occupants;	 deviation	
from	present	 calculations	 can	be	used	 to	understand	
the	influence	of	climate,	personal,	cultural,	and	social	
factors.	

DISCUSSIONS	
The	 observations	 made	 in	 the	 study	 reveals	 that	
absolute	humidity	conditions	in	vernacular	rooms	are	
closer	to	that	of	the	external	environmental	conditions.	
Real-time	 measurement	 and	 inferences	 from	 earlier	
studies	could	vary	where	the	physiological	conditions	
and	climate	zones	are	different	from	the	current	study.	
Inconsistencies	 also	 might	 be	 present	 due	 to	
acclimatization,	 economic	 and	 social	 status,	 and	
occupation.	 The	 current	 study	 in	 future	 will	 try	 to	
verify	the	results.		
The	 humidity	 levels	 in	 the	 conventional	 room	
(Cement/RCC	 construction)	deviate	 from	 the	outside	
conditions,	the	impacts	of	which	on	building	structural	
performance	 needs	 to	 be	 investigated.	 Also,	 the	
Vernacular	rooms	show	much	higher	humidity	values.		

The	ASHRAE-55	standards	for	human	comfort	suggest	
the	maximum	 limit	of	humidity	 ratio	 to	be	0.012	kg-
wv/kg-da;	however,	the	observed	humidity	ratio	in	the	
present	 study,	 most	 of	 the	 times,	 exceeds	 this	 limit.	
Recent	studies,	as	discussed	earlier,	propose	the	values	
as	18.8	and	17	are	much	closer	to	the	observed	values	
in	 the	 present	 study.	 The	 courtyard	 has	 a	 mean	
humidity	 ratio	 of	 0.0175	 kg-wv/kg-da	 (min=0.0081,	
max=	 0.0291	 kg-wv/kg-da),	 vernacular	 room	 it	 is	
0.0177	 kg-wv/kg-da	 (min=0.0079,	 max=	 0.0272	 kg-
wv/kg-da),	for	Later	vernacular	room	it	is	0.0142	kg-
wv/kg-da	 (min=	 0.0021,	max=	 0.0240	 kg-wv/kg-da).	
Amongst	all	the	rooms,	the	conventional	room	has	the	
lowest	values	for	humidity	ratio	of	0.0021	kg-wv/kg-
da,	and	the	highest	is	recorded	in	the	recorded	in	the	
vernacular	 room,	 i.e.,	 0.0272	 kg-wv/kg-da.	 With	 the	
data	recorded,	it	can	be	said	that	the	vernacular	rooms	
(the	envelope	as	well	as	the	articles	housed	inside)	are	
more	hygroscopic	in	nature.	It	retains	moisture	better	
than	 the	 other	 rooms.	 Also,	 the	 narrower	 range	 of	
humidity	 ratio	 in	 the	 vernacular	 room	 reveals	 the	
tendency	of	the	building	typology	to	regulate	moisture,	
maintaining	a	set	humidity	ratio	level	and	preventing	
frequent	 fluctuations.	The	 later	vernacular	room	also	
shows	a	similar	trend	in	humidity	ratio.	Therefore,	this	
suggests	that	the	response	of	building	typologies	to	the	
moisture	 exposure	 with	 aging	 also	 needs	 to	 be	
investigated.	 The	 values	 obtained	 through	 the	 real-
time	 monitoring	 of	 buildings	 also	 showed	 that	 the	
presently	existing	humidity	ratio	is	much	higher	than	
the	 suggested	 upper	 limit	 for	 humidity	 ratio	 in	 the	
ASHRAE-55	 standards.	 Earlier	 studies	 (Shastry	 et	 al.	
(2016))	have	also	questioned	the	adoptability	of	these	
codes	 for	 thermal	 comfort	 in	 vernacular	 buildings	 of	
tropical	 climate	 zones.	 Similar	 scrutiny	 needs	 to	 be	
done	 for	 adaptability	 and	 validity	 of	 the	 standards	
relating	to	comfort	humidity	levels	in	these	dwellings,	
which	will	 be	 taken	 up	 in	 the	 further	 course	 of	 this	
study.		
Exposure	 of	 human	 beings	 to	 an	 optimum	 level	 of	
temperature	 moisture	 conditions	 is	 essential	 for	
physiological	well-being.	At	 a	 given	 temperature,	 the	
perception	of	moisture	exposure	variation	is	generally	
manifested	 through	 a	 change	 in	 temperature	
sensation.	 However,	 variation	 in	 moisture	 exposure	
(perceived/unperceived)	 at	 a	 given	 temperature	 can	
also	be	a	cause	of	many	health	problems	ranging	from	
skin-related	 discomfort	 to	 breathing	 difficulties	
leading	 to	 asthma	 and	 impaired	 olfactory	 responses.	
With	 the	 seasonal	 variations	 and	 climatic	
acclimatization,	 the	 human	 body	 adjusts	 to	 the	
environmental	conditions	to	cope	with	the	extremities	
offered	by	nature.	With	respect	to	humidity	conditions,	
Vernacular	rooms	(humidity	ratio)	remain	very	close	
to	 the	 outside	 environment,	 thereby	 not	 causing	 a	
sudden	 change	 in	 exposure	when	 the	 occupant	 goes	
out	of	the	room,	however	in	the	conventional	room,	the	
inside	humidity	conditions	are	very	different	from	the	
outside	environment,	 thereby	 causing	a	 considerable	
range	of	variation	in	exposure.	This	study	can	be	taken	
forward	 to	 understand	 the	 interdependent	 dynamics	
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of	temperature	and	relative	humidity	as	 it	affects	the	
occupant	 thermal	 and	 humidity	 perception	 in	 the	
different	building	typologies	to	understand	better	the	
possible	 health	 outcomes	 of	 habitation	 in	 these	
dwellings.	

CONCLUSION	
Studies	have	emphasized	the	high	adaptive	resilience	
of	people	 living	 in	a	 traditional	setup	and	vernacular	
buildings	 that	 offer	 a	 much	 stable	 indoor	 moisture	
range.	 The	 furniture,	 furnishings,	 number	 of	 people,	
and	 type	 of	 occupancy	 also	 play	 a	 role	 in	 regulating	
indoor	 RH	 and	 contribute	 to	 providing	 an	 optimum	
indoor	 condition	 to	 prevent	 health	 problems.	 Apart	
from	this,	personal	factors	like	diet,	attitude,	personal	
habits	 also	 contribute	 directly	 to	 the	 indoor	 air	
moisture	content	as	well	as	drive	physiological	health	
conditions.	 The	 results	 of	 the	 study	 reveal	 that	 the	
vernacular	rooms	maintain	conditions	closer	to	that	of	
the	outside	environment	than	the	conventional	room	
with	respect	to	moisture;	however,	the	study	needs	to	
be	extended	to	other	climate	zones	for	further	clarity.			
The	 acceptable	 range	 of	 humidity	 conditions	 is	
different	for	different	occupational	roles	of	a	room.	It	
differs	with	 the	 age	of	 people	 as	well	 as	 the	 climatic	
conditions	 they	are	acclimatized	to.	More	studies	are	
required	 to	 be	 undertaken	 to	 establish	 the	 relation	
moisture	in	the	environment	and	the	comfort	levels	of	
different	 occupants.	 Many	 studies	 have	 shown	 that	
being	 close	 to	 nature	 and	 natural	 environmental	
conditions	 has	 a	 positive	 impact	 on	 physiological,	
psychological,	and	behavioral	health.	In	the	context	of	
this	study,	it	can	be	said	that	Vernacular	construction,	
in	 comparison	with	 conventional	 construction,	keeps	
the	 indoor	 environmental	 conditions	 consistent	 and	
close	to	natural	and	may	result	in	improved	well-being	
for	occupants.	
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ABSTRACT 

Mold growth on indoor surfaces can lead to severe 
human health effects. The presence of bio-based 
surfaces under high humidity conditions is expected to 
favor its development. This study used a custom-built 
wall at a 1:1 scale mimicking the building structure of 
real walls of a French public building containing wood 
wool as a bio-sourced insulation material. The wall was 
placed at ambient temperature and relative humidity 
of 70±5% in order not only to characterize mold 
development, but also Volatile Organic Compounds 
(VOCs) emissions. Moreover, a 60 x 60 cm piece of the 
wood wool was inoculated with about 700 CFU/cm2 of 
the fungus Aspergillus niger to evaluate the 
proliferation of micro-organisms under these 
conditions and eventually the emission of microbial 
Volatile Organic Compounds (mVOCs). The surface 
emission rates (ER) of Total Volatile Organic 
Compounds (TVOCs) and mVOCs were thus measured 
from the inoculated and non-inoculated surfaces. 

No mold development was observed by the naked eye 
on the inoculated or on the non-inoculated surface of 
the wood wool after one month and this was confirmed 
by counting the CFU number. Only four mVOCs were 
detected from both surfaces with a low ER of less than 
1 µg m-2 h-1. The ER of TVOCs was 90.3 µg m-2 h-1 from 
the non-inoculated surface and 71.2 µg m-2 h-1 from the 
inoculated surface. The obtained results show that the 
selected hygrothermal conditions are not sufficient for 
mold development on wood wool and that the 
detection of mVOCs is not a reliable indicator for 
microbial growth.  

KEYWORDS 

Mold growth, VOC emission, wood wool, humidity, 
fungal inoculation 

INTRODUCTION 

People in France spend more than 90% of their times 
indoors (ANSES, 2014). During this time, they are 
exposed to a variety of indoor air pollutants. Microbial 
growth is considered a key element of indoor air 
pollution (WHO, 2009).  Visible molds are found in 14-

20% in French housings, appearing in the form of dark 
spots on food or surfaces in damp environments 
(ANSES, 2016).  Indoor exposure to molds was shown 
to have potential human health effects on the 
respiratory, nervous, hematological, dermatological, 
and immune systems (Curtis et al., 2004; WHO, 2009). 

Recently, bio-based building materials are replacing 
conventional materials due to their lower production 
energy and ecological properties (Silva et al., 2018). 
However, because of their chemical composition, these 
materials can be considered a nutritional source for the 
development of bacteria and fungi (Ginestet et al., 
2020). Therefore, future new buildings are potentially 
more sensitive to mold development.  

Mold growth in indoor environments is greatly 
affected by changes in temperature and relative 
humidity (RH) (Abe, 1993). The optimal temperature 
for mold development is between 20 and 40 °C with a 
critical RH value of 80-90% (Viitanen, 1994). However, 
spores might still germinate at 70% RH under 
favorable temperatures (Sedlbauer, 2001). The 
existence of leaking roofs or pipes and water 
condensation can cause moisture problems which in 
turn might lead to mold development at ambient 
temperature (EPA, 2017).  Therefore, the presence of a 
nutritive bio-based source at favorable hygrothermal 
conditions can lead to spore germination or mold 
development in indoor environments. 

mVOCs are produced in the metabolism of bacteria and 
fungi. Health risks caused by these compounds were 
raised in the 1990s and analyzed in indoor air 
environments for the first time during the same period 
(Korpi et al., 2009). VOCs can be considered as a 
fingerprint of fungal development. Moularat et al. 
(2008) have identified 19 VOCs, including mVOCs, 
whose emission originates either from the metabolism 
of fungi or from the degradation of the growth 
substrate (Moularat et al., 2008, 2011). Since these 
compounds are volatile, they are thus emitted into 
indoor air and can deteriorate Indoor Air Quality (IAQ). 

The aim of this study is therefore to examine mold 
development on the indoor surface of bio-based 
insulation material found in a laboratory-reproduced 

Healthy Buildings 2021 – Europe

- 599 -



wall and placed under relatively favorable 
hygrothermal conditions. This is done through 
characterizing and comparing VOC emissions from the 
inoculated and non-inoculated surfaces and by 
counting the number of Colony Forming Units (CFU) on 
the inoculated surface. 

METHODS 

Construction of the wall 

In order to characterize mold development and VOC 
emissions, a wall at a 1:1 scale was constructed at the 
Laboratoire des Technologies Innovantes (LTI) at the 
University of Picardie Jules Verne in Amiens, France 
(figure 1a). The structure of this wall and the used 
materials were similar to the real walls at the town hall 
of Moncheaux in the North of France and are 
representative of the renovated building structures in 
this region.  

The tested wall (181 x 188 cm) was made up (from the 
interior to the exterior) of consecutive layers of two 
plasterboards of 18 mm thickness each, a 60 mm wood 
wool insulation material, followed by a water vapor 
barrier for damp proofing, another wood wool 
insulation of 120 mm thickness, a 40 mm air gap, and 
finally a brick wall. The temperature and RH were set 
at 22 °C and 70 ± 5%, respectively from the interior 
side of the wall and at 12 °C and 65% from the exterior 
side in the aim of creating a hygrothermal flux that 
promotes mold development on the insulation 
surfaces of the wall. 9 hygrothermal sensors (Vaisala 
HMP60) were placed at each surface of the constructed 
wall upon construction to continuously monitor the T 
and RH at different positions as presented in figure 1b. 

a) 

b) 

Figure 1. a) The constructed wall from the interior and 
exterior sides; b) A schematic representation of the tested 

wall and hygrothermal sensors (red dots) positions 

Experimental procedure 

After 4 weeks of hygrothermal conditioning of the wall, 
two FLECs (Field and Laboratory Emission Cell) were 
placed on the interior surface of the wall in order to 
characterize the emission of VOCs. One FLEC was 
installed on the top half of the wall while the other was 
placed on the lower half, as shown in figure 2, in order 
to evaluate the homogeneity of VOC emissions within 
the wall. A 500 mL/min flow of clean and humidified 
(70 ± 5%) air entered each FLEC. Sampling occurred 
after one day of their installation as recommended by 
the European standard ISO 16000-10  (International 
Organization of Standardization, 2006).  

VOC samples were actively collected on DNPH 
cartridges (2,4-Dinitrophenylhydrazine) to collect the 
emitted carbonyls while Tenax TA tubes were used to 
trap all the other VOCs. Two DNPH cartridges were 
placed in series to avoid the breakthrough of carbonyls 
as they are highly volatile. The sampled volume was 
equal to about 25 L (2-hour sampling with an air flow 
rate of about 200 mL/min). The FLECs were removed 
after sampling. Then a 60 x 60 cm piece of the top part 
of the plasterboard, on which the FLEC was previously 
installed, was taken off to spray the wood wool behind 
it with a solution containing 3.85 x 105 CFU/mL of the 
fungus Aspergillus niger. An average of 700 CFU/cm2 
was thus initially deposited on the surface. The 
plasterboard was then put back and left for another 
month under the same hygrothermal conditions in 
order to give time for the spores to germinate. 

After this period, the FLECs were reinstalled again in 
the same positions to not only to monitor VOC 
emissions due to potential mold development on the 
inoculated surface, but also to assess the evolution of 
VOC emissions from the non-inoculated surface after 
one month of exposure to humidity.  

The collected DNPH cartridges were then eluted by 3 
mL acetonitrile and analyzed using an HPLC/UV (High 
Performance Liquid Chromatography coupled to Ultra 
Violet Detector, Dionex Ultimate 3000, Thermo 
Scientific U.S.A.) equipped with an Acclaim RSLC 
Carbonyl column (2.2 µm, 2.1 x 150 mm, Thermo 
Scientific, U.S.A.). The Tenax TA tubes were analyzed 
using TD-GC-MS/FID system (Thermal Desorption Gas 
Chromatography, Clarus 680 - Mass Spectrometry and 
Flame Ionization Detection, Clarus SQ 8T, Perkin 
Elmer, U.S.A.) with a CP-Sil 5CB column (60 m x 0.25 
mm x 1 µm, Agilent U.S.A.). The HPLC/UV and TD-GC-
MS/FID methods used by Tobon-Monroy were used in 
this study (Tobon-Monroy, 2020). Calibrations were 
run before each HPLC and GC analysis. Carbonyls were 
quantified using their individual calibration 
coefficients in HPLC while a calibration of the TD-GC-
MS/FID using 10 VOCs occurred. All other VOCs were 
quantified as toluene equivalent. The limit of detection 
(LOD) of the GC method for toluene was equal to 0.004 
µg m-3 while that of the HPLC ranged from 0.2 to 0.6 µg 

Interior Exterior 
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m-3, depending on the compound, for an air sampled
volume equal to 25 L.

After the second VOC sampling, the plasterboards were 
removed and five samples for microbial analysis were 
cut from the inoculated wood wool piece. Extraction of 
microorganisms was performed using an MgSO4 
solution (5 x 10-3 mol L-1, 0.25% Tween-20) followed 
by 1.5 hr of agitation. A 1 mL aliquot was sprayed on 
DRBC agar to characterize the proliferation of the 
deposited fungus by counting the CFU. The water 
content of the five samples was also measured by Karl 
Fischer titration method to verify if the humidity 
conditions were adequate for microbial development 
or not.  

Figure 2.  Installation of the FLECs on the constructed wall for 
VOC measurements 

RESULTS AND DISCUSSION 

4 types of samples were collected: non-inoculated 
samples from the top (NIT) and the bottom (NIB) 
surfaces of the wall after four weeks of hygrothermal 
conditioning, non-inoculated samples from the same 
bottom surface after another month of hygrothermal 
conditioning (NIB’), and inoculated samples from the 
top surface (IT) after 1 month of inoculation. A 
replicate of each sample was made for more precise 
results. 

90 compounds were quantified in total from both 
inoculated and non-inoculated surfaces. However, only 
compounds having an emission rate (ER) > 0.5 µg m-2 
h-1 in GC or higher than the limit of quantification (LOQ)
in HPLC will be presented throughout this paper. The
emission rate of TVOCs has been determined from the
different surfaces as the sum of individual VOCs
sampled on Tenax TA tubes and eluted between
hexane (C6) and hexadecane (C16) as recommended by
the European Standard ISO 16000-6 (International
Organization of Standardization, 2011). Since the

difference in ER between the two replicates ranged 
from 10 to 30% for most of the characterized 
compounds, indicating the robustness of our 
experiments, results will be presented as their average 
throughout this paper. The difference in emission 
between surfaces was considered significant when 
higher than that between replicates (> 30%). Non-
parametric statistical tests on our samples seemed 
incoherent, probably due to errors induced by the 
small-sized populations (Columb & Atkinson, 2016), 

Characterizing the homogeneity of VOC emissions 
within the constructed wall 

Several numerical models are being developed 
nowadays to characterize the emission of indoor 
pollutants, such as VOCs, from building and consumer 
materials into indoor environments (Cox et al., 2002; 
Huang & Haghighat, 2002; Yang et al., 2001). Most of 
these models consider the emission sources, and thus 
VOC emissions, homogeneous which enables simpler 
model development and requires fewer input 
parameters. 

To characterize the homogeneity of VOC emissions 
from different parts of the wall, emissions of some 
VOCs from the NIT and NIB surfaces are compared 
(table 1). The emission of TVOCs in addition to other 
VOCs such as 1,2-ethanediol, propylene glycol, the 
coelution of benzoic and octanoic acids, and furfural 
from the same surface at two different positions was 
compatible with a relative difference of less than 20% 
while for the other compounds such as propanone, 
acetaldehyde, and formaldehyde a big difference was 
observed between the two parts of the same surface.  

Therefore, considering a surface as homogeneous upon 
developing numerical models to estimate the emission 
of individual VOCs should be reconsidered since it may 
lead to under- or overestimation of VOC emissions 
from building materials into indoor environments. 

Table 1. Comparison of VOC emission rates (µg m-2 h-1) from 
the non-inoculated top (NIT) and left (NIB) surfaces 

VOC NIT NIB 

1-Pentanol 0.7 0.7 

1,2-Ethanediol 3.1 2.8 

Propanone 16.3 122.5 

Propylene glycol 47.4 54.6 

Acetaldehyde 7.2 46.4 

Coelution of Octanoic and Benzoic acids 1.1 1.0 

Coelution of 1-Butanol and Benzene 1.3 7.7 

Methyl Vinyl Ketone (MVK) 3.0 11.9 

Methyl Ethyl Ketone (MEK) 2.5 5.4 

o-Tolualdehyde < LOQ 3.3 

Nonanal 0.4 0.6 

Formaldehyde 9.0 1.8 

Hexanal 4.4 2.3 

Furfural 6.3 5.2 

TVOCs 90.3 112.4 
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Characterizing VOC emissions as function of 
relative humidity (RH) 

Relative humidity has a considerable effect on VOC 
emissions. Placing the constructed wall at a relatively 
high humidity level (RH = 70 ± 5%) for about 1 month 
can have an effect on the ER of VOCs. In order to 
characterize the change in VOC emission due to RH, 
VOC ERs from the non-inoculated surface (NIB) were 
compared to those from the same surface after one 
month of hygrothermal conditioning (NIB’) (table 2). 

In general, the surface emission of VOCs decreased 
upon prolonged exposure to relatively high humidity 
which is well reflected in the 60% decrease in the 
emission rate of TVOCs between the surfaces NIB and 
NIB’. However, two major emission behaviors of 
individual VOCs were observed: decreased and 
increased emissions. 

As shown in table 2, the ERs of 12 compounds out of 17 
decreased significantly with time. This can be partly 
explained by the prolonged exposure of the wall to 
relatively high humidity. VOCs are known for their high 
vapor pressure or volatility and they are thus 
susceptible to leach out of the material into indoor 
environments, especially at high temperatures and 
variable RH.  Under relatively humid conditions, water 
molecules compete with VOCs for occupying the 
adsorbent sites of the building materials and can 
replace these compounds leading to higher VOCs 
concentrations at first (Lin et al., 2009). However, 
materials are considered finite VOC sources and upon 
prolonged exposure to humidity, VOC emissions 
become diffusion-controlled (Fang et al., 1999). In this 
case, the VOC load in the bulk decreases resulting in 
lower emission rates with time and progressive 
depletion of VOCs from the material (Harb et al., 2018). 

On the other hand, the ERs of most of the aldehydes 
(formaldehyde, hexanal, 2,5-dimethylbenzaldehyde, 
and furfural) from the NIB surface increased 
significantly (up to 10 µg m-2 h-1) where they were 
approximately multiplied by 2 after one month of 
hygrothermal exposure. According to Pohleven et al., 
VOC emissions from wood are dominated by aldehydes 
(Pohleven et al., 2019); therefore, it seems very likely 
that the emission of these compounds originates from 
the wood wool insulation materials. Since aldehydes 
are readily soluble in water (Stephenson, 1993), they 
may be dissolved after emission in the water molecules 
occupying the active sites of the material leading to an 
increase in the initial emittable concentration (C0) of 
VOCs with time and thus an increase in their surface 
emissions (Liang et al., 2016). As a result, even if 
building materials are considered finite sources of 
VOCs, there is no need for the emission to decrease or 
become zero as long as the source is emitting (Harb et 
al., 2018).  

Table 2. Comparison of VOC emission rates (µg m-2 h-1) from 
the same non-inoculated surface after one month 

VOC NIB NIB’ 

1-Pentanol 0.7 0.3 ↓ 

1,2-Ethanediol 2.8 3.0 x 10-2 ↓ 

Propanone 122.5 9.9 ↓ 

Propylene glycol 54.6 0.5 ↓ 

Acetaldehyde 46.4 3.3 ↓ 

Coelution of Octanoic and Benzoic 
acids 

1.0 0.5 ↓ 

Coelution of 1-Butanol and Benzene 7.7 2.2 ↓ 

Methyl Vinyl Ketone (MVK) 11.9 4.8 ↓ 

Methyl Ethyl Ketone (MEK) 5.4 2.8 ↓ 

o-Tolualdehyde 3.3 < LOQ ↓ 

Nonanal 0.6 0.7 ↑ 

Formaldehyde 1.8 3.6 ↑ 

Hexanal 2.3 5.5 ↑ 

2,5-Dimethylbenzaldehyde < LOQ 4.8 ↑ 

Furfural 5.2 9.8 ↑ 

TVOCs 112.4 48.1 ↓ 

Characterizing microbial development 

Through microbial extraction 

After the extraction of micro-organisms from the five 
samples of the inoculated surface, the number of viable 
fungal cells (CFU) was counted and reported. 

No CFUs were detected. This indicates that the initially 
deposited CFUs of A. niger were dead due to 
unfavorable hygrothermal conditions even if the 
nutritive support (wood wool) was present. Therefore, 
the selected hygrothermal conditions in this study 
seemed unsuitable for mold development on wood 
wool. The obtained results are coherent with those 
obtained by Block where mold growth was observed at 
humidity levels higher than 85% (Block, 1953; Tobon 
et al., 2020). 

To further validate these results, the water content in 
the five samples was also determined by Karl Ficher 
titration. The obtained results are shown in table 3. 

When characterizing microbial development on 
insulation materials, Tobon-Monroy found that a 
minimum water content of 15.3 ± 1.0% is needed for 
microbial development to occur on wood wool (Tobon-
Monroy, 2020). The obtained average water content of 
wood wool was equal to 9.5 ± 1.5% in this study. These 
results validate that humidity levels higher than 70 ± 
5% are required for microbial development. 

Table 3. The determined water content in the five extracted 
samples from the inoculated surface after one month of 

inoculation 

Sample Water content (%) 

1 8.2 

2 10.2 

3 9.2 

4 11.0 

5 8.9 
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Through VOC emissions 

Certain VOCs can be emitted upon microbial 
development either from the fungal metabolism or due 
to the biodegradation of the substrate (Moularat et al., 
2008). In order to evaluate the potential presence or 
absence of mold development, a comparison of VOC 
emissions from the same surface before (NIT) and after 
inoculation (IT) took place (table 4). 

No ‘’newly emitted’’ compounds were observed, i.e. the 
emitted VOCs after inoculation were also detected 
before inoculation, with observed variations in their 
emission rates. When comparing VOC emissions from 
the NIT and IT surfaces, we observe here again two 
major behaviors, decreased and increased emissions, 
which can be explained similarly based on the 
previously built hypotheses discussed in part b.  

Since mVOCs can be considered as an index for mold 
development, it is interesting to consider their 
emissions in this part even though their emission rates 
are low (< 0.5 µg m-2 h-1). Based on the mVOCs 
classification by (Korpi et al., 2009), only four mVOCs: 
1-butanol, benzene, 2-heptanone, and 2-ethyl-1-
hexanol were detected in this study and their ERs are
shown in table 4. The emission rates of 2-ethyl-1-
hexanol and 2-heptanone were very low while that of
1-butanol and benzene decreased with time. This is
corroborated by the results of the microbial analysis
showing the absence of microbial growth, as discussed
previously.  It is likely thus that the detected mVOCs
are mainly emitted from the building materials used
for the wall construction, which is further shown by the
decrease over time of the ER of 1-butanol and benzene
due to hygrothermal conditioning. Since no spores
germination or mold development was detected
neither by microbial extraction nor by VOC emissions,
it seems that the detection of mVOCs might not be a
specific and reliable indicator for mold growth in
indoor environments, as previously observed in other
studies (Schuchardt & Strube, 2013).

Table 4. Comparison of VOC emission rates (µg m-2 h-1) from 
the same surface before (NIT) and after inoculation (IT) 

VOC NIT IT 

1-Pentanol 0.7 0.4 ↓ 

1,2-Ethanediol 3.1 1.8 ↓ 

Propanone 16.3 4.8 ↓ 

Propylene glycol 47.4 27.7 ↓ 

Acetaldehyde 7.2 3.0 ↓ 

Coelution of Octanoic and 
Benzoic acids 

1.1 0.7 ↓ 

Coelution of 1-Butanol + Benzene 1.3 0.7 ↓ 

Hexanal 4.4 3.5 ↓ 

2-Ethyl-1-hexanol 0.1 6.0 x 10-2 ↓ 

2-Heptanone 6.0 x 10-2 8.0 x 10-2 ↑ 

Methyl Vinyl Ketone (MVK) 3.0 4.5 ↑ 

Methyl Ethyl Ketone (MEK) 2.5 2.7 ↑ 

Nonanal 0.4 0.8 ↑ 

Formaldehyde 9.0 9.6 ↑ 

2,5-Dimethylbenzaldehyde < LOQ 2.3 ↑ 

Furfural 6.3 6.2 = 

TVOCs 90.3 71.2 ↓ 

CONCLUSION 

A 1:1 scale wall was constructed in this study and 
placed under specific hygrothermal conditions (T = 22 

°C and RH = 70 ± 5%) to characterize the possibility of 
mold development on bio-based insulation materials 
(wood wool). This was done through the measurement 
of surface VOC emissions before and after the wall 
inoculation with the fungi A. niger. 

Our results show that VOC emissions can show 
significant differences within a same wall under the 
same hydrothermal conditions. Therefore, the 
homogeneity in emissions of materials should be 
considered with caution.  

Although some mVOCs were detected, the VOC 
emissions showed no presence of mold development 
and that the emitted VOCs originate solely from the 
building materials. The decrease in emission rate of 
certain VOCs with time might be due to the prolonged 
exposure to relatively high humidity level which led to 
their depletion from the materials while the increase in 
the emission rates of aldehydes can be due to their high 
water affinity.  

The absence of biologically emitted mVOCs was further 
validated by the microbial results. No CFUs were 
detected indicating that 70% relative humidity is 
inadequate for spore proliferation or mold 
development. 

For this reason, a new emission test will be conducted 
following the same procedure, but this time under 
higher humidity levels and using a combination of two 
fungi (Aspergillus niger and Penicillium) to further 
characterize the conditions needed for mold 
development or spores germination. 
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ABSTRACT 

This investigation analyze the correlation between 
two common methods to assess the ventilation 
effectiveness: An averaged contamination removal 
effectiveness (CRE) value based on the residual 
lifetime and the air change efficiency (ACE) to better 
understand their relationship to then give a 
recommendation for the IAQ-assessment of 
ventilation designs. 

The present numerical investigation puts focus on a 
simple mixing ventilation scenario with different 
conditions: air change rate, specific heat flux, supply 
air diffuser and exhaust position. Statistically, the 
results show a significant correlation. A detailed 
consideration, especially for the partial load range, 
will be necessary to for a valide determination of 
removing airborne contamination. 

INTRODUCTION 

There are two common methods to assess ventilation 
effectiveness: the air change efficiency  and the 
contamination removal effectiveness . For known 
contamination sources in a room, it is easy to 
determine the CRE. Often the source position is 
unknown or too variable. Especially, when the 
contamination is exhaled from a random position and 
gets mixed up in the environment. Then the ACE, the 
ability of the ventilation to exchange the air in the 
room, should be used for Indoor Air Quality (IAQ) 
assessment. 

By determining the residual lifetime, the averaged 
time for air transport from a specific point in the 
room to the exhaust, it is possible to examine the 
resulting CRE and ensure, if the point is the source 
position and the contamination is airborne. This data 
can be averaged for the whole room or a potential 
source zone.  

The Air Change Efficiency  is the quotient of the 
nominal time constant  (Equation 1) times 0.5 and 
the averaged age of air in the room  (Equation 2). 

(1) 

(2) 

Under the current pandemic circumstances, the focus 
of common ventilation shifts to airborne viruses and 
how long the infectious aerosols linger in the room. In 
order to determine the air quality in rooms with 

known sources of pollution, pollutant removal 
parameters are suitable. The Contaminant Removal 
Effectiveness    is described by Equation (3). It is the 
quotient of the difference between the pollutant 
concentration in the exhaust     and supply air  
and the difference between the average concentration 
in the room   and the supply air.  

(3) 

The CRE is limited to a single pollutant and source 
distribution, but a real room has multiple and/ or 
undefined pollutants. Each emanating from a different 
location, none of which can be predicted. This results 
in the general recommendation, to use the ACE for
general indication of air quality independently of 
contaminant source positions (Mundt et al. 2004; 
Novoselac and Srebic 2003). This gives the rise to the 
question of how much the air exchange efficiency is 
sufficient to assess the removal of airborne 
contamination? (Fisk et al. 1997) show a strong 
correlation for the ACE and the pollutant removal 
efficiency for a passive, spatially-distributed source on 
the floor. For a second source, body-odor pollutant, no 
correlation could be found. (Novoselac and Srebic 
2003) show the correlation of ACE and CRE for 
different source locations (floor, wall, occupants) and 
ventilation strategies (mixing – and displacement 
ventilation). For mixing ventilation the correlation is 
strong and differences between the source positions 
are not significant.  

In this study the correlation between ACE and CRE 
should be approved by a numerical analysis considering 
different mixing ventilation parameters:  

 air change rate  ,
 temperature difference between exhaust and

supply air            ,
 supply air diffuser (swirl and slot) and
 exhaust positioning.

METHODS 

Numerical Model 

A 3D model with the CFD software STAR-CCM+ is 
used. The room has a height of 2.9 m and a floor area 
of 5.2 m x 4.4 m. Two different supply air diffuser a 
swirl inlet at the ceiling center and a wall slot diffuser 
are implemented. Different exhaust air positions are 
investigated; for the slot diffuser five different exhaust 
openings (ea1 - ea5) and the swirl diffuser two 
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symmetric (ea12 and ea34) and two asymmetric 
exhaust configurations (ea1 and ea4) (see Figure 1). 

Figure 1. The geometry of the investigated room with the 
supply air and exhaust openings  

Table 1 shows a summary of the mesh, boundary, and 
solver settings. The different parameter setups of the 
supply air can be seen in Figure 2. 

Table 1. Boundary conditions and settings CFD model 

Supply air 
Inlet,   = 25 … 500 m3/h, 

 = 291.15 K 

Exhaust Outlet 

Floor, Ceiling, Walls Adiabatic  

Dummies   = 0 … 500 W 

Turbulence model RANS, Reynolds Stress Turbulence 
Model (Elliptic Blending) 

Physics Ideal Gas, Gravity, Radiation 
(surface-to-surface) 

Figure 2: Parameter setups for the supply air 

Ventilation Effectiveness 

The air change efficiency can also be determined for a 
single point in the room – it is called the local air 
change index   

  (Equation 4). 

(4) 

Additionally, CRE can also be obtained by (Equation 
5). It based on the turnover time   

 , the averaged time 

needed to remove the contaminant and put it in 
relation to the nominal time constant. 

(5) 

Besides the age of air (Sandberg and Sjöberg 1983) 
introduced the residual lifetime (see Figure 3). 
Residual lifetime is the mean residence time of air 
from any point in the room till it leaves the room 
through the exhaust. Assuming ideally airborne 
contamination it corresponds to the turnover time for 
every possible source position. Thus, a resulting CRE 
can be calculated for every hypothetical source 
position. The numerical method to determine the 
residual lifetime is a reversed CFD-simulation first 
used by(Kato et al. 1993). 

Figure 3. Definition of different ages (based on Sandberg and 
Sjöberg 1983) 

In this investigation the focus is on the local air 
quality index and the contaminant removal 
effectiveness. For the assessment a grid of 40 x 48 
points on 18 horizontal planes (total 34560 points) is 
set in the breathing zone (BZ). A limitation of the 
breathing zone counteracts extreme values at the 
room boundaries, e.g. directly at the air diffusers. The 
BZ is defined by (ASHRAE 2010) as the innerspace 
between a height of 0.075 m and 1.8 m and a distance 
of 0.6 m from the surrounding walls. Each of the two 
quantities ACE and CRE is summarized in a single 
value - the median. The median and not the mean 
value is chosen because the standard deviations of the 
CRE are too high and a robust value is needed. 

Correlation analysis 

The most famous correlation coefficient is the 
Pearson correlation coefficient. This is the covariance 
(fluctuation of the values around the mean) regarding 
the maximum oscillation of the individual variables. 
The Pearson correlation is a measure of linear 
association. It is between -1 and +1. A value of +1 
shows a perfect positive correlation and -1 a perfect 
negative correlation. If it is 0 the two variables are 
completely independent. The significance is the 
probability that the correlation is not an accidental 
finding (p-value). In this investigation it is fulfilled, 
when the p-value is smaller than 0.05. In addition to 
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the Pearson correlation, the Spearman correlation is 
also calculated. The Spearman correlation does not 
evaluate the linear relationship, but only a general 
ranking or the monotonicity. Therein lies a crucial 
advantage: For the study of mixing ventilation it is 
expected, that the values for ventilation efficiency are 
close to the efficiency for ideal mixed ventilation. This 
can lead to a strong linear correlation, which does not 
necessarily reflect a clear monotonicity. Additionally, 
a normal distribution of the data points is not a 
prerequisite for the application of the Spearman 
correlation. This is not guaranteed depending on the 
reduction of the data points to certain parameter 
spaces. 

RESULTS 

For all selected parameter constellations, the data 
points are plotted in a diagram and the correlation 
coefficients and linear regressions are implemented. 
The linear regression describes the functional 
relationship between the variables: the median of the 
contamination removal effectiveness on the y-axis and 
the median of the local air change indices on the x-
axis. 

The first figure, Figure 4, shows the complete data set. 
A significant correlation is visible. The (median) CRE 
rises with the (median) ACE. At higher values the 
distance between the data points and the regression 
increases.  

The difference in regression between isothermal and 
non-isothermal cases is small (see Figure 6). Also, a 
finer subdivision and on the different supply air 
parameters mostly show significant correlations (see 
Table 2). For very small air changes (parameter point 
i1) the correlation coefficient decreases, and the 
significance criterion (p <0.05) is not met.  

With the differentiation of the supply air diffuser (see 
Figure 7), it becomes clear that the swirl diffuser 
achieves a better mixing of the room air. The point 
cloud is denser around the value of one. The Pearson 
correlation (r = 0.7) is strong, but the Spearman 
correlation (r = 0.58) is significantly smaller.  

Separate consideration of the supply air type with the 
associated exhaust air position (see Table 3), no 
longer reveals a significant correlation between CRE 
and ACE for every exhaust position.  

 
Figure 4. Correlation between the median local air change 
index and the median contamination removal effectiveness 

for all cases 

DISCUSSION 

Generally, the results show a correlation between CRE 
and ACE. With r = 0.8 for all cases. This is significantly 
lower than the correlation in the investigation from 
(Fisk et al. 1997) with r = 0.99 for a spatially 
distributed floor source. But it matches very well with 
the correlation coefficients from the data in 
(Novoselac and Srebic 2003). If the data is cleansed 
from the displacement and natural ventilated data 
points the correlation coefficient is depending on the 
source (floor, wall and occupants) between 0.7 and 
0.9. (Fisk et al. 1997) used the same room setup for all 
measurements. Only the supply air conditions are 
changed. (Novoselac and Srebic 2003) compare 
different rooms and ventilation strategies. 

Plotting the residual lifetime above the age of air, the 
correlation is significantly higher, r = 0.98 (see Figure 
5). It could be just a scaling effect: a higher residual 
lifetime comes with higher age of air, because they 
both depend on the air flux. The plot makes it very 
clear that the correlation decreases sharply in the 
partial load range. 

The correlations of CRE for individual exhaust 
positions are worse. Especially, a monotonic 
relationship can be excluded for most setups (low 
Spearman correlation). This suggests, that the 
influence of supply air parameters are more decisive 
on the correlation. 

Through the evaluation of a median CRE value for 
every possible source position, one would initially 
expect CRE and ACE to converge strongly. The results 
show that this is not true. There are enough cases 
where CRE improves and ACE does not and vice versa. 
An example is shown with a section plot of the local 
air change index and the contamination removal 
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effectiveness in Figure 8. The air change efficiency for 
a swirl diffuser (with an impuls dominant supply air 
parameter) has a better performance with a lower 
exhaust position and the contamination removal with 
an exhaust position at the ceiling. 

Further, the local values have significant differences. 
Plotting the standard deviation for the CRE and ACE 
values, shows a higher scatter for the CRE values. 
Which is why the median and not the mean value is 
used for the evaluation. But also the interquartile 
range (IQR, difference between 75th and 25th 
percentiles) is larger by a factor of 10 for the CRE (see 
Figure 9). 

Figure 5. Correlation between the median age of air and the 
median residual life time against all cases 

CONCLUSIONS 

The answer to the question, is the air change efficiency 
sufficient to assess the removal of airborne 
contamination in mixing ventilation, cannot be applied 
conclusively. Yes, there is a general correlation 
around r ≈ 0.8, but it doesn’t seem to be sufficient, 
when it is possible to achieve a contamination 
removal ±20 % for the same air change efficiency. The 
causalities must be broken down in a more 
differentiated way in future investigations. 

For full load mixing ventilation, an initial estimate of 
the ventilation effectiveness based on the desired 
exchange efficiency is legitimate. To reduce airborne 
infections, allergic reactions, etc., it is necessary to 
assess the real performance of contamination removal 
for ventilated spaces. The numerical approach via the 
residual lifetime is equivalent to the age of air from 
the source position independently determinable. The 
additional effort is justifiable for a better IAQ-
assessment. 
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Figure 6. Correlation between the median local air change index and the median contamination removal effectiveness 
grouped by non- and isothermal cases 

Figure 7. Correlation between the median local air change index and the median contamination removal effectiveness 
grouped by supply air diffuser 

Table 2. Correlation between the median local air change index and the median contamination removal effectiveness grouped by 
different supply air parameter (non- and isothermal) 

Parameter n dT rpearson ppearson rspearman pspearman 

i5 6.00 0 0.95 0.000 0.85 0.004 

i4 3.00 0 0.96 0.000 0.92 0.001 

i3 1.50 0 0.97 0.000 0.93 0.000 

i2 0.75 0 0.78 0.013 0.90 0.001 

i1 0.38 0 0.58 0.098 0.37 0.332 

a1 7.57 3 0.96 0.000 0.90 0.001 

a2 4.52 5 0.90 0.001 0.58 0.099 

a3 3.01 3 0.82 0.006 0.43 0.244 

a4 2.83 8 0.92 0.000 0.60 0.088 

a5 1.81 5 0.96 0.000 0.80 0.010 

a6 1.13 8 0.97 0.000 0.60 0.088 
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Table 3. Correlation between the median local air change index and the median contamination removal effectiveness grouped by 
different supply air diffusers (sa) and exhaust positions (ea) (data reduced by parameter i1) 

sa ea rpearson ppearson rspearman pspearman 

swirl ea12 0.85 0.004 0.5 0.356 

ea1 0.72 0.028 0.5 0.170 

ea34 0.82 0.007 0.52 0.154 

ea4 0.26 0.508 0.08 0.831 

slot ea1 -0.24 0.538 -0.14 0.714 

ea2 0.72 0.000 0.55 0.004 

ea3 0.55 0.028 0.49 0.128 

ea4 0.22 0.562 0.39 0.293 

ea5 0.18 0.635 0.33 0.389 

Figure 8. Comparison of the contamination removal effectiveness and the local air change index for two chosen swirl diffuser 
cases on a plane section (x = 2.2 m) 
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Figure 9. Quantification of the local distribution standard deviation (left) and interquartile range (right) of the ACE and CRE 
values  for all investigated parameters 
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ABSTRACT 
The ventilation airflow rates in a demand-controlled 
ventilation strategy typically vary between a base 
(Vmin) and a maximum ventilation rate (Vmax). 
Classrooms have relatively short but intense hours of 
occupancy and a low Vmin can result in high energy 
savings. Our study aims to examine how different Vmin 
(1.1 versus 2.0 l/s per m²) affect subjective symptoms, 
perceived indoor environment quality (IEQ), and 
performance for young adults.  
Symptom intensity and perceived IEQ were recorded 
on a visual scale, and performance was examined by 
identifying three different letters in a nonsense text. 
Tests were done immediately after entering the 
classroom.  
We found no significant effects of increasing Vmin from 
1.1 to 2.0 l/s per m² on learning performance, 
symptoms, or perceived IEQ.  

INTRODUCTION 
Demand-controlled ventilation (DCV) may 
significantly reduce the energy consumption of 
mechanically ventilates buildings by lowering the 
ventilation rate when spaces are unoccupied. The base 
ventilation rate, which is the minimum ventilation 
airflow rate in a DCV-control strategy, significantly 
affects these energy savings. Classrooms typically have 
relatively short but intense hours of occupancy. 
According to a study of schools in Oslo, the typical use 
of classrooms for normal school activities is on average 
four hours out of the 10 hours of ventilation operation. 
Thus energy savings of 38 - 51 % could be achieved by 
utilizing DCV compared to constant air volume 
ventilation (Mysen et al., 2005).   
The base ventilation rate also affects the air quality 
upon entry, before increased ventilation rates during 
occupancy reduce pollutant levels to new steady-state 
levels. Several studies indicate that insufficient 
ventilation of educational facilities affects school 
performance and that sufficient ventilation would be 
cost-effective (Toftum et al., 2015; Wargocki & Wyon, 
2017). Most studies, however, have focused on 
ventilation rates per person during occupancy 
(Maddalena et al., 2015). Emissions from building 
materials, furnishing, user equipment, and 

accumulated dust and debris will affect the air quality 
of classrooms (Smedje & Norbäck, 2000). The 
emissions might be diluted by the base ventilation, but 
little information is available on the effect of base 
ventilation rates on subjective symptoms, perceived 
indoor environment and performance, in classrooms 
with realistic pollution loads. We have previously 
assessed the effect of the base ventilation on PAQ in 18 
unoccupied classrooms (Holøs et al., 2019). The 
present study aimed to examine the effects of two base 
ventilation rates on subjective symptoms and learning 
performance of young adults. The base ventilation 
rates were set to reflect the rate currently used in 
schools in Oslo, Norway, and a significantly reduced 
ventilation rate that is still well above recommended 
value in the current Norwegian Building Code.    

METHODS 

Study design 
A repeated crossover experiment (low-high-high-low) 
was conducted in two similar small classrooms with a 
floor area of 30 m2, a height of 2.6 m, and with standard 
furnishings for 11 pupils. The rooms were on the 
second and third floor. Additionally, we also 
introduced some pollutant sources. These include one 
uncapped whiteboard marker, 15 laptop computers in 
a closed but ventilated charging cupboard, and one 
open vacuum cleaner bag containing dust from vacuum 
cleaning of 60 m² floor area of a classroom after regular 
use.  
17 healthy students (7 females and 10 males) from 
OsloMet were recruited to participate in the study. 
Compensation was paid for the participation. The 
participants were divided into two groups and 
participated in two sessions per day. At the morning 
session, one group was first exposed to a low (1.1 l/s 
per m2) base ventilation rate, while the other group 
was exposed to a high (2.0 l/s per m2) base ventilation 
rate on the first test day. The two groups changed the 
test room after lunch. On the second day, the order of 
exposure to base ventilation rate was switched. Each 
participant served as their control as they were 
exposed to both low and high base ventilation twice. 
Not all students participated every day, thus the 
number of participants in each group varied between 
six and seven for each session.  
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Upon entering into each test room, and again after 75 
minutes, the participants were asked to do the 
following tasks: 1) to assess perceived air quality 
(PAQ), 2) to respond to an online questionnaire about 
perceived indoor environment and subjective 
symptoms, and 3) to identify three different letters in a 
nonsense text (BOK-test). The total time required for 
completing these tasks was 11-14 minutes.  
Before the morning session, the ventilation had been 
operating at the selected base ventilation rate for 18 
hours. When the participants entered the rooms, the 
ventilation was manually adjusted to a high ventilation 
rate corresponding to 5.7 l/s per m2. After the morning 
session, ventilation was run at the base ventilation rate 
for 90 minutes before the next test round.  Relative 
humidity (RH), CO2 and indoor temperature were 
logged in both test rooms.  

Perceived air quality (PAQ) 
PAQ was evaluated using a continuous acceptability 
scale divided into two parts (Fang et al., 2004). The 
PAQ-acceptability scale was coded as following: -1 = 
“Clearly Unacceptable”, 0 = “Just unacceptable/Just 
acceptable” and +1= “Clearly Acceptable”. It was not 
possible to score at the midpoint. 

Figure 1 Screenshot of the PAQ acceptability scale. 

Questionnaire 
The online questionnaire is a modified version of the 
MM-questionnaire developed at the Department of
Occupational and Environmental Medicine in Örebro,
Sweden (Andersson 1998). The questionnaire consists
of 25 questions related to the subjective assessment of
general perceptions of the indoor environment,
thermal comfort, and sick building syndrome (SBS)
symptoms. A continuous scale slider was used to
record the responses to the questions, where the
response “No, not at all” was converted to a score of 0
and “Yes, very” to a score of 10. It was not possible to
score at the midpoint.

Figure 2 Excerpt of the online questionnaire. Score 0 
corresponds to "No, not at all" and 10 corresponds to "Yes, 
very". 

BOK test 
The BOK test is a modification of the "OK Tick Off 
Test"(Fostervold & Nersveen, 2008) with one extra 
letter (B) to be ticked off. The BOK test requires 
attention and speed and is a visual detection task 
designed to assess the ability of individuals to maintain 
cognitive alertness for an extended period. The test 
consists of identifying the letter b, o, k in a nonsense 
text for 10 minutes. Accuracy (percentage of correctly 
identified letters) and concentration performance (CP; 
defined as the number of correctly marked target 
characters minus incorrectly marked distractor 
characters) were measured. 

Statistical analyses 
Statistical analyses were performed with SPSS version 
24 (SPSS Inc, Chicago, USA). Wilcoxon’s signed-rank 
test was used to check for differences in responses at 
low and high base ventilation rates. 

RESULTS 
Table 1 shows an overview of the measured CO2, 
indoor temperature and relative humidity in the test 
rooms during the different test rounds upon entering 
the test rooms. The average CO2-level rises somewhat 
higher upon entry in room 1 than 2, as the dampers in 
this room reacted slower to the signal to increase the 
ventilation rate. Temperatures were higher in test 
room 2 than test room 1 during tests 2,3 and 4. RH was 
lower in both test rooms on the second day (test 
rounds 3 and 4). Otherwise, all parameters are 
comparable.   

Table 1 Overview of logged indoor parameters. Derived from 
5 minutes upon entry into the testrooms. 

Test 
round 

Test 
room 

CO2 

(ppm) 
Temp. 

(°C) 
RH 
(%) 

Air 
supply 

(l/s·m²) 

N 

1 
1 616 23.4 40.4 1.1 7 

2 454 23.6 38.6 2.0 7 

2 
1 606 23.5 39.3 1.1 7 

2 462 24.3 37.4 2.0 6 

3 
1 646 22.7 26.6 2.0 7 

2 556 24.4 24.8 1.1 5 

4 
1 540 23.2 27.0 2.0 6 

2 504 24.7 25.6 1.1 6 

PAQ 
The variations in PAQ-score given by the participants 
are seen in Figure 3. The average PAQ-score given 
immediately upon entry was higher at high base 
ventilation (0.66 ±0.33) than at low (0.42±0.47).  
Although this difference in PAQ-score was not 
statistically significant, there is a tendency that 
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perceived air quality was more acceptable at a higher 
base ventilation rate.  

Figure 3 Boxplot of the PAQ acceptability scores (-1 = “Clearly 
unacceptable”, 0 =” Just unacceptable/Just acceptable” and 1= 
“Clearly acceptable) by base ventilation rate. The dark line in 

the middle of the boxes is the median and the x-mark is the 
mean value. The top and bottom of the box are the 75th and 

25th percentiles. Whiskers indicate the 10th and 90th 
percentiles and individual outliers are shown as points. 

Questionnaire 
The questionnaire was categorized into responses 
related to perceived indoor environmental factors, 
thermal comfort, general and specific SBS symptoms 
and are shown in Figures 4– 7.  
Generally, the average scores of the perceived indoor 
environment factors were below 3, indicating that the 
participants were generally satisfied with the indoor 
climate.  The base ventilation rate had no significant 
effect on these parameters.  

Figure 4 Boxplots of perceived indoor environment factors by 
base ventilation rate. The dark line in the middle of the boxes 
is the median and the x-mark is the mean value. 

We also did not find any significant effect of the base 
ventilation rate on thermal comfort scores. As seen in 
Figure 5, the highest average score was related to the 
question about the test rooms being too warm.  

Figure 5 Boxplot of thermal comfort by base ventilation rate. 
The dark line in the middle of the boxes is the median and the 
x-mark is the mean.

Figure 6 Boxplots of SBS symptoms. The dark line in the 
middle of the boxes is the median and the x-mark is the mean 
value. 
Figure 6 presents the responses to the questions 
related to SBS-symptoms. Except for nausea, there is a 
tendency of higher symptom intensities at lower base 
ventilation rates. However, these differences in score 
were not significant. The most frequent symptoms 
were being "tired", "heavy headed" and "difficulties 
concentrating".  
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Figure 7 Boxplot of the responses to the questions about 
general symptoms. (0 = “No, not at all”, 10 =” Yes, very”) by 

base ventilation rate. The dark line in the middle of the boxes 
is the median and the x-mark is the mean value. The top and 

bottom of the box are the 75th and 25th percentiles. Whiskers 
indicate the 10th and 90th percentiles and individual outliers 

are shown as points. 
The responses to the questions related to general 
symptoms are presented in Figure 7. Overall, there 
were few reported symptoms at both base ventilation 
rates. We also found no significant effects of increasing 
the base ventilation rate on general symptoms.  

Results after the lecture. 
The participants spent 1.5h in each test room, with a 
supply airflow rate of 5.7 l/s per m2. The indoor climate 
parameters during the period 75-90 minutes after 
entry  are provided in Table 2 a.  

Table 2 Overview of logged indoor parameters. The supply 
airflow rate was set to 5.7 l/s per m2 in both test rooms. 

Test 
round 

Test 
room 

CO2 

(ppm) 
Temperature 

(°C) 
RH 
(%) 

Vmin N 

1 
1 579 24.0 38.6 Low 7 

2 584 24.5 37.5 High 7 

2 
1 647 24.2 36.9 Low 7 

2 596 24.9 35.5 High 6 

3 
1 635 23.5 27.3 High 7 

2 599 25.1 24.7 Low 5 

4 
1 572 23.8 25.3 High 6 

2 559 25.3 23.7 Low 6 

Table 3 shows an overview of the average scores given 
by the participants upon entry and after staying 75 
minutes in the testrooms. Generally, the average scores 

for majority of responses of the questionnaire 
increased after 75 minutes, both at high and low Vmin.   

Table 3 Overview of the responses to the questionnaires 
(average ±standard deviation) upon entry and after staying  

75 minutes in the testroom. 0 = no, not all, 10 = yes,very. 

Low Vmin High Vmin 

Upon entry 90 mins Upon entry 90 
mins 

Tired 4.2±2.8 5.2±2.9 3.4±2.8 4.7±3 

Heavy headed 2.8±2.4 4.5±2.8 1.7±1.9 3.7±2.3 

Headache 0.7±1.1 1.3±1.9 0.3±0.6 0.7±1.4 

Dizziness 0.7±0.8 1.6±2.1 0.6±0.9 1.3±1.4 

Difficulties 
concentrating 2.6±2.4 4.3±3 2.1±1.9 4.3±2.9 

Nausea 0.3±0.7 0.2±0.6 0.4±0.7 0.2±0.6 

Itching/burning 
eyes 1±1.8 1.9±2.9 0.8±1.6 2.2±3.1 

Hoarse/dry throat 0.7±1.6 1.3±2 0.8±1.3 1.4±2.1 

Itching hands/face 0.7±1.8 0.5±0.9 0.4±0.9 1±2.1 

Stuffy nose 1.9±2.8 2.4±3.3 1.9±2.5 1.7±2.5 

Cough 1±2.1 0.8±1.9 0.8±1.9 1.2±2.2 

Too warm 3.4±2.8 3.1±2.8 2.9±2.7 2.9±3 

Heat from sun 0.2±0.6 0.2±0.5 0.1±0.3 0.2±0.6 

Too cold 0.7±1.5 1.3±1.6 1±2 1.2±1.8 

Draught 0.4±0.9 0.4±1.2 0.7±1.8 0.8±1.9 

Varying 
temperature 0.5±0.8 1±1.9 0.3±0.5 1.2±2.3 

Stuffy air 2.5±2.5 3.6±2.9 2.6±2.3 3.3±2.8 

Dry air 1.9±2.3 1.9±2.1 1.7±2.1 2.5±2.7 

Unpleasant odor 0.7±1.4 0.7±1.5 0.7±1.1 1.2±2 

Noise 2.8±3.2 2±2.5 1.6±2 1.8±2.5 

Performance test 
The parameters related to the participants' learning 
performance are presented in figure 8. We did not find 
any significant effect of increasing the base ventilation 
rate on BOK concentration performance or the number 
of correctly identified letters, both upon entry and after 
75 to 90 minutes.  

Symptoms
CoughingStuffy noseItching hands/faceHoarse/dry throatItching/burning eyes

Sc
or

e

10.00

8.00

6.00

4.00

2.00

.00

High
Low

Base ventilation rate

       No, not at all

Yes, very
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Figure 8  Concentration performance (above) and percentage 
correct identified letters (below) by base ventilation rate. The 

dark line in the middle of the boxes is the median and the x-
mark is the mean value. The top and bottom of the box are the 

75th and 25th percentiles. Whiskers indicate the 10th and 
90th percentiles and individual outliers are shown as points. 

DISCUSSIONS 
The aim of this study was to assess the effect of the base 
ventilation rate on PAQ, indoor environmental factors, 
symptoms, and learning performance. These 
parameters were assessed when the participants 
entered the test rooms and after 90 minutes.  

Energy-efficient demand control strategies 
An optimal ventilation strategy should maximize 
benefits for users while minimizing costs and negative 
environmental or societal effects.  For rooms with 
intermittent use and mixing ventilation, the main 
elements of the ventilation strategy are the base 
ventilation rate, the maximum ventilation rate, the 
controlling parameter(s), and the regulation of 
ventilation rate between the base and maximum 
ventilation.  Provided the following assumptions are 
valid: 1) the control parameters represent the 
increased ventilation demand when users are present, 
2) the ventilation rate is adjusted to this demand,  and

3) the maximum ventilation rate is high compared to
room volume and duration of occupancy, the pollutant
levels during occupancy will depend more on the
demand-adjusted ventilation rate than on the base
ventilation rate. Accordingly,  the base ventilation rate
is of limited significance for the airborne exposure of
occupants. In such situations, reducing the base
ventilation rate is an efficient way to reduce energy
demand and associated costs.

Possible effects of low base ventilation rate 
The base ventilation rate should, at any rate, be 
sufficient to dilute pollutants from building materials, 
furniture, and stored user equipment to levels that are 
not harmful. However, for many buildings, including 
the case school of this study, concentrations of 
pollutants are often well below levels where health 
effects are considered likely. Still, the sensory 
impression is affected by the concentration of airborne 
contaminants and may vary between rooms with 
identical material usage (Holøs et al., 2019; Mysen et 
al., 2019). 
The human olfactory senses are particularly sensitive 
to abrupt increases in pollutant concentration (Fanger, 
1988), and therefore the effects of a sensory 
impression of perceived air quality upon entry into a 
room may be greater than expected from the fraction 
of the total exposure represented by this entry period. 
Negative olfactory impressions are associated with 
negative outcomes on stress level, cognition, mood and 
symptoms, according to a recent literature review 
(Dalton et al., 2020), and it has been shown that a belief 
that an odour has negative health effects could reduce 
cognitive performance (Nordin et al., 2013). 
An earlier study on the effects of Vmin on SBS-symptoms 
and performance was from the same school,  found that 
increasing Vmin from 1 l/s per m2 to 2 l/s per m2 did not 
have any impact on SBS-symptoms and performance 
(measured with OK-tick test)  (Mysen et al., 2019).  In 
our study, the ventilation rate during occupancy was 
kept constant at 5.7 l/s per m2, while in the study by 
Mysen et al. (2019) the assessment was done in a 
regular classroom and with varying airflow rates (3 to 
6 l/s per person) during occupancy. Our results 
indicate a statistically insignificant improvement of 
perceived air quality with increased base ventilation, 
but there was no indication of reduced performance. 
However, there is a slight but insignificant tendency of 
higher intensity of symptoms from the central nervous 
system (headache, tiredness, difficulty concentrating 
and feeling heavy headed) at the low base ventilation 
rate.  As such symptoms could potentially affect 
performance, a further investigation of any effect on 
symptoms of the first impression upon entry is 
recommended.   

CONCLUSIONS 
No statistically significant effects were observed by 
increasing the base ventilation rates above 1.1 l/s. 
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Perceived air quality at this ventilation rate was good. 
However, a slight tendency of lower PAQ-scores and 
higher symptom intensity at the lower ventilation rate 
should be explored further.   
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ABSTRACT	

Numerous studies on ventilation of general patient 
rooms have been performed, while most of the studies 
have focused on total volume air distribution (mixing 
or displacement). This study presents results of local 
ventilation (LV) aimed to efficiently protect a lying 
person from cross-infection due to airborne 
respiratory viruses. Experiments performed in a 
climate chamber (4.7 m × 4.7 m × 2.6 m) included LV 
when used alone and when coupled with background 
mixing ventilation (MV). A thermal manikin and a 
heated standing dummy were used to simulate 
respectively a patient lying in bed and an infected 
doctor or nurse standing beside the bed. The LV was 
able to reduce substantially the exposure of the 
patient to the infected air exhaled by the doctor.  The 
results show that the efficiency of the LV depended 
mostly on its supply airflow rate. An increase of the 
background ventilation's supply flow rate, i.e. increase 
of the air change rate in the room, was less important. 
At 15 L/s supplied by LV the concentration of a 
contaminant at the patient's mouth decreased by 
76%. The findings of the paper give insights for 
researchers and designers in developing a novel 
ventilation system to be used during a pandemic in 
general patient rooms.   
Keywords: Combined ventilation system, cross-
infection, ventilation efficiency, thermal comfort 

INTRODUCTION	

Control of airborne disease transmission in healthcare 
facilities is important. A survey involving 138 
hospitalized patients with confirmed novel 
coronavirus infected pneumonia (2019-nCoV) 
suggests that 41% of these  patients were infected in 
the hospital (Wang et al., 2020). Due to lack of 
protection, asymptomatic infection was found to be 
the main cause of hospital transmission. Wang et al 
(2020) reported that one asymptomatic patient in a 
surgical department infected over ten healthcare 
workers and four patients in the same ward. 
Concentrated outbreakshappened in nursing home as 
well (Burton et al., 2020). Cross-infection in nursing 
homes was related to the high fatalities caused by 
2019-nCoV among the aged in western countries 
(Ioannidis et al., 2020). Healthcare workers and 

visitors might be infection sources in healthcare 
facilities (Ambrosch et al., 2020). 
The main purpose of ventilation of general hospital 
patient rooms/wards is to remove smell and keep the 
CO2 level and room temperature at certain standard 
required levels. Mixing ventilation with a relatively 
low flow rate is recommended for general patient 
rooms in the present hospital ventilation standards 
(ASHRAE, 2008; Huang et al., 2014; Langkilde, 2011).  
Increasing the air change rate per hour (ACH) is 
applied to improve indoor air quality in rooms with 
mixing ventilation (Zhang et al., 2020). However, full-
scale experiments of mixing ventilation studied the 
risk of cross-infection in an isolation room when a 
patient is coughing, and reported that elevated ACH 
might increase the exposure of the person in the room 
(Bolashikov et al., 2012).  A CFD study on the removal 
of pollutants released from a lying patient indicates 
that the airflow pattern is more important for control 
of contaminants than ACH in a healthcare facility 
(Khankari, 2016). This result is in agreement with the 
results from an experimental study reported by 
(Pantelic & Tham, 2013). 
There are several problems with mixing ventilation: 
(a) MV only dilutes the pollution concentration by
mixing the clean supplied outdoor air with the
polluted room air. In reality, however, the supply air
is rarely fully mixed with the room air. Studies have
shown that when supplying a high amount of outdoor
air in rooms with mixing ventilation, the direction of
the airflow pattern may even raise the transport of
pollutants to the occupied zone (Bolashikov et al.,
2012; Pantelic & Tham, 2013). This leads to an
infective hazard for the occupants (Khankari, 2016);
(b) In order to dilute the air pollutants, a large volume
of outdoor air has to be treated and delivered
continually, resulting in unnecessary energy
consumptions; (c) It is impossible for existing systems
designed economically for normal conditions to
respond to epidemics (Melikov, 2020).
Efficient ventilation systems in hospitals are worthy 
of attention since nearly three-fourth of consumed 
energy in hospitals is used for HVAC systems 
(Grosskopf & Mousavi, 2014). Personalized 
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ventilation (PV)   is efficient (Melikov, 2004). Local 
ceiling supply system takes several advantages in 
patient rooms: (a) A ceiling-mounted local diffuser 
located above the patient can provide clean air 
directly to the breathing zone; (b) Unlike common 
personalized diffusers, the local diffuser is far from 
the patient's face, which is visually acceptable for the 
lying patient; and (c) There is no extra equipment 
installed in the occupied zone, which is important for 
keeping the space flexibility, especially around the 
patients’ bed.  
In order to develop a promising ventilation system 
utilized during pandemic in hospital wards or nursing 
homes where the patients are lying on fixed beds, the 
performance of three local air supply diffusers were 
tested (Shu et al., 2021). The novel diffusers included 
a coaxial rectangular jet and a lobed jet. The clean air 
was supplied at 23℃ at a flow rate of 15 L/s. They 
found that the normalized contaminant concentration 
in patient's mouth (Eq.1) in a range of 0.8 to 0.3 was 
highly related to the designs of the diffuser for local 
ventilation (LV). Among them, a diffuser with an inner 
honeycomb plate (24 cm × 24 cm) was the most 
promising design. However, the heat loss from the 
thermal manikin's face, which simulated the patient in 
bed increased by 50% compared to the reference 
condition with only MV. The study concluded that the 
local ventilation may cause local thermal discomfort 
of the users.  
A square diffuser with a size of 40 cm × 40 cm named 
'honeycomb diffuser' inspired by Shu's design was 
developed and used in this study. The experimental 
room setup was the same as in Shu's study. The 
objective was to investigate the potential of the new 
diffuser to reduce the local draft caused by LV without 
undermining the ability to provide clean air to the 
breathing zone of the patient. The new local 
ventilation systems were evaluated when used alone 
and when coupled with background mixing 
ventilation.   

METHOD	

Experimental	setup	

A climate chamber with dimensions of 4.7 m × 4.7 m × 
2.6 m (L × W × H) was used to simulate a typical 
general patient room in a hospital (Figure 1). The 
experimental room was built at 0.7 m above the floor 
in a tall hall. For the sake of observation, one of the 
walls (L × H) was made of single-layer glazing. The 
rest of the walls were built by chipboard insulated by 
a layer of styrofoam plates with a thickness of 6 cm. 
The ceiling was constructed by moveable gypsum 
plates with a size of 60 cm × 60 cm.  

Figure	1.	Layout	of	the	experimental	room	(1.	Diffuser	for	MV;	
2. Diffuser	for	LV;	3.	Exhaust	vent)

A single bed (2.0 m × 0.9 m) was placed in the room's 
center. A thermal manikin (discussed later in the 
report) was used to simulate the patient in the bed. A 
heated dummy was used to simulate a person (doctor 
or nurse) standing beside the bed with the patient (25 
cm far from the edge of the bed). The detailed 
locations of the heated dummy and patient bed were 
marked in the dashed line in Figure 2. 

Figure	2.	Layout	of	the	climate	chamber	(top	view)	(Red:	
diffuser	for	MV;	Yellow:	diffuser	for	LV;	Blue:	exhaust	vent)	

A one-way square diffuser (LKA 125 from Lindab) 
was attached to the ceiling for the background 
ventilation. The air was supplied towards the glazing 
wall so that the supply jet of the MV ceiling diffuser 
does not disturb the supply jet generated by the LV, 
shown in Figure 3. A circular exhaust diffuser, type 
PCA 160 from Lindab, was installed on the ceiling 
close to the wall, considering a high position 
beneficial to remove airborne substances (Balaras et 
al., 2007).  

Figure	3.	Layout	of	the	climate	chamber	(side	view)	(Shu	et	
al.,	2021)	

The honeycomb diffuser of the local ventilation was 
installed above the patient, a cool downward flow was 
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supplied from it. The honeycomb structure was made 
of straws with Ø 0.8 cm and 15 cm long, fixed by a net 
at 8 cm above the box edge, shown in Figure 4. The 
diffuser was hanging from the ceiling with its opening 
being 118 cm above the patient's mouth. A 40 cm long 
flexible duct with Ø 0.8 cm was connecting the plastic 
box of the local diffuser from the top to the main 
supply duct of the ventilation system.  Separate HVAC 
systems were used for the LV and MV. 

Figure	4.	The	construction	of	honeycomb	diffuser	

There were three internal heat sources in the 
experiments. A dummy made by galvanized ducts was 
used to present a standing person as an infected 
doctor, while a lying manikin was considered as an 
exposed patient.  There were six lightings with a total 
power rate of 36 W attached to the ceiling. But most of 
their heat dissipated above the ceiling, since the 
backside of the lightings was directly exposed to the 
tall hall. 
Both the dummy and the thermal manikin had a 
height of 1.7 m based on the average figure of 
Scandinavian women. The torso of the dummy was 
composed of a rectangular duct with dimensions of 
0.35 m × 0.2 m × 0.6 m. In order to simulate the free 
convection flow around the human body, three bulbs 
with a total power rate of 109 W were installed inside 
the doctor's head, torso and legs, respectively. A small 
fan was placed in the torso to obtain a uniform 
temperature distribution on the surface of the 
dummy. The moisture released from occupants were 
disregarded in the study.  
The heat loss from the human body depends on the 
thermal insulation of the clothing the body is covered. 
The non-breathing thermal manikin (TM) was 
wearing a set of short-sleeve pajamas and covered by 
a light-weight quilt. For measurement of the heat loss 
from different body parts, the manikin was divided 
into 17 segments and heated by electric resistance 
wires independently. In order to produce heat as a 
real person, the manikin was set to work in a “comfort 
mode”. For this regulation method, the surface of the 
manikin’s body has a temperature distribution, 
similar to the skin temperature of an average human 
under thermal comfort. The surface temperature of 
the manikin’s whole body was about 35.5℃ at steady-
state.  
The tracer-gas technique was applied to study how 
efficient is the local diffuser to protect the lying 
patient from airborne pollution. It is reliable to use 
tracer gas in investigating the dispersion of both fine 

and coarse aerosol particles in an indoor environment 
(Bivolarova et al., 2017). N2O at a flow rate of 0.15 
L/min was continuously released through a tube 
connected to a porous ceramic cylinder with a 
diameter of 0.012 m and a height of 0.02 attached to 
the doctor's mouth. The tube was connected to a gas 
cylinder located outside of the patient room. The 
initial momentum of the tracer gas flow released from 
the cylinder was neglected. 
INNOVA 1303 is a multi-channel sampler, which was 
connected to an INNOVA photoacoustic gas monitor 
1312 to monitor the concentration of the tracer gas at 
different points in the room. The precision of this 
system is 3%. There were six measurement points for 
each case. The concentration of the tracer gas in the 
inlet duct and exhaust duct were monitored in all 
conditions. The remaining four sampling points were 
arranged below the local ventilation diffuser, shown 
in Figure 5. The point at the left side of the diffuser at 
108 cm above the patient was to study if there is 
entrainment of the pollutants coming from the doctor 
to the supply jet of the local diffuser. The rest of the 
points were located at the mouth of the patient, 40 cm 
and 108 cm above the mouth. 

Figure	5.	Measurement	points	for	the	concentration	of	N2O	

Experimental	conditions	

Table 1 summarizes the experimental conditions 
regarding the supply flow rate of the LV from 5 to 15 
L/s. The background mixing ventilation at 5 L/s or 10 
L/s was operated with LV to study the combined 
ventilation systems' performance.  

Table	1.	Experimental	conditions	

Case 
Supply Air 

Local Ventilation Mixing Ventilation 
1 0 L/s (Reference case) 15 L/s at 23℃ 
2 5 L/s at 23℃ 0 L/s 
3 5 L/s at 23℃ 10 L/s at 23℃ 
4 10 L/s at 23℃ 0 L/s 
5 10 L/s at 23℃ 5 L/s at 23℃ 
6 10 L/s at 23℃ 10 L/s at 23℃ 
7 15 L/s at 23℃ 0 L/s 
8 15 L/s at 23℃ 10 L/s at 23℃ 

The performance of the ventilation systems with the 
total volume of supply air in the range of 5 L/s to 25 
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L/s was tested. Slightly lower flow rate of exhaust air 
was adapted in all conditions to avoid unwanted 
infiltration of tracer gas to the chamber. 25.3±0.2℃ 
was designed as room air temperature. The supply air 
temperature was set at 2℃ lower than the room air 
temperature for a preferable downward movement of 
cold fresh air. The improvement of the patient's 
inhaled air quality and the local thermal discomfort 
caused by the local ventilation were compared with 
the results of the reference case of mixing ventilation 
at 15 L/s (No.1 listed in Table 1). 

Experimental	procedure	

One experimental condition lasted approximately 
from 5 h to 8 h, depending on the total volume of 
supply fresh air. It took 3 h to 4 h to get a stable air 
temperature distribution in the room and to reach a 
steady-state of the tracer gas concentration. The room 
air temperature was adjusted prior to the 
measurements kept constant. The air temperature in 
the tall hall was kept at 23.8±0.2°C. At least 30 values 
of N2O concentration were collected under steady-
state for each measuring point. More values were 
collected for reliable results when concentration 
fluctuated largely. 

Evaluation	indicators	

Average N2O concentration, heat loss from the 
manikin and room air temperature were key 
indicators, obtained by calculating the mean values of 
the measurements after steady state for at least two-
hour measuring period. Since the total amounts of 
clean air were different from case to case, normalized 
concentrations of N2O tracer gas were calculated for 
all points to make cases comparable by the following 
equation. The results were corrected to the presence 
of tracer gas (due to leakages in the system) in the 
supply air csupply. The ability to supply clean air to 
the manikin's breathing zone was evaluated by the 
normalized concentration of the measurement point 
placed at the centre of the upper lip of the thermal 
manikin (that is the patient). If it was less than 1, the 
measured concentration "ci" at the point was lower 
than the concentration in the exhaust duct cexhaust., 
the air at the breathing zone of the person simulated 
by the manikin was cleaner than that at the exhaust. 

   𝑁𝑜𝑟𝑚𝑎𝑙𝑖𝑧𝑒𝑑 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛  (1) 

Absolute concentration was used to evaluate the air 
quality directly, which is calculated by ci ‐	csupply. 
Local convective cooling of the body is one of the 
thermal comfort problems with the local ventilation 
that generates relatively high velocity at the head 
region of the person in the bed. Considering that in 
our study the body of the lying patient was covered 
with duvet, the average heat loss obtained under 
steady state condition from the manikin's head and 
top of the head, was the main concern. Heat loss from 

the head and the top of the head of the manikin 
measured under different conditions was compared 
with the heat loss measured under the reference case 
(clean air supply by the background ventilation of 15 
L/s at 23℃), 34 W/m2 and 35 W/m2, respectively. 

RESULTS	

The following graphs summarize results of the tracer 
gas concentration obtained during the experiments 
with the honeycomb diffuser when it was operated 
alone and when it was combined with background 
ventilation at 5-10 L/s at 23℃. Figure 6 and Figure 7 
show the concentration of N2O at the patient's mouth 
in absolute and normalized values, where the x-axis is 
the sum of the supplied clean air by LV and MV from 5 
to 25 L/s. 
Both graphs demonstrate that increasing the supply 
volume of clean air through the LV improved the air 
quality in the patient's breathing zone. This can be 
observed when the supply flow rate of the LV 
increased from 5 L/s up to 15 L/s and the MV was 
switched off (cases 2, 4 and 7). But its efficiency (the 
ability to provide clean air to the manikin’s mouth) 
decreased when the MV was turned on supplying 5 
L/s and 10 L/s together with the LV at 10 L/s, 
resulting in total volume of supply air of 15 and 20 
L/s (cases 4, 5 and 6).   
When LV was supplying only 5 L/s, elevating the clean 
air supplied by the mixing ventilation was efficient to 
dilute some of the pollutants in the room (cases 2 and 
3). This can be seen in Figure 6, case with total volume 
of supply air of 15 L/s compared with total volume of 
5 L/s of air supplied only from the LV (green 
markers). The absolute concentration in the patient's 
mouth decreased due to the cleaner air entrained into 
the supply jet of the LV.   
At the same total volume of supply air, the local 
ventilation was more efficient than the mixing 
background ventilation to protect the patient from 
infection. Compared with the background ventilation 
(reference case), 76% of the contaminant in the 
patient's mouth were reduced by the local ventilation 
with a supply flow rate of 15 L/s at 23℃ (case 7) in 
Figure 7. These results show the importance of room 
air distribution and the volume of supply air is 
insufficient as criterion for ventilation design. This 
observation is also confirmed by comparing the 
absolute contaminant concentration at the patient's 
mouth, which doubled when the volume of supply air 
was 20 L/s (case 6), comparing to the concentration 
at 15 L/s supplied by the LV alone (case 7). 
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Figure	6.	Absolute	concentration	of	N2O	in	the	patient's	
mouth					

Figure	7.	Normalized	concentration	of	N2O	in	patient's	mouth	

Figure 8 and Figure 9 present the concentration 
measured along the centreline of the honeycomb 
diffuser at 40 and 108 cm above the patient's mouth. 
The measured tracer gas concentration at the mouth 
is located at a distance of zero in the figures.  
Figure 8 summarizes the absolute concentration of 
N2O along the centerline when the total volume of 
clean air at 15 L/s was delivered by the local diffuser 
and background mixing ventilation. Reference case 
(black line) shows that the mixing ventilation system 
worked as expected because a uniform pollutant 
concentration above the patient's mouth of 230 ppm 
was achieved. The absolute concentration in the 
patient's mouth falls from 164 ppm to 38 ppm when 
the flow rate of LV increases from 5 L/s to 15 L/s. 
Less room air was entrained by the airflow generated 
by the local ventilation when the flow rate of LV was 
higher. 

Figure	8.Concentration	profile	along	the	honeycomb	diffuser's	
centreline	at	the	total	supply	air	volume	of	15	L/s	

Figure 9 shows the normalized concentration profile 
along the centreline below the honeycomb diffuser 
during experimental conditions with LV alone and 
combined with MV. MV was not the main factor of 
providing clean air when the LV supplied 5 L/s or 15 
L/s. This can be seen when comparing the 
concentration profiles obtained with LV at 5 L/s alone 
and LV at 5 L/s combined with MV at 10 L/s (green 
curves in Figure 9), as well as when comparing the 
concentrations at LV at 15 L/s alone and combined 
with MV at 10 L/s (blue curves). Nevertheless, the 
local microenvironment below the local diffuser was 
influenced by the MV when 10 L/s was supplied by 
the LV. Less contaminant concentration was 
measured at both the patient's mouth and at 40 cm 
above the patient’s head with LV at 10 L/s alone than 
with LV at 10 L/s combined with MV at 5 L/s or 10 
L/s.  An unexpected result was that with LV at 10 L/s 
alone, the tracer gas concentration at 40 cm above the 
manikin’s head was slightly higher than at the mouth. 
The mechanism for the phenomenon is undefined.   

Figure	9.	Normalized	concentration	profile	

Heat losses from the TM's head and top of the head 
were different in all cases, excluding only the 
reference case. In almost all cases with LV the heat 
loss from the head was higher than the heat loss from 
the top of the head. Higher heat loss from the TM's 
head means that the supply jet of the LV penetrated 
the free convection flow from the TM's head. 
However, heat losses from the top of TM's head were 
slightly higher than from the head segment of the 
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manikin in cases 5 and 6 when the LV supplied 10 L/s 
in combination with MV at 5 L/s and 10 L/s, 
respectively. These results could be due to complex 
flow interactions between the free convection flows of 
the heated dummy and the thermal manikin with the 
background room air distribution and supply jet of 
the LV. As a result, the local supply jet was deflected 
towards the top of the head of the manikin. This can 
be confirmed to some extent with the higher tracer 
gas concentration at the mouth in these conditions 
compared with LV at 10 L/s alone (Figure 9, red 
concentration profiles).  

								Figure	10.	Heat	loss	and	normalized	concentration	

DISCUSSION	

Downward ventilation is suggested in hospitals for 
reducing the risk of cross-infection (ASHRAE, 2003). 
Shu et al. (2021) pointed out that contaminant 
concentration in the patient's mouth relies on the 
downward airspeed. Compared to the most efficient 
local diffuser design (diffuser with an inner plate of a 
honeycomb structure in a size of 24 cm × 24 cm), the 
presented in this study honeycomb diffuser with size 
of 40 cm x 40 cm provides 15% cleaner air to the 
patient’s mouth, which resulted in about 80% 
reduction of pollutants. It was reported in Shu et al. 
(2021) that the airspeed measured at 20 cm above the 
manikin's face was 0.62 m/s with the local diffuser 
with honeycomb plate. Measurements of the airspeed 
(not shown in this paper) also at 20 cm above the 
manikin’s face showed that the airspeed decreases to 
0.35 m/s. Thus, the ventilation efficiency of the 
current LV diffuser is not merely dependent on the 
supply air velocity. It is also influenced by the size of 
laminar airflow generated by the diffuser. Laminar 
flow is beneficial for contaminant removal. Further 
improvement of the current design of honeycomb 
diffuser can be achieved by extending the length of 
the honeycomb assembly or reducing the size of the 
holes of the honeycomb, so that even more laminar 
flow is produced. 
Although the new diffuser for the LV with a lower 
airspeed is also efficient to remove the contaminant 
from the patient's breathing zone, the heat loss from 
the patient's head is still high. Further studies with 

regards to reducing heat loss, including higher supply 
air temperature of LV, higher room air temperature, 
local heating and a supply jet which is not towards the 
patient's face might be considered. The potential of 
the honeycomb diffuser's practical use should be 
further studied with human subjects.  

CONCLUSIONS	

In this study, experiments in a climate chamber of 
57.2 m3 were carried out to study the local ventilation 
performance in a single-bed general patient room 
when local ventilation is operating with/without the 
background mixing ventilation. The results show that 
the local ventilation (LV) is more efficient than the 
background mixing ventilation with a supply flow rate 
of 15 L/s at 23℃ based on the concentration of a 
contaminant at the patient's mouth, with a significant 
decrease by 76%. The LV at 15 L/s combined with MV 
at 10 L/s only decreases normalized concentration in 
the breathing zone by 4%. Increasing total volume of 
clean air by MV might disturb the local supply airflow, 
and thus the clean air supply to the breathing zone of 
the patient, if the mixing ventilation induces an 
improper air pattern. Normalized concentration 
increases with the distance from the local diffuser’s 
opening when there is only a local ventilation system 
operating.    
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ABSTRACT 

This paper describes the ongoing development of a 
new adaptation of the traditional tracer gas test (TGT) 
used for total air change rates (ACH) measurement. 
This adapted TGT, based on constant tracer injection, 
is intended for use in large-scale IAQ assessments and 
employs an alternative tracer gas that is more 
adequate than the currently employed SF6 and 
perfluorocarbons, and that can be co-captured and co-
analysed with commonly assessed VOCs by 
commercial passive IAQ-sampling. Via literature study 
and lab experiments, decane-D22 was found to be a 
suitable tracer substance. A passive source of decane-
D22 was developed and optimized in lab, providing 
stable and repeatable emission rates under standard 
temperature, while unaffected by varying RH and ACH. 
The effect of the liquid solvent level over the source 
emission rate was only barely noticeable, but a range 
of adequate solvent level is suggested nevertheless. 
The selected tracer was also shown not to 
adhere/absorb significantly to surfaces. Additionally, a 
consistent exponential curve was derived for 
determining the source emission rate from the room 
temperature. Field applications of this new TGT 
adaptation are ongoing and will be published 
elsewhere shortly. 

INTRODUCTION 

Indoor air quality (IAQ) is a topic of great public 
concern. Most people tend to spend most of their time 
indoors, where numerous known sources of harmful 
pollutants are typically present. The association 
between poor IAQ and adverse health effects has been 
shown in numerous studies (Fernandes et al., 2009; 
Heinrich, 2011; Carrer et al., 2018). A key factor that 
influences the accumulation of pollutants in indoor 
spaces and the interpretation of IAQ data is ventilation. 
However, due to the additional cost and the complexity 
of aligning ventilation measurements with IAQ 
assessments, only few IAQ field studies report 
ventilation rates adequately, i.e. fully describing the 
measurement method (Persily, 2015). Given the 
importance of ventilation in understanding IAQ, 
estimating pollutant sources’ impact and proposing 
remediation actions, it is crucial that IAQ assessments 

report actual ventilation rate values, measured by 
reliable methods. 

Most ventilation assessments use a tracer gas test 
(TGT) as a method to measure total air change rates 
(ACH) in indoor spaces (Persily, 2015). In a TGT, the air 
is marked by the injection of a tracer gas and the ACH 
is then calculated from the tracer’s emission rate and 
final room concentration. The TGT is the only method 
capable of measuring the actual airflow between 
building zones and the outdoors (Lunden et al., 2012). 
Although the TGT approach may present a relatively 
higher degree of uncertainty compared to other 
methods, this is compensated by its greater simplicity, 
convenience and possibility to be executed during 
normal occupancy (Lunden et al., 2012). TGTs are 
especially suited for large-scale ventilation surveys, in 
which a lower degree of individual data precision is 
acceptable in favour of an increased amount of data. 

However, current TGTs present three important 
shortcomings: 1) Most TGTs provide instantaneous 
results (due to the use of online monitors), while the 
concentrations of many indoor pollutants are 
commonly measured by means of long-term (usually 
passive) sampling techniques that report time-
averaged values, i.e. IAQ and ventilation data are not 
directly comparable; 2) Considering the passive-
techniques-based TGT options (i.e. TGTs which employ 
techniques based exclusively on diffusive processes, 
using no pumps or electricity), most current 
applications employ either sulphur  hexafluoride (SF6) 
or perfluorocarbons (PFTs) as tracer gases, both being 
potent greenhouse gases with very long lifetimes in the 
atmosphere (IPCC, 2007); 3) Many passive TGT 
applications assume that the indoor air is perfectly 
mixed across the assessed space (which is not always 
the case in real life, i.e. the characteristics of the indoor 
air, such as temperature and pollutants’ 
concentrations, can vary spatially across the same 
space), meaning that the placement of tracer sources 
and samplers can influence the measurements of 
tracer concentration, and potentially lead to severe 
bias in the calculated ACH values (Van Buggenhout et 
al., 2009; Lunden et al., 2012; Liu et al., 2018). 

Therefore, the main goal of the project described in this 
paper is to develop an adaptation to the traditional 
TGT technique so it tackles the three aforementioned 
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shortcomings by: 1) utilizing commercially-available 
standard passive samplers, commonly used for IAQ 
assessments, to capture the tracer gas simultaneously 
with other pollutants of interest, thus matching the 
timescales of the datasets and enhancing their 
comparability, 2) using an alternative substance as 
tracer gas, more adequate than the currently used SF6 
and PFTs and 3) including a pre-test planning phase in 
which the air mixing in the space to be assessed is 
evaluated beforehand by means of computer 
simulations, so that, if needed, the potential bias 
arising from imperfect mixing can be minimized via 
optimizing the physical placement of sources and 
samplers. Additional advantages of this adapted TGT 
are its suitability to use during normal occupancy, as it 
causes no disturbance and employs a harmless tracer 
at safe air concentrations, and the employment of 
purely passive techniques, which lowers the costs and 
broadens the range of buildings where the TGT can be 
applied. 

This paper focuses specifically on the work executed to 
select an alternative substance for use as tracer gas and 
to develop a suitable emitting source design for this 
new tracer. The issues related to air mixing and 
planning of physical sources/samplers’ placement are 
discussed elsewhere. 

METHODS 

As mentioned above, this paper focuses on the 
processes of selecting an alternative substance for use 
as tracer gas and of developing a suitable emitting 
source design for the selected tracer. Both processes 
are described in detail below. 

Selection of an alternative substance for use as 
tracer gas 

A comprehensive literature review was performed to 
propose an adequate substance to be used as a tracer 
in the new TGT, alternatively to the currently used SF6 
and PFTs. To help guide this process, 6 determining 
criteria for a suitable tracer gas were set: 

1. The tracer gas should be quantifiable by means of a
commonly used passive air sampling method;

2. The tracer gas should be able to be analysed 
together with common IAQ pollutants;

3. The tracer gas should have negligible presence in
typical indoor environments, thus having no
significant known indoor sources;

4. The tracer gas should present no significant health
impact, thus being suitable for use indoors during
normal occupancy (including of most vulnerable
populations);

5. The substance selected as tracer gas must be
financially adequate, considering the amount 
needed for running a complete test;

6. The tracer gas should not be susceptible to physical 
and chemical parameters of the indoor
environment.

Criteria (1) and (2) are directly aimed at eliminating 
the issue of time-scale discrepancy between indoor 
pollutants measurements and ACHs measured by this 
new TGT. The approach proposed by these two criteria 
also saves time and resources, as only one sampler and 
one analysis simultaneously provide all the 
information needed to infer both the ACH and the IAQ 
level of the assessed space. Since volatile organic 
compounds (VOCs) are arguably the most relevant 
gaseous contaminants in IAQ studies, they were 
selected as the group of substances from which the 
alternative tracer was to be drawn. The VOCs 
considered for use as tracer were those capable of 
being captured by the passive VOC samplers 
commercialized by Radiello® (Radiello, 2007).  

Initially, paraffins were considered as candidates for 
their high stability, inertness and low toxicity. 
However, paraffins do not fulfil criterion (3), as they 
commonly present considerably high background 
concentration in most indoor environments. 
Therefore, the use of paraffins as tracer gases was 
considered inadequate.  

An effective way found to circumvent this issue was the 
use of stable isotope labelling, more specifically of 
deuterated compounds. These compounds are, by 
definition, not naturally present in the atmosphere or 
in any household product. Stable isotopes are 
analytically distinguishable yet chemically and 
functionally identical to their original correspondent 
compounds (Wilkinson, 2016). Thus, the substances 
considered as alternative tracer gas were the 
deuterated paraffins in the C8-C12 range. In this range, 
decane-D22 was selected for its combination of lower 
flammability and higher volatility.  

To ensure the fulfilment of criterion (4), advice from 
the Flemish Institute for Technological Research’s 
(VITO’s) Exposure Modelling and Risk Assessment 
(Environmental Risk and Health Unit, BREM-G) on safe 
exposure to decane-D22 levels was sought. From their 
report, decane-D22 safety information is considered as 
the same as for n-decane, for which there is no 
harmonized classification. DNELs (derived no effect 
level) values, threshold concentrations for toxicity 
below which exposure is safe, have not been derived as 
n-decane is not hazardous for quantifiable effects (EC,
2006). There is also no derived OEL (occupational 
exposure limit) for n-decane. Nevertheless, the final
advice from VITO’s Exposure Modelling and Risk
Assessment is: decane-D22 concentration must not
exceed 250.mg.m-3 during generation of a stable 
airborne concentration for 1 day. The peak (<15.min) 
concentrations should not exceed 500.mg.m-3. Also, as 
the substance is flammable, there must be no open
flames, no sparks and no smoking during a TGT using
decane-D22 as tracer. Above 46°C explosive vapor/air 
mixtures may be formed; thus, temperatures must be
kept below this limit.
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Regarding criterion (5), an ampule containing 5 g of 
decane-D22 is sold by Sigma-Aldrich® for €491,00. 
Considering that the intended emission rate of the 
tracer source is in the magnitude of 1.mg.h-1, a 5.g 
ampule should provide enough tracer for more than 6 
months of continuous emission. Therefore, for the 
purposes of the present paper, it is considered that 
decane-D22 meets criterion 5 as well. 

Criterion (6) is the only one that cannot possibly be 
evaluated via literature review. Ideally, the behaviour 
of the tracer gas, during and after injection to the 
studied space, should be absolutely independent from 
environmental conditions, such as temperature (T), 
relative humidity (RH) and ACH itself. Moreover, the 
tracer should not have any significant sinks in common 
indoor spaces (e.g. adherence and/or sorption to 
varied surfaces). However, by the own nature of the 
diffusion and sorption processes involved in passive 
emission and sampling, room conditions (especially 
temperature) can significantly affect the source’s 
emission rate. Therefore, criterion (6) was evaluated in 
the form of a long series of lab tests involving replicate 
tracer sources and test chambers for controlling the 
environmental conditions. 

Physical source designing and testing 

In practice, the application of a TGT requires the 
placement of a source (or several sources) that injects 
the tracer gas in the air of the assessed space and a 
sampler (or several samplers) that monitors the 
concentration of the tracer gas. As explained above, the 
type of sampler to be employed in the new proposed 
TGT was pre-determined: commercial adsorptive 
samplers for passive long-term sampling. Given this 
project’s focus on simplicity and inexpensiveness, it 
was decided that the employed source should also be 
passive and based on the constant emission approach 
(Persily and Levin, 2011). In this approach, the source 
emits tracer gas at a constant rate until the room 
concentration reaches a steady state (assuming a 
constant ACH), from which the total ACH can be 
inferred using Equation 1. 

 𝑞 =
𝐺

𝑉𝐶𝑆
(1) 

where q is the ACH [h-1], G is the source emission rate 
[µg.h-1], V is the total volume of the assessed space [m³] 
and Cs is the steady-state tracer concentration [µg.m-3]. 
(If q is not constant, the final concentration measured 
by the passive sampler will not be Cs, but rather the 
average concentration over the sampling period. Thus, 
Equation 1 is still valid, but in that case the calculated 
q represents the average ACH over the total period).  

Several options were tested in pursuit of the most 
adequate source design, i.e. one that allows a stable, 
repeatable and significant tracer emission rate using a 
small amount of liquid solvent. Figure 1 shows the 
different types of source design that were considered 
at the beginning of the testing process. 

The two designs shown in Figure 1a were discarded 
early on because they would require a relatively high 
volume of liquid decane-D22 compared to the other 
designs. The design shown in Figure 1b (design B) is 
based on the source used in a previous study by 
Shinohara et al. (2010), which consists of a 1 ml glass 
vial filled with the tracer in liquid state and placed 
inside a 5 ml glass vial, both capped with metal caps. 
The tracer emission is initiated by piercing a needle 
(0.4 mm diameter, 20 mm length) through both caps to 
reach the headspace of the smaller vial. The needle is 
then attached to a plastic syringe (9mm diameter and 
7.5 cm length), which acts as the tracer diffusion path, 
where a polyethylene (PE) sintered filter disk is placed 
to help maintain the emission rate. This design 
(originally intended for PFTs emission) yielded too low 
decane-D22 emission rates. 

Figure 1. Different source designs that have been tested: a) 
Larger glass flasks, b) source design based on Shinohara et al. 
(2010), c) and d) adapted from Shinohara et al. (2010), with 
needle tip submerged and in headspace, respectively, and e) 

original design. 

A few adaptations were then made to that design 
aiming to increase the emission rate. In the designs 
shown in Figure 1c and 1d (designs C and D, 
respectively), the use of the syringe and PE filter was 
discarded, and the needle size was increased (1,2.mm 
diameter, 40.mm length). In design C, the needle tip 
was submerged in the liquid tracer, but test results 
indicated lack of repeatability between sources (>50% 
std. error, n = 8). The design shown in Figure 1e (design 
E) consists of one single 1ml vial filled with ~0,5.ml of
decane-D22 capped with a metal cap, with the rubber
stop substituted by a PE filter disk.

To compare the different source designs’ emission 
rates, repeatability and leakage rates, gravimetry tests 
were executed using a micro-balance (accuracy: 
0,01.mg). The weight loss of each source over time is 
then the source’s emission rate. A stainless-steel 
climate chamber with inner volume of 112.dm³ (Figure 
2) was employed to control T, RH and ACH in which the
sources were kept in between the weighing moments.

In each gravimetric test, several replicate sources (a 
number varying from 4 to 12 simultaneous sources, 
depending on the tracer availability at each test) were 
kept in specified T, RH and ACH conditions inside the 
test chamber for a period of 5 up to 10 days, depending 
on the test. The replicates were weighed in intervals of 
24 to 72h to observe the stability of their emission 
rates. The average weight loss of all the replicates was 
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then plotted against time, and the average emission 
rate of the sources in each test is equal to the slope 
obtained by linear regression.  

 
Figure 2. Climate chamber used for source design testing. 

A different set of chamber tests was then performed in 
order to evaluate the potential effect of different types 
of surfaces on the average tracer concentration 
reached after source placement. For these tests, one 
single source of decane-D22 was placed inside the test 
chamber together with a sample of a surface made 
from a material commonly found in typical indoor 
environments. The materials were: an oak board (used 
in flooring), a coated plaster/gypsum board (used in 
walls) and a cloth/foam sample (a pillow). One control 
test was also performed in the absence of any surface 
sample. In each of these tests, one Radiello® passive 
sampler was placed inside the climate chamber to 
determine the average (equilibrium) tracer 
concentration resulting from the source plus surface 
interaction. Figure 3 shows the tests setup inside the 
chamber. Each test was carried out for 3 days, and the 
conditions in the chamber were constantly kept at 
T.=.15°C, RH.=.50% and ACH.=.2,3.h-1. 

 
Figure 3. Setup of chamber tests designed to evaluate the 

effect of a) plaster/gypsum, b) wood and c) cloth/foam over 
the equilibrium tracer concentration. Tracer sources and 

samplers are circled in yellow and red, respectively. 

RESULTS AND DISCUSSION 

Selection of source design 

Figures 4 and 5 show the average weight losses of the 
decane-D22 source replicates over time for source 
designs D and E, respectively. In each figure, results for 
two different tests are shown, one under 25% RH and 

the other under 75% RH. Moreover, both figures 
include the results of a leakage test for each type of 
source design. 

 
Figure 4. Results from two gravimetry tests comparing the 

average weight loss of the design D sources over time under 
25% and 75% RH (both under constant T = 23°C, n = 6). 

 
Figure 5. Results from two gravimetry tests comparing the 
average weight loss of the design E sources over time under 

25% and 75% RH (both under constant T = 23°C, n = 6). 

Figure 4 shows that the weight loss of an unpierced 
source is insignificant over more than 10 days (last 
weighing result not shown), thus leakage of design D is 
negligible. Both tests showed a good linearity in the 
average measurements, indicating that Design D can 
keep a stable emission rate under different RH 
conditions. However, observing the linear regression 
slopes, the emission rate under drier conditions is 
slightly higher than under more humid conditions 
(decrease from ~8 to ~6 µg h-1, corresponding to a 
relative difference of 27%), which indicates that the 
effect of RH over design D’s emission rate cannot be 
neglected. The average repeatability error among the 
replicate sources was 11% for 25% RH and 25% for the 
75% RH. 

Similarly to what was observed with design D, results 
shown in Figure 5 indicate that leakage from a design 
E control source (i.e. source capped with a rubber 
stopper instead of a PE filter disk) is negligible for over 
10 days (last weighing result not shown). Regarding 
the replicate sources participating in the emission 
tests, design E provided average emission rates two 
orders of magnitude higher than design D. Higher 
emission rates are desirable in order to ensure that the 
steady state tracer concentration during a TGT will be 
above the detection limit provided by the passive 
samplers. Linearity in both tests is almost perfect, 
indicating a high stability in the emission rates 

-0,1

0,9

1,9

0 30 60 90 120 150 180

A
m

o
u

n
t o

f 
d

ec
an

e
-D

2
2

vo
la

ti
li

ze
d

 (
m

g)

Elapsed time (h)

RH 25%

RH 75%

Control

0

25

50

75

0 30 60 90 120 150 180

A
m

o
u

n
t o

f 
d

ec
an

e
-D

2
2

vo
la

ti
li

ze
d

 (
m

g)

Elapsed time (h)

RH 25%

RH 75%

Control

Healthy Buildings 2021 – Europe

- 629 -



provided by design E sources. Moreover, the effect of 
varying RH over design E’s emission rate can be 
considered insignificant (decrease from ~379.µg.h-1 
under 25% RH to ~371.µg.h-1 under 75% RH, 
corresponding to a relative difference of only 2%). The 
average repeatability error among the replicate 
sources was 3% for the test under 25% RH and 4% for 
the test under 75% RH. Therefore, based on the higher 
emission rate value, stability and repeatability, design 
E has been selected as the most suitable design source 
of decane-D22 for the proposed TGT. 

Effect of temperature and solvent level over 
source emission rate 

Once the source design was selected, the next set of 
tests were intended to observe the effect of T over the 
source emission rates. Differently from RH, it is 
expected that T will have a significant impact on the 
tracer volatility, since it is known that the vapor 
pressure of a compound increases with increasing T, 
especially for VOCs.  

A second factor that may have a significant impact over 
the source’s emission rates is the level of liquid tracer 
inside the source. Figure 6 shows a source design E in 
detail.  

Figure 6. A design E source in detail, showing the tracer 
diffusion path. 

According to Batterman et al. (2006), it is possible to 
use a simple Fickian diffusion model to predict the 
emission rate of a source from its geometry, as follows:  

𝐺 = 3600𝐶𝑆𝐷𝐶
𝐴

𝐿
(2) 

In which G is the source emission rate (mg.h-1), A and L 
are the cross-sectional area (cm2) and length (cm), 
respectively, of the tracer gas diffusion path (see 
Figure 5), DC is the diffusion coefficient of the tracer gas 
in air (cm2.s-1), CS is the saturated vapor concentration 
of the tracer gas (mg.cm-3), and 3600 converts from 
seconds to hours. 

The model expressed in Equation 2 assumes that the 
tracer background concentration is negligible, that the 
tracer is promptly dispersed away from the source and 
that the tracer concentration in the headspace is 
saturated. 

In order to apply Equation 2 to estimate design E 
sources emission rates, a few assumptions had to be 
made. Considering that decane-D22 physio-chemical 
characteristics are the same as those of n-decane 
(except for the molar mass, which for decane-D22 is 
164,41.g.mol-1), the values of Dc and Cs at 20°C are set 
at 0,0574.cm².s-1 and 0,014.mg.cm-3, respectively, each 
calculated using a different online tool provided by 
EPA (2016) and Schmid (2019). Moreover, as 
observable in Figure 6, the value of A is not 
homogeneous through the whole length of L, i.e. the 
source’s diameter (Ø) varies. To keep the calculations 
as simple as possible, an intermediate value of 
Ø.=.0,8.cm was assumed. Still regarding the diffusion 
path, the length L includes both the inner headspace 
above the liquid solvent surface and the thickness of 
the PE filter disk in the metal cap (not visible in Figure 
6). Although the thickness of the PE filter is of 
approximately 1,7.mm, the actual diffusion length 
imposed by it is much longer, due to its microporous 
nature, i.e. the tortuous path through the pores 
(average porosity ~ 25 µm). The exact diffusion length 
imposed by the PE filter disk (LPE) can only be 
determined experimentally for each individual disk, 
but an average value of LPE.=.1,3.cm was adopted as an 
estimation for the additional diffusion path length in 
the theoretical calculations, using Equation 3 (Sigma-
Aldrich, 2006).  

 𝐺 = 3600𝐶𝑆𝐷𝐶
𝐴

𝐿𝑃𝐸 + 𝐿
(3) 

Based on the aforementioned considerations and 
assumed values, the theoretical variation of G with L 
calculated with Equation 3 is shown in Figure 7. 

Three sources with higher (L.=.2,1.cm), medium 
(L.=.2,5.cm) and lower (L.=.2,9.cm) solvent levels were 
simultaneously placed at constant 20°C and 0% RH to 
experimentally evaluate the validity of Equation 3 in 
predicting G given L and to investigate the effect of 
decaying solvent level over 10 days. The gravimetric 
results are also presented in Figure 7. 

Figure 7. Tracer source emission rate as a function of the 
source’s diffusion path length (L). 

From the results shown in Figure 7, it can be seen that 
the actual effect of L over G is less prominent than 
theoretically predicted. The relative standard 
deviation (RSD) between the 3 sources was 
consistently only 5% in all weighing moments. 
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Moreover, the weight loss of all 3 sources over time 
was almost perfectly linear (R².>.0,999), 
demonstrating that the lowering in solvent level due to 
volatilization does not affect the source’s emission rate 
for a period of 10 days (longer that the intended test 
application period - one week), regardless of the initial 
solvent level. 

Figure 8 shows the graph of the emission rates 
achieved by sources with high (L.<.1,8.cm) and low 
(L.>.2,5.cm) solvent level as a function of the room 
temperature.  

Figure 8. Tracer source emission rate as a function of room 
temperature. The regression equation and linearity are also 

presented. 

As expected, in both cases the relationship is an 
exponential function, thus in real applications the 
exponential regression equations fit to the obtained 
datasets can be used to determine the emission rate 
from the average ambient temperature. However, the 
difference in solvent level did slightly influence the 
resulting exponential prediction curves. For a same 
given temperature, the two predicted values are ~10% 
different, with the relative difference decreasing with 
increasing temperatures. On the other hand, the 
individual sources at each temperature presented 
emission rates with excellent linearity (R².>.0,99) in 
both datasets, once again demonstrating that the 
decrease in solvent level due to normal volatilization 
does not significantly affect the source emission rate 
over time. Considering the results shown in Figure 7 
and the slightly better fit of the exponential curve to 
the low-solvent-level dataset shown in Figure 8, it is 
indicated that a solvent level ranging between L.=.2,5 
to 2,9.cm is applied in the sources for real-life field 
applications. 

Tracer gas sorption to surfaces 

After each material surface type was tested in the 
climate chamber (see Figure 3), one Radiello® passive 
sample was obtained, totalling 4 samples (one for each 
surface and one control test, no extra surface present). 
These samples were extracted with carbon disulphide 
(CS2) spiked with a known amount of internal standard 
(2-fluorotoluene). The extracted samples were then 
analysed via gas chromatography coupled to mass 

spectrometry. Figure 9 summarizes the results 
obtained after these 4 chamber tests. 

Figure 9. Results of chamber experiments testing decane-D22 
sorption to different surfaces. 

Besides the actual concentrations measured by the 
passive samplers in each test, Figure 8 also shows the 
predicted steady-state concentration of decane-D22 

(CS), calculated with Equation 4: 

 𝐶𝑆 =
𝐺

𝑞𝑉𝐶
(4) 

Which is simply the rearrangement of Equation 1 to 
solve CS instead of q (known and constant, in these 
tests), with VC representing the inner volume of the 
climate chamber. For each test, G was measured 
gravimetrically. 

The effect of the presence of each material over the 
steady-state tracer concentration can be evaluated by 
comparing the average concentration measured with 
the passive samplers to the expected concentration 
pre-calculated given the tests’ conditions. In ideal 
conditions, no amount of tracer would “stick” to any 
surface, and the measured final concentrations would 
be exactly the same as predicted. The lower the actual 
measured concentration compared to the predictions, 
the “stickier” the material is to the tracer. As 
observable in Figure 9, the measured concentrations 
were in fact very close to the calculated predictions, 
and in some cases even somewhat higher (which is 
most likely due to small fluctuations in the inner 
chamber conditions during the test, as well as to 
contrasting conditions during weighing 
moments/chamber door openings that cannot be 
accounted for in the calculations). Even the effect of the 
oak flooring sample, the most prominent among the 3 
tested materials, can be considered insignificant 
considering the intrinsic error of the Radiello® 
samplers (of 10%, error bars shown in Figure 9).  
Therefore, the effect of decane-D22 sorption to surfaces 
is considered to be negligible for the applications 
intended in this study. 

CONCLUSIONS 

The final goal of this research is to provide new 
adaptations to the most used method to measure 
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ventilation rates in field, i.e. the TGT, as a way of 
making it so practical and simple that it ultimately 
encourages researchers, contractors and building 
owners to include actual ventilation measurements in 
their routine IAQ assessments. The present paper 
focuses specifically on describing the process of 
selecting a new tracer gas and of designing an adequate 
tracer source. From the data gathered via literature 
review and lab experiments, decane-D22 is considered 
to be a suitable tracer substance to substitute the 
currently employed tracers with high global-warming 
potential. The passive source design ultimately 
selected after lab testing (design E) provides stable and 
repeatable decane-D22 emission rates under standard 
temperature. Varying RH and ACH were shown to not 
affect the tracer emission rate. The effect of the liquid 
solvent level inside the source over the tracer emission 
rate was only barely noticeable. Nonetheless, a strict 
range of adequate solvent level is suggested. The 
selected tracer was also shown not to adhere/absorb 
significantly to surfaces. Additionally, a consistent 
exponential curve was derived for determining the 
source emission rate from the room temperature. 
These positive results are a good indication of the real-
life applicability and adaptability of the new adapted 
TGT. Field test applications are currently being 
performed for validating and further confirming the 
new TGT as an adequate alternative to currently 
performed tests.   
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