<]
TUDelft

Delft University of Technology

Healthy air for children

Strategies for ventilation and air cleaning to control infectious respiratory particles in
school classrooms

Ding, Er

DOI
10.71690/abe.2025.07

Publication date
2025

Document Version
Final published version

Citation (APA)

Ding, E. (2025). Healthy air for children: Strategies for ventilation and air cleaning to control infectious
respiratory patrticles in school classrooms. [Dissertation (TU Delft), Delft University of Technology]. A+BE |
Architecture and the Built Environment. https://doi.org/10.71690/abe.2025.07

Important note
To cite this publication, please use the final published version (if applicable).
Please check the document version above.

Copyright
Other than for strictly personal use, it is not permitted to download, forward or distribute the text or part of it, without the consent
of the author(s) and/or copyright holder(s), unless the work is under an open content license such as Creative Commons.

Takedown policy
Please contact us and provide details if you believe this document breaches copyrights.
We will remove access to the work immediately and investigate your claim.


https://doi.org/10.71690/abe.2025.07
https://doi.org/10.71690/abe.2025.07

JUSIRespirator , r‘cles
100 Iassroom AL







Healthy
Air for
Children

Strategies for Ventilation

and Air Cleaning to Control
Infectious Respiratory Particles
in School Classrooms

Er Ding



l‘! A+BE | Architecture and the Built Environment | TU Delft BK

25#07

Design | Sirene Ontwerpers, Véro Crickx

Cover photo | Seek Design Studio

Keywords | ventilation, air cleaning, infectious respiratory particles, classroom, children

ISBN 978-94-6384-755-1
ISSN 2212-3202

© 2025 Er Ding

Attribution 4.0 International (CC BY 4.0)

This is a human-readable summary of (and not a substitute for) the license that you'll find at:
https://creativecommons.org/licenses/by/4.0/

You are free to:

Share — copy and redistribute the material in any medium or format

Adapt — remix, transform, and build upon the material

for any purpose, even commercially.

This license is acceptable for Free Cultural Works.

The licensor cannot revoke these freedoms as long as you follow the license terms.

Under the following terms:

Attribution — You must give appropriate credit, provide a link to the license, and indicate if changes were
made. You may do so in any reasonable manner, but not in any way that suggests the licensor endorses you
or your use.

Unless otherwise specified, all the photographs in this thesis were taken by the author. For the use of
illustrations effort has been made to ask permission for the legal owners as far as possible. We apologize for
those cases in which we did not succeed. These legal owners are kindly requested to contact the author.


http://www.sirene-ontwerpers.nl

Healthy Air
for Children

Strategies for Ventilation
and Air Cleaning to Control
Infectious Respiratory Particles
in School Classrooms

Dissertation

for the purpose of obtaining the degree of doctor
at Delft University of Technology
by the authority of the Rector Magnificus, prof.dr.ir. T.H.J.J. van der Hagen
chair of the Board for Doctorates
to be defended publicly on
Wednesday 26 March 2025 at 12:30 o’clock

by

Er DING
Master of Science in Engineering for Building Technology Science,
South China University of Technology, China



This dissertation has been approved by the promotors.

Composition of the doctoral committee:

Rector Magnificus,
Prof.dr.ir. P.M. Bluyssen
Dr. C. Garcia-Sanchez

Independent members:

Prof.dr. L.C.M. Itard
Prof.dr.ir. M.T. Kreutzer
Prof.dr. G. Clausen

Dr. C. Mandin

Dr.ir. T.A.J. van Hooff
Prof.dr. J.E. Stoter

chairperson
Delft University of Technology, promotor
Delft University of Technology, co-promotor

Delft University of Technology

Delft University of Technology

Technical University of Denmark, Denmark
Institute for Radiation Protection and
Nuclear Safety (IRSN), France

Eindhoven University of Technology

Delft University of Technology,

reserve member



To those whose love I carry along the way






Acknowledgements

Five years ago, in February 2020, I was at home in Guangzhou, China, anxiously
awaiting my visa to the Netherlands. The uncertainty surrounding the start of my PhD
journey, compounded by the onset of COVID-19, left me unsure of what the future held.
Little did I know how drastically my life would change from that moment. Now, five
years later, in February 2025, I find myself sitting at home again - for the first time in
years, celebrating the Chinese New Year with my family. With my PhD journey nearing
its end, I reflect on the memories I have made along the way, only to realize that words
are too limited to capture the most incredible adventure of my life or to express my
profound gratitude for the love and support that has continuously illuminated my path.

Thanks to the interdisciplinary nature of my bachelor’s study on thermal engineering and
HVAC systems, I first developed my interest in the crossing field, the built environment.
Later, as I deepened my knowledge and research experience in occupant health and
comfort during my master’s study on building science and technology, that initial
curiosity evolved into a strong desire to explore the interaction between occupants and
their surroundings, with the goal of improving people’s well-being. This determination,
combined with all the good fortune I could have ever asked for, eventually led me to the
right people and the right place. I had the privilege of meeting Prof. Philomena Bluyssen,
and later Dr. Clara Garcia-Sanchez — my dearest promotors — without whom this work
can never be accomplished, and to whom I would like to express my greatest gratitude.
They both supported me unconditionally and shared their expertise generously.

Philo, as my promotor, has been a source of both rigorous scientific guidance and
heartfelt personal support since the first day we met — back when it was even just
the interview before admission. Her sophisticated research philosophy on indoor
environmental quality inspired my choice of the initial research topic. Later, when
the pandemic was posing significant threats to public health, her swift decision

to step up and lead front-line projects motivated me to contribute in this fight as
well. Throughout the years, we have closely worked together, traveled together,
exchanged ideas and emotions, and built a bond that extends far beyond that of

a promotor and her PhD student. When I faced difficulties, she stood tall like a
mountain, strengthening my resolve; when I was being silly, she guided me like the
ocean - strong yet gentle; and when I experienced moments of joy, she celebrated
with me like a true friend. As a lifelong mentor, she has not only sharpened my skills
as a researcher, but has also shaped me into a stronger person.



Clara, as my co-promotor, has been the most patient and encouraging tutor, guiding
me through a field I had barely stepped into. Thanks to her unwavering support, I
overcame the fear of starting from scratch and gained a whole new perspective on
my work. I deeply appreciate how she would always take the time to sit down with
me to solve problems, provide every possible resource to help me, promptly respond
to my questions and requests, and closely follow my progress. What I admire most
about her, however, is how she leads her team with both wisdom and passion, as a
young yet remarkably accomplished PI. When she thinks, it’s as if sparks of insight
fill the air; when she speaks, confidence radiates from her deep knowledge. She is
straightforward and open-hearted, bringing boundless energy to every meeting

and beyond. All of these qualities have made her a true role model - the kind of
researcher I aspire to become.

A special thanks goes to Dr. Dadi Zhang, who was my daily supervisor during the
first two years of my PhD journey. Despite her demanding post-doctoral work, she
spared no effort in ensuring I had a smooth start — even before my arrival in the
Netherlands. With her lead, we completed all the in-situ surveys at schools during
the peak of COVID-19, collecting first-hand data that laid a solid foundation for my
subsequent research. To me, she has been both a mentor and a friend — at work, a
generous teacher who shares her knowledge and experience; in life, a caring elder
sister who looks after me in every way. I could not have been luckier to have her as
one of the best friends I have made on this journey, and I am deeply grateful that our
friendship extends far beyond it.

I would like to express my sincere gratitude to the PhD committee members — Prof.
Laure Itard, Prof. Michiel Kreutzer, Prof. Geo Clausen, Dr. Corinne Mandin, Dr. Twan van
Hooff, and Prof. Jantien Stoter — for carefully reviewing my work and providing valuable
feedback that strengthens its quality and merits. During my PhD years, Prof. Laure
Itard served as the leader of our section, Environmental & Climate Design, while Prof.
Michiel Kreutzer has been both the chair of our department, Architectural Engineering
+ Technology, and the director of the University Graduate School. Both have witnessed
my progress over the years and have supported me in various ways throughout my
PhD journey. In addition, I had the privilege of meeting Prof. Geo Clausen, Dr. Corinne
Mandin, and Dr. Twan van Hooff at international conferences, where I was fortunate
to present my work and exchange ideas with them. I am also grateful to Prof. Jantien
Stoter for kindly agreeing to serve as the reserve member of my PhD committee.

Throughout the years, I had the privilege of basing my PhD research on several
projects, including but not limited to: SARS-CoV-2 transmission in secondary
schools and the influence of indoor environmental conditions, funded by the National
Organization for Health Research and Care Innovation (ZonMw); Air cleaning



devices for schools and Airias Fase 1, funded by the Ministry of Education, Culture
and Science (Ministerie van OCW); and Mitigation strategies for airborne infection
control (MIST), funded by the Dutch Research Council. I would like to take this
opportunity to sincerely thank my co-authors, whose key contributions have been
crucial to this work: Prof. Patricia Bruijning-Verhagen, Dr. Inge Wouters, Prof. Daniel
Bonn, Dr. Antoine Gaillard, Dr. Annemarijn de Boer, Lotte Jonker, and Kimberly
Linde. My gratitude also goes to the other researchers involved in these projects: Dr.
Sander Herfst, Dr. Pieter Fraaij, Dr. Marieke de Hoog, Prof. Dick Heederik, Dr. Clarize
de Korne, Dr. Kim Romijnders, Anne Rittscher-Fogg, Nicole van Erp, and Wietske
Bouwman. Through all of them, I have expanded my knowledge across diverse fields
and gained invaluable experience in interdisciplinary collaboration.

Meanwhile, this work would never have been possible without the support of my
colleagues from the Indoor Environment group. First, a special thanks goes to
Amneh Hamida, who has been my closest “comrade” throughout this PhD journey.
Starting around the same time, we shared every step of this experience: taking
courses together, working on experiments and field studies together, attending
conferences and workshops together, and more. We have been each other’s closest
companions, cheering on each other’s achievements, supporting one another
through challenges, and working as a perfect team to accomplish countless tasks
and reach milestone after milestone. Outside of the faculty, she is also a very dear
friend who accompanies me to the gym almost every day, and prepares birthday
surprises for me every year. Next, I am deeply grateful to my (former) senior
colleagues — Dr. Marco Ortiz, Dr. AnneMarie Eijkelenboom, Dr. Tatiana Armijos Moya,
Dr. Marjolein Overtoom, Dr. Dong Hyun Kim, and Annemieke Virginia-Roest — who
warmly welcomed me into the group and generously shared their knowledge and
experience, both in work and in life. I would also like to thank those who joined the
group along the way — Nadine Hobeika, Dr. Soma Sugano, Dr. Alessandro D’Amico,
Arghyanir Giri, Tim Li, Hsingyu Ou, and Shivani Dolas - for the ideas exchanged, the
fresh perspectives brought, the help they offered in every aspect without reservation,
and all the joyful moments we shared together.

I would like to extend my gratitude to our section, Environmental & Climate

Design, our department, Architectural Engineering + Technology, and our faculty,
Architecture and the Built Environment. In particular, I sincerely thank Dr. Regina
Bokel and Dr. Martin Tenpierik, who provided me with valuable instruction in several
courses that greatly benefited my PhD work and later offered me the opportunity to
become an instructor for the Master’s course Technoledge. I am also grateful to many
senior colleagues, including but not limited to: Prof. Atze Boerstra, Prof. Andy van
den Dobbelsteen, Prof. Laure Itard, Prof. Ana Pereira Roders, Prof. Sevil Sariyildiz, Dr.
Marcel Bilow, Dr. Eleonora Brembilla, Dr. Stijn Brancart, Dr. Chujie Lu, Dr. Alessandra



Luna Navarro, Dr. Arjen Meijer, Dr. Martin Mosteiro Romero, Dr. David Peck, Dr. Akshay
Patil, Dr. Zhikai Peng, Dr. Peter Teeuw, Dr. Michela Turrin, Dr. Peter van den Engel, Dr.
Thaleia Konstantinou, Mr. Michiel Fremouw, Mr. Eric van den Ham, and Ms. Christien
Janssen (who is dearly missed), all of whom shed light on my work or offered different
sorts of help. To our current section leader, Dr. Craig Martin, our department manager,
Dr. Onno de Wit, our department head, Prof. Michiel Kreutzer, and many others
working behind the scenes — thank you for your invaluable help with administrative
matters. A heartfelt thank you to our dedicated secretary team, especially Ms. Bo
Song, who has taken care of me since day one and later became a dear senior friend,
generously sharing her wisdom and treating me to countless delicious meals and
drinks. I am also deeply grateful to Ms. Annelies Friesser for her ever-willingness to
help and for always sorting out complex situations with patience and efficiency. My
appreciation extends to the Faculty Graduate School, especially Ms. Nouzha Chamkh,
Ms. Inge Meulenberg, and Prof. Paul Chan, for their constant support in navigating me
through the Doctoral Education program. Finally, I want to acknowledge the efforts
of those who keep the system running smoothly, including faculty data stewards, HR
advisors, ICT technicians, and colleagues at the logistics point.

I am also truly happy to have shared this journey with many fellow PhDs, many of
whom have become good friends of mine. I would like to specifically thank a few
seniors: Dr. Nan Bai, Dr. Tiantian Du, and Dr. Mi Lin (Emeline), from whom I gained
important inspirations, received generous help, and with whom I shared wonderful
moments. Meanwhile, a special thanks goes to Mohammad Hamida and Hamza
Hamida, who, together with their sister Amneh Hamida, have embraced me as an
“external family member” with endless hospitality — thank you for all the cycling
trips, the cheesecakes, the hotpots, and the barbeques.

My deepest gratitude also goes to the person who has been the brightest guiding
light leading me this far — my master’s supervisor, Prof. Yufeng Zhang, who tragically
passed away in January 2023 after years of bravely fighting a fatal iliness. He was
the most talented, hardworking, and humble person I have ever met, and he made
remarkable contributions to the fields he worked in. The guidance he provided me
has equipped me to face all kinds of challenges along the way, and this work will
serve as an extension of his enduring spirit.

In brief, scientific progress is never the work of a single researcher but the result

of collective efforts within the academic community. Therefore, I would like to take
this opportunity to thank everyone with whom I have built connections over the
years — whether in person or virtually, through manuscripts, presentations, or other
forms of exchange. My heartfelt gratitude goes to all the tutors and colleagues, fellow
researchers, and collaborators across various sectors who have been part of my journey.



Despite living alone for years, I have never felt lonely, thanks to the unwavering
support of my dearest friends both in China and overseas. Big hugs to Yangiao Bi,
Huigian Peng, Yue Xi, and Yue Xing, for your constant companionship, both online
and offline, for taking care of my mental and physical well-being, for embracing me
as I am, and for never letting the distance keep us apart.

I am also incredibly lucky to have all my beloved family members as my strongest
support. Their unconditional love has shaped me into this fearless, confident, and
resilient person with a soft heart. I thank my parents, Hui Guo and Lixing Ding, for
bringing me to this wonderful world and allowing me to explore it with full freedom,
for always being the for me - for everything.

Last but not least, a special thanks to Arghyanir Giri, for being my best photographer,
travel companion, meal buddy, CFD tutor, emotion soother, and troubleshooter.
Thank you for cycling with me every day from Den Haag to Delft and back — making
me a local legend on Strava, and thank you for making the mundane feel special.

Above all, thank you, TU Delft, for making all of this possible in my life.

Er Ding (Erica)
Guangzhou, February 2025



12

Healthy Air for Children



Contents

List of Tables 19

List of Figures 20

List of Symbols, Abbreviations, and Units 23
Summary 29

Samenvatting 35

24 4t

o] 41

Introduction 45

1.2

1.3

1.3.1

1.3.2

1.4
1.4.1

1.4.2

143

1.4.4

1.6
1.6.1
1.6.2

13

Problem statement 45
Aim of study 43

Research questions 48
Main research question 43
Sub-research questions 49

Research methodology 50

Step 1: Establishing an understanding of the state of the art and defining research
gaps 52

Step 2: Examining real-world situations and setting the baseline for
improvements 53

Step 3: Developing strategies for using mobile air cleaners as a room-scale
solution 54

Step 4: Exploring the potential of personalized air cleaners as an individual-level
solution 55

Dissertation outline 56
Research relevance and contributions 53

Scientific relevance 58
Societal relevance 59

Contents



Understanding background s

2.1
2.2

2.3
2.3.1
232

2.4

241

242

2.5

2.51

252

2.6
2.6.1

26.2

2.7

Infectious respiratory particles, ventilation in schools, and the possible bridge in
between

Ventilation regimes of school classrooms against airborne transmission of infectious
respiratory droplets: A review 65

Introduction 66
Methods 63

Ventilation and IAQ-conditions in school classrooms 70
Requirements of ventilation and IAQ for school classrooms 70
Real situation of ventilation and IAQ in school classrooms 72

Airborne transmission of infectious respiratory droplets: features and control 74
Dispersion of respiratory droplets 74
Ventilation control of airborne transmission 76

Personalized ventilation systems 73
Personalized air supply system (PS) 78
Personalized air exhaust system (PE) &1

Discussion 81
Challenges for schools: airborne infection control with current ventilation
regimes 81

Possible solutions to minimize airborne transmission: personalized ventilation 84

Conclusions 86

Observing reality o5

3.1

3.2
3.2.1

Ventilation and thermal conditions in school classrooms during pandemic

Ventilation and thermal conditions in secondary schools in the Netherlands: Effects
of COVID-19 pandemic control and prevention measures 95

Introduction 96

Methods 99
Selection of schools and classrooms 99

Healthy Air for Children



322
3221
3222
3223
3224

3.23

324
3.2.4.1
3242
3243

3.24.4

33
3.3.1
332
3321
3322
333
334
3.3.4.1

3342

3.4
3.4.1
3.4.2
3.4.3

3.5
3.5.1
352

Survey 101

Monitoring of CO, concentration and air temperature 1071

Technical questionnaire and interview 103

Classroom checklist 103

Monitoring of occupancy and ventilation-related behavior 103
Ethical aspects 104

Data analysis 104

Data cleaning 104

Time distribution of indoor CO, concentration and air temperature 104
Ventilation rate 106

Statistical analysis 107

Results 108

Overview of classrooms 108

CO, concentrations 110

Indoor and outdoor CO, concentrations before and after lockdown 110
Time distribution of indoor CO, concentrations 113

Ventilation rates 115

Temperatures 118

Indoor and outdoor air temperatures before and after lockdown 118

Time distribution of indoor air temperatures 120

Discussion 122

CO, concentrations and ventilation rates in school classrooms
Thermal conditions in school classrooms 123

Limitations 125

Conclusions and recommendations 126

Conclusions 126
Recommendations 127

Developing strategy 133

4.1

15

Mobile air cleaners for infectious respiratory particle removal

Part I: Using mobile air cleaners in school classrooms for aerosol removal: Which,

where and how 133

Introduction 134

Contents

122



4.2
421
4211
4212
4213
422
4221
4222

423

4.3
4.3.1
43.1.1
4312
432
4321
4322

433

4.4
4.41
442
4.4.2.1
4422
443
4.4.4

4.5

4.6

4.7
4.71
4.7.2
4.7.3
4.7.4

16

Methods 137

Selection of mobile air cleaners 137

Collection of information on available mobile air cleaners 137
Main specifications of mobile air cleaners 137

Selection of mobile air cleaners 139

Assessment of maobile air cleaners 142

Aerosol decay test 143

Panel perception test 149

Application in a real classroom 152

Results 154

Aerosol decay test 154

Aerosol removal rate 154

Clean air delivery rate (CADR) 158

Panel perception test 159

Sound of the mobile air cleaners 159

Air movement of the mobile air cleaners 162
Real classroom test 163

Discussion 165

Assessment of aerosol removal rate and CADR 165
Assessment of sound and air movement 166
Assessment of sound 166

Assessment of air movement 167

Applicability in a real classroom 168

Limitations 168

Conclusions and recommendations 169

Part IT: Feasibility and efficiency of using mobile air cleaners in school classrooms to
remove respiratory aerosols 175

Introduction 176

Methods 177

Selection of schools and classrooms 177

Installation and operation of the mobile air cleaners 177
Monitoring indoor air quality in the classrooms 179
Data analysis 180

Healthy Air for Children



4.8 Results and discussion 130
49 Conclusions and recommendations 183

5 Exploring possibility 157

Personalized air cleaners as an individual localized exhaust

Feasibility of a personalized air cleaner as a localized exhaust for short-range
respiratory aerosol removal in classroom settings: A pilot study 187

5.1 Introduction 188

52 Methods 191
52.1  Study design 191
522 Experimental tests 192
5.2.2.1 Experimental setup 192
5222 Test conditions and procedures 196
5223 Data analysis 197
523  CFD simulations 197
5.2.3.1 Computational domain and geometry 197
5.2.3.2 Governing equations 200
5233 Boundary conditions 201
5234 Solution schemes and convergence criteria 201
5235 Grid independence test 202

5236 Model validation 204

53 Results 206
53.1  Experimental tests 206
5.3.1.1 Subjects’ perceptions of the personalized air cleaner 206
5.3.1.2 Aerosol removal performance of the personalized air cleaner 208
532  CFD simulations 210

5.4  Discussion 213
541 Comparison of experimental and simulation results 213
542 Influence of PAC positioning on suction effect 214
543 Design implications 215
5.4.4  Comparison with PE systems 216
5.4.5 Limitations 217

5.5 Conclusions 213

17 Contents



Conclusions and recommendations

6.1

6.2
6.2.1
6.2.2
6.2.3

6.3

6.4
6.4.1
6.4.2
6.4.3
6.4.4

Appendix A
Appendix B

18

Introduction 223

Answers to research questions 225
Answers to sub-research questions 225
Answer to main research question 233
Limitations 237

Practical implications 239

Recommendations for future research 241

223

Investigating different room-scale mechanical ventilation regimes 241
Optimizing design of personalized air cleaning devices 242

Exploring combinations of different ventilation and air cleaning methods 243
Validating effects of ventilation and air cleaning strategies on real-world cross-

infection 244
Appendices 249
Supplementary materials for Chapter 3 250

Supplementary materials for Chapter 4 263

Curriculum Vitae 289
List of Publications 293

Healthy Air for Children



List of Tables

2.1

2.2

2.3

2.4

2.5

3.1

3.2

33

3.4

3.5

4.1

4.2

4.3

19

Keywords for literature search. 69

Minimum ventilation rates for
school classrooms. 7

Limit values of CO, concentration in
school classrooms. 7

Ventilation strategies in
school classrooms. 72

Efficiency of reducing inhaled contaminants
with different PS devices. 20

Basic information on the
selected schools. 100

Characteristics of the 31 classrooms. 109

Comparison of different parameters of
CO, concertation, occupancy, ventilation
rate, and air temperature in 31 classrooms
(11 schools) between pre- and
post-lockdown period. 112

Ventilation rates, number of students,
and number of opened windows and
doors in the classrooms before and after
the lockdown. 116

Univariable and multivariable associations
between VR and occupancy, opening of
windows and doors in the classrooms, and
visits (pre- versus post-lockdown). 8

Information on the selected mobile
air cleaners. 142

Conditions of the aerosol decay test of the
selected mobile air cleaners. 145

Conditions of the panel perception test of the

selected mobile air cleaners. 150

List of Tables

4.4

4.5

4.6

4.7

4.8

5.1

5.2

53

5.4

5.5

6.1

Conditions of the aerosol decay test of
the selected mobile air cleaners in the
real classroom. 153

Results of the panel perception test. 16

Information on the selected mobile
air cleaners. 178

Median and interquartile range of the
daily average concentrations of the
IAQ parameters in the classrooms and
the comparison between the ON and
OFF periods. 182

Comparison of IAQ parameters between
ON and OFF periods with Wilcoxon signed
rank tests. 183

Description of the PAC’s positions
for simulation. 199

Information on the different meshes. 202

Differences in subjects’ perceptions of noise,
temperature, and draft. 208

Differences in the particle counts
of respiratory aerosols between the
personalized air cleaner on and off. 210

Comparison of studies on personalized
exhaust (PE) systems. 217

Summary of different ventilation and air
cleaning methods in school classrooms. 234



List of Figures

1.1

2.1

2.2

2.3

3.1

3.2

3.3

3.4

3.5

3.6

3.7

4.1

20

Overview of the main research question,
sub-research questions, objectives, and aim
of this PhD research. 5o

Schema of the research methodology and
outline of this PhD research. 51

Transmission routes of respiratory droplets
between indoor occupants. 76

Desk-based ATDs. 79

Chair-based personalized air
supply system. 79

Location of the involved secondary schools
in the Netherlands. 99

Examples of indoor CO, concentration and
air temperature sampling points in the
classrooms: (a) front wall; (b) back wall. 102

Examples of outdoor CO, concentration
and air temperature sampling points at the
schools: (a) entrance; (b) courtyard. 102

Indoor and outdoor
CO, concentrations. 111

Time distributions of CO, concentration
during occupied lessons in the classrooms
among different categories of Dutch Fresh
Schools guidelines: (a) pre-lockdown; (b)
post-lockdown. 114

Indoor and outdoor air temperatures. 119

Time distributions of indoor air temperatures
during occupied lessons in the classrooms
among different categories of Dutch Fresh
Schools guidelines: (a) pre-lockdown; (b)
post-lockdown. 121

Air cleaning technologies equipped

by 152 pre-selected mobile
air cleaners. 138

Healthy Air for Children

4.2

4.3

4.4

4.5

4.6

4.7

4.8

4.9

4.10

4.11

4.12

4.15

Airflow patterns of 152 pre-selected mobile
air cleaners. 139

Flowchart of the selection process of the
tested mobile air cleaners. 141

Set-up of the aerosol generator. 144
Set-up of the aerosol decay test. 144

Configurations of the mobile air cleaners for
the aerosol decay test. 146

Procedure of the aerosol decay test. 147
Set-up of the panel perception test. 151
Procedure of the panel perception test. 151

Set-up of the aerosol decay test in
the classroom. 153

Original and averaged aerosol
concentrations and the fitted average
decay curve of PM,  (left) and PM, (right)
of MAC1 operating at setting 1 under
configuration 1 (S1_C1) in the

Experience room. 154

Standardized fitted average total decay
curves of PM, . (left) and PM, (right)
for the tested mobile air cleaners in the
Experience room. 156

CADR of PM, ; (left) and PM,, (right)
for the tested mobile air cleaners in the
Experience room. 159

Sound pressure level (SPL) of the tested
mobile air cleaners with (left) and without
(right) the panel of subjects. 159

Air velocity of tested mobile air cleaners
that were placed at 1.1 min the
Experience room. 162



5.1

5.2

53

5.4

5.5

5.6

5.7

5.8

59

5.10

6.1

21

Standardized fitted average total decay
curves of PM, . (left) and PM, , (right)
for the tested mobile air cleaners in
the classroom. 163

CADR of PM, ; (left) and PM,, (right)
for the tested mobile air cleaners in
the classroom. 164

Experiment setup in one of the test chambers
of the SenseLab: (a) perception test; (b)
aerosol removal test. 193

Geometry of the model for CFD simulations
(PAC at position P1): left — view of the x-z
plane; right — view of the y-z plane. 198

Illustration of the PAC’s positions
for simulation. 199

Points for mesh comparison. 203

Grid independence test: velocity magnitude
(u), turbulent kinetic energy (k), and
dissipation rate (). 203

Points for model validation. 205

Comparison of the velocity magnitude

(u) between simulation and measurement
results: (a) top plane; (b) middle plane; (c)
bottom plane. 205

Subjects’ perception of noise, temperature,
and draft. 207

Total particles count of respiratory aerosols
during 1 minute interval. CO — personalized

air cleaner off; C1 — personalized air cleaner
operating at level 1. 209

Geometries and contours of velocity
magnitude of the PAC at different positions:
(a) P1, (b) P2, (c) P3, (d) P4, (e) P5, and
(f)P6. 211

Research framework and key steps of this
PhD research. 223

List of Figures

6.2

6.3

6.4

6.5

Main focus of Chapter 2: existing knowledge
on 1) airborne transmission of infectious
respiratory particles, 2) ventilation regimes
and IAQ conditions in school classrooms,
and 3) advanced ventilation methods such as
personalized ventilation. 225

Main focus of Chapter 3: ventilation
(and thermal) conditions in school
classrooms before and after the
pandemic lockdown. 227

Main focus of Chapter 4: a comprehensive
strategy for using mobile air cleaners to
control long-range airborne transmission

of infectious respiratory particles in school
classrooms, from selection to operation. 229

Main focus of Chapter 5: possibility of
using a personalized air cleaner to locally
exhaust infectious respiratory particles in a
classroom setting. 231



22

Healthy Air for Children



List of Symbols,
Abbreviations,
and Units

List of symbols
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B regression coefficients of GEE

Ceo, CO, concentration

Ceo, steady steady-state CO, concentration

Ceo,out outdoor CO, concentration

Com aerosol concentration

Como initial aerosol concentration of the decay phase att =0
Comeo aerosol concentration when t >> k"'
Com,std standardized aerosol concentration

C, empirical constant for turbulent viscosity
C, constant in the production term for &

C, constant in the dissipation term for €
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d diameter
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Kom total coefficient of total decay

1] dynamic viscosity

My turbulent viscosity
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o, turbulent Prandtl number for k

o, turbulent Prandtl number for &

T air temperature

Tin indoor air temperature
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t time
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y* dimensionless wall distance
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ANOVA one-way analysis of variance

ASHRAE American Society of Heating, Refrigerating and Air-Conditioning Engineers
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CADR clean air delivery rate

CEN European Committee for Standardization
CFD computational fluid dynamics

CI confidence interval

CMP computer monitor panel

COVID-19 coronavirus disease 2019

DV displacement ventilation

ECAI equivalent clean airflow

EPA efficient particulate air

ES electrostatic
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GEE generalized estimating equations
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HEPA high-efficiency particulate air (filter)

HPLC high-performance liquid chromatography

HREC Human Research Ethics Committee

HV hybrid ventilation

HVAC heating, ventilation and air conditioning

IAQ indoor air quality

ICND individually controlled noise-reducing device

IEQ indoor environmental quality

IF intake fractions

IRD infectieuze respiratoire deeltje

IRMM infection risk management mode

IRP infectious respiratory particles

IS0 International Organization for Standardization

MAC mobile air cleaner

ME only mechanical air exhaust

MLR verschillende mobiele luchtreiniger

MS only mechanical air supply

MT both mechanical air supply and exhaust

MV mixing mechanical ventilation

ND natural decay
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PA persoonlijke afvoer

PASC post-acute sequelae of SARS-CoV-2

PAC personalized air cleaner

PCO photocatalytic oxidation

PE personalized (air) exhaust

PEM personal environment module

PL plasma

PLR persoonlijke luchtreinigers

PM particulate matter

PM, . particulate matters of a diameter of 2.5 ym and smaller
PM., particulate matters of a diameter of 10 ym and smaller
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PT persoonlijke luchttoevoer
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REHVA Federation of European of Heating, Ventilation, and Air-Conditioning Associations
RH relative humidity
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h hour
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min minute
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s second
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Good indoor air quality (IAQ) has long been called for the surrounding
environments of children to ensure their health and well-being - a priority that

has engaged researchers for decades. The sudden outbreak of the Coronavirus
Disease 2019 (COVID-19) pandemic, however, posed substantial challenges to this
goal. Infectious respiratory particles (IRPs), transmitted via airborne pathways,

can easily cause cross-infection between occupants indoors, presenting serious
health threats. School classrooms, characterized by long occupancy hours and high
occupant density, are hence particularly vulnerable. When the pandemic hit, the
lack of effective mitigation solutions often prevented schools from fully addressing
these risks, resulting in disruptions to normal educational activities. Aiming to help
improve this situation, this PhD research was conducted to answer the following main
research question:

Which ventilation and air cleaning strategies can be used to effectively control the
spread of infectious respiratory particles in school classrooms?

This question is addressed through four steps: 1) understanding the state of the
art and defining research gaps, 2) examining real-world situations to set directions
for improvements, and proposing solutions at 3) room scale and 4) individual
level, respectively.

First, a systematic literature review was conducted to establish the research
context and background and define the research gaps. A multidisciplinary literature
search using a large combination of keywords was performed, which formed

three main topics regarding the focus of the research: 1) the current situation of
ventilation strategies and IAQ conditions in school classrooms; 2) features and
control of airborne transmission of IRPs; and 3) performance and feasibility of
advanced ventilation systems. By including 94 research papers, eight standards and
guidelines, and five reports, a deep understanding of each topic and the connections
among them were obtained. The literature reveals that IRPs, as a primary
transmission route for pathogens responsible for infectious respiratory diseases
like COVID-19, are small particles produced during respiratory activities. IRPs can
be transmitted through both short-range and long-range airborne pathways, each
requiring distinct ventilation methods for effective control. While conventional
ventilation systems have been shown to effectively mitigate long-range IRP
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transmission, the optimal configuration, especially for non-medical environments,

is still unclear. Moreover, due to a typical assumption of steady-state and well-
mixing conditions, room-scale ventilation methods cannot adequately address the
dynamic nature of short-range IRP transmission, for which immediate reaction by the
systems is needed. Current ventilation requirements for school classrooms primarily
focus on perceived air quality and energy efficiency, often using CO, concentrations
as an indicator of pollution caused by occupants. The required ventilation levels,
therefore, might not be adequate for IRP control. In the real world, on the other
hand, many classrooms fail to meet even the existing ventilation requirement. The
review hence suggests a necessary shift in ventilation design from a comfort-centric
approach to one that prioritizes occupants’ health, advocating for more flexible and
adaptable strategies. Additionally, personalized ventilation (PV) systems, including
personalized air supply (PS) and exhaust (PE), are highlighted as potential solutions
to mitigate short-range IRP transmission and enhance IAQ within the proximity of
each occupant. However, existing PS and PE systems, developed mainly for high-
risk environments such as hospital wards and aircraft cabins, may require further
adaptation for effective implementation in classroom settings.

Second, a field study was carried out to investigate the ventilation and

thermal conditions in school classrooms during the COVID-19 pandemic. In

total, 31 classrooms across 11 Dutch secondary schools were involved, representing
a diverse range of locations, types of education, and building ages, covering students
aged 12 to 18. To track the evolution of conditions in the classrooms at different
stages of the COVID-19 pandemic, as various levels of control and prevention
measures were implemented, each school was visited twice: once before and once
after a national lockdown. Each school visit consisted of 1) monitoring of the

indoor and outdoor CO, concentration and air temperature; 2) a short interview

with the facility manager; 3) an inspection of the school buildings, HVAC (heating,
ventilation, and air conditioning) systems, and classrooms; and 4) monitoring of

the occupancy and occupants’ behaviors. It was found that most schools opted to
keep windows and doors open throughout the day to maximize outdoor air supply

as a pandemic control measure. This practice hindered the operation of mechanical
ventilation systems as designed, making them no different from using natural
ventilation alone. Before the lockdown, classrooms operated at normal occupancy
levels but failed to meet recommended ventilation standards, as evidenced by high
indoor CO, concentrations during occupied hours. After the lockdown, student
occupancy was reduced to approximately half, resulting in significantly lower indoor
CO, levels and improved ventilation rates per person; however, this improvement
was primarily linked to decreased occupancy rather than any enhancements in
ventilation practices. Additionally, thermal conditions in classrooms were found to be
unsatisfactory during both the pre- and post-lockdown periods. Before the lockdown,
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many classrooms experienced unacceptably cold temperatures during the heating
season; after the lockdown, temperatures varied with changing seasons, leading to
instances of classrooms being either too warm or too cold. Overall, despite efforts
to maximize outdoor air supply, classrooms struggled with desired ventilation and
thermal conditions, highlighting the urgent need for more flexible and effective long-
term ventilation strategies.

Third, for controlling long-range airborne transmission of IRPs, mobile air cleaners
(MACs) were proposed, considering their flexibility and affordability. Given the

large variety of MACs available, first, a set of criteria to guide the selection process,
considering both technical and economic factors. Accordingly, eight small- and
medium-sized floor-standing MACs were selected, of which seven were assessed via
laboratory experiments. The experimental study was conducted in the Experience
room of the Senselab at Delft University of Technology, with an interior of a
classroom setting. The assessments included 1) an aerosol decay test to determine
the aerosol removal rate and clean air delivery rate (CADR) and 2) a panel perception
test to examine occupants’ perception of the noise and draft caused by the MACs.
The results indicated that MACs with high-efficiency filters (H13) could effectively
remove IRPs throughout the room, regardless of their air cleaning technology. A key
factor in achieving maximum CADR lies in the induced airflow pattern of the MAC:
MACs with an upward airflow supply (vertical or angled) were found to distribute
clean air more efficiently compared to horizontal air supply. Device placement also
plays a crucial role: the air supply of the MACs should always face the occupied zone
within the room. Additional tests conducted in a university classroom confirmed
these findings, as well as highlighting the importance of using multiple devices as
room size increases. Furthermore, the results revealed that combining MACs with
mechanical ventilation can yield a higher CADR than MACs alone. Although higher
MAC settings are necessary for achieving desirable CADR, the corresponding noise
levels often surpass the prescribed threshold and are unacceptable to the subjects.
Air velocities generally met comfort standards, receiving positive feedback. These
results highlight the need for user feedback to optimize MAC performance in
classrooms, balancing effective air cleaning with occupant comfort.

To investigate the feasibility of the above-mentioned strategies, a follow-up field
study was performed in 45 classrooms across five Dutch primary schools. Three
MACs of the best performance in the experimental study were selected and were
randomly assigned among the classrooms. The evaluation of feasibility included 1)
assessing the practicality of implementing the strategies and 2) monitoring IAQ
parameters in three classrooms per school for both a control period and an
intervention period. Deploying MACs in classrooms presented practical challenges,
including limited space, crowded layouts, and insufficient power outlets, which
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necessitated adjustments to MAC placements and the use of extension cords.
Although positioning differed from the exact experimental setup and operational
errors were possible, by ensuring one device at the front and one at the back, with
the air supply directed toward the occupied area, the MACs consistently reduced
particle concentrations.

Forth, for controlling short-range airborne transmission of IRPs, personalized

air cleaners (PACs) were proposed to be used as a localized exhaust, leveraging

the advantages of both PE systems and mobile air cleaners. The perceptual
assessments of noise and draft of the PAC was first carried out via experimental
tests with human subjects, followed by tests on its respiratory aerosol removal
efficiency. Then, computational fluid dynamics (CFD) simulations were performed to
assess the impact of various positioning on the PAC’s suction effect. Experimental
results showed that at a higher setting, the PAC caused excessive noise, limiting
further tests to the lower level. Nonetheless, it still significantly reduced aerosol
concentrations, especially for smaller particles. However, such a promising outcome
was attributed to strong air recirculation in a confined setup. CFD simulations
revealed that the PAC’s suction effect was highly localized and diminished rapidly
with distance, hardly reaching the occupant’s breathing zone in a larger space.
Nevertheless, the central-vertical position demonstrated the best results. In real-
life scenarios, this position can also better leverage the rise of exhaled particles
caused by the thermal plume of the human body, leading to enhanced capture of
IRPs. Compared to other PE systems, the PAC operates at a lower airflow rate, yet
increasing airflow may lead to unacceptable noise levels. Other modifications, such
as a larger suction surface or closer placement to occupants, warrant consideration
but require careful planning and design optimization. Overall, while the PAC shows
promise for IRP removal in classrooms, optimized designs are needed for effective,
user-friendly operation in real-world applications.

To conclude, this PhD research demonstrated that currently, the ventilation in
school classrooms (mostly relying on window-based natural ventilation) often falls
short of meeting existing requirements, and thus is likely insufficient to control

the spread of IRPs. Therefore, more controllable ventilation approaches, namely
mechanical ventilation systems, are needed, alongside complementary interventions
like MACs and PACs. The findings reveal that MACs, when appropriately selected
and positioned, offer room-scale protection against long-range IRP transmission,
while PACs are effective in managing localized, short-range IRP exposure,
particularly where seating arrangements or class activities increase close contact.
Together, these solutions offer a comprehensive framework for managing IRPs in
classroom settings.

Healthy Air for Children



33

Overall, this PhD research provides actionable strategies for various stakeholders,
from school administrators, policymakers, and product developers to the occupants
themselves, namely students and teachers. The practical implications include 1)
systematic plans for using different ventilation and air cleaning methods to improve
IAQ conditions in school classrooms; 2) recommendations for future system/product
design modifications; 3) advocacy of updates in regulations for ventilation and air
cleaning; and 4) knowledge for the occupants to better understand the importance
of IAQ and its impact on their health and performance.

For future research, it is recommended to: 1) explore diverse mechanical ventilation
configurations, as well as combinations of ventilation and air cleaning methods
tailored to varying classroom layouts, climates, and budgetary constraints; 2)
optimize PAC design, and develop devices that maximize both comfort and IRP
control for school settings; 3) investigate the combined effects of hybrid ventilation
and air cleaning solutions, and offer valuable insights into achieving healthier,

more resilient indoor environments in schools; 4) to validate the efficacy of the
established ventilation and air cleaning strategies, typically via cohort studies, in
reducing real-world cross-infection risk during outbreaks of respiratory diseases, or
even pandemics.
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Sinds lange tijd is bekend dat een goede binnenluchtkwaliteit van omgevingen waarin
kinderen verblijven belangrijk is voor hun gezondheid en welzijn — onderzoekers

zien dit daarom al decennia als een prioriteit. De plotseling uitbraak van Corona
(COVID-19) zorgde voor extra uitdagingen. De via de lucht overgedragen infectieuze
respiratoire deeltjes (IRDs) kunnen binnen gemakkelijk besmetting veroorzaken,

wat ernstige gezondheidsrisico’s met zich meebrengt. Klaslokalen zijn vanwege

de lange en hoge bezetting vooral kwetsbaar. Gebrek aan effectieve maatregelen
tijdens de pandemie om deze risico’s aan te pakken leidden tot verstoringen van de
normale onderwijsactiviteiten. Dit promotieonderzoek is uitgevoerd om bij te dragen
aan een verbetering van deze situatie, door de volgende hoofdonderzoeksvraag

te beantwoorden:

Welke ventilatie en luchtreinigingsstrategieén kunnen worden ingezet om
de verspreiding van infectieuze respiratoire deeltjes in klaslokalen effectief
te beheersen?

Deze vraag wordt beantwoord in vier stappen: 1) het begrijpen van de huidige stand
van zaken en het vaststellen van kennishiaten, 2) het onderzoeken van realistische
situaties om richtingen voor verbeteringen vast te stellen, en het voorstellen van
oplossingen op 3) ruimte en 4) individueel niveau.

Om de huidige stand van zaken te begrijpen en kennishiaten vast te stellen werd
eerst een literatuurstudie uitgevoerd. De literstuurstudie middels een combinatie van
zoektermen over verschillende disciplines resulteerde in drie hoofdonderwerpen: 1)
de huidige stand van zaken t.a.v. ventilatiestrategieén en binnenluchtcondities van
klaslokalen; 2) kenmerken en beheersing van via de lucht overdraagbare IRDs;

en 3) prestaties en haalbaarheid van geavanceerde ventilatiesystemen. Analyse
van 94 onderzoeksartikelen, acht normen en richtlijnen, en vijf rapporten, gaf
inzicht in elk onderwerp evenals onderlinge relaties. De literatuur gaf aan dat kleine
deeltjes die tijdens ademhalingsactiviteiten worden geproduceerd, een primaire
transmissieroute voor ziekteverwekkers zijn en verantwoordelijk voor infectieuze
luchtwegaandoeningen zoals COVID-19. Deze IRDs kunnen via zowel korte als
langeafstandsroutes in de lucht worden overgedragen. Beheersing van overdracht
vereist verschillende ventilatiemethoden voor effectieve beheersing nodig. Terwijl
conventionele ventilatiesystemen effectief zijn gebleken bij het beperken van
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langeafstandsverspreiding, is de optimale configuratie, vooral in niet-medische
omgevingen, nog onduidelijk. Bovendien is ventilatie op ruimteniveau vaak
gebaseerd op de aanname van een stationair en goed gemengde luchtverdeling. De
dynamische aard van overdracht van IRDs dichtbij, wat een onmiddellijke reactie van
ventilatiesystemen vereist, wordt onvoldoende rekening mee gehouden. De huidige
ventilatierichtlijnen voor klaslokalen richten zich voornamelijk op de waargenomen
luchtkwaliteit en energie efficiéntie, waarbij CO, concentraties vaak worden

gebruikt als indicator van door mensen veroorzaakte verontreinigingen. De vereiste
ventilatie kan daarom mogelijk onvoldoende zijn voor de beheersing van IRDs. In de
praktijk voldoen veel klaslokalen niet eens aan de bestaande ventilatierichtlijnen.

De literatuur wijst daarom op de noodzaak van een verschuiving in aanpak: van een
comfortgerichte aanpak naar een strategie die prioriteit geeft aan de gezondheid van
de gebruikers. Dit vraagt om flexibelere en beter aanpasbare ventilatiestrategieén.
Daarnaast worden persoonlijke ventilatiesystemen (PV), zoals persoonlijke
luchttoevoer (PT) en afvoer (PA), aangedragen als potentiéle oplossingen om de
overdracht van IRDs op korte afstand te beperken en de luchtkwaliteit in de directe
omgeving van elke gebruiker te verbeteren. Bestaande PT- en PA-systemen zijn echter
voornamelijk ontwikkeld voor hoog-risico-omgevingen, zoals ziekenhuisafdelingen en
vliegtuigcabines, en zullen moeten worden aangepast voor toepassing in klaslokalen.

Vervolgens werd in stap 2 een veldonderzoek uitgevoerd om de ventilatie en
thermische condities in klaslokalen tijdens de COVID-19 pandemie te onderzoeken.
In totaal werden 31 klaslokalen verspreid over 11 Nederlandse middelbare scholen
met leerlingen van 12 tot 18 jaar, op verschillende locaties, met verschillende
onderwijstypen en gebouwleeftijden onderzocht. Om het effect van de maatregelen
die werden genomen tijdens de verschillende fasen van de COVID-19 pandemie op
de condities in de klaslokalen te volgen, werden de scholen twee keer bezocht: voor
en na een nationale lockdown. Elk bezoek bestond uit: 1) het meten van de CO,
concentratie en luchttemperatuur binnen en buiten; 2) een interview met de facilitair
manager; 3) een inspectie van de schoolgebouwen, de verwarming, ventilatie en
airconditioning systemen, en klaslokalen; en 4) registratie van de bezetting en

het gedrag van de gebruikers. Uit de resultaten bleek dat de meeste scholen als
pandemiemaatregel ervoor kozen de hele dag ramen en deuren open te houden om
zoveel mogelijk te ventileren met buitenlucht. Deze maatregel hinderde echter de
werking van mechanische ventilatiesystemen, waardoor de situatie met mechanische
ventilatie nauwelijks verschilde van het gebruik van alleen natuurlijke ventilatie. De
hoge CO, concentraties gemeten voor de lockdown, bij normale bezetting, lieten
echter zien dat zelfs bij alle ramen en deuren open, de ventilatie niet voldeed aan

de aanbevolen richtlijnen. Na de lockdown resulteerde nagenoeg halvering van de
bezetting in aanzienlijk lagere CO, niveaus en een hogere ventilatiehoeveelheid per
leerling. Deze verbetering was echter vooral toe te schrijven aan de lagere bezetting
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en niet aan structurele ventilatieverbeteringen. Bovendien bleken de thermische
condities in klaslokalen tijdens zowel de pre- als post-lockdownperiode ontoereikend.
Voor de lockdown (tijdens het stookseizoen) was het te koud; na de lockdown

was het soms te warm en soms te koud, afhankelijk van het seizoen. Ondanks de
inspanningen om de toevoer van buitenlucht te maximaliseren bleek het moeilijk

om aan de gewenste ventilatie en thermische condities te voldoen. Dit benadrukt de
noodzaak van flexibelere en effectievere lange termijn ventilatiestrategieén.

Als derde stap in dit promotieonderzoek zijn verschillende mobiele luchtreinigers
(MLRs) om overdracht van IRDs op lange afstand te beheersen op flexibiliteit en
betaalbaarheid getest. Gezien de grote verscheidenheid aan beschikbare MLRs

werd eerst een lijst met selectiecriteria, van zowel technische als economische aard,
opgesteld. Op basis hiervan werden acht MRLs geselecteerd, waarvan er zeven
werden beoordeeld via een experimentele studie in de Experience Room van het
Senselab aan de Technische Universiteit Delft, die als een klaslokaal was ingericht.
De evaluaties bestonden uit: 1) een aerosolen afname test om de verwijdering van
aerosolen in de tijd en daarmee de zogeheten Clean Air Delivery Rate (CADR) te
bepalen, en 2) een paneltest om de perceptie van gebruikers van het geluid en de
tocht veroorzaakt door de MLRs te onderzoeken. De resultaten toonden aan dat MLRs
met zeer efficiénte reiniging IRDs effectief uit de gehele ruimte konden verwijderen,
ongeacht de toegepaste reinigings-technologie. De door de MLR veroorzaakte
luchtstroming is van cruciaal belang voor het behalen van een zo hoog mogelijke
CADR: MLRs met een opwaartse luchtstroming (verticaal of onder een hoek)
verspreiden lucht efficiénter dan MLRs met een horizontale luchtstroming. De locatie
van het apparaat speelt eveneens een belangrijke rol: de luchtstroming van de MLRs
moet altijd gericht zijn op de bezette zone in de ruimte. Aanvullende testen in een
klaslokaal op de universiteit bevestigden deze bevindingen en benadrukten bovendien
het belang van het gebruik van meerdere MLRs naarmate de ruimte groter wordt.
Verder bleek uit de resultaten dat de combinatie van MLRs met mechanische ventilatie
een hogere CADR oplevert dan alleen MLRs, en een hoge MLR-stand noodzakelijk

is voor het bereiken van de gewenste CADR. Een hoge stand veroorzaakte echter
vaak een overschrijding van het voorgeschreven maximale toelaatbare geluidsniveau
en werd als onacceptabel ervaren door het testpanel. De luchtsnelheden voldeden
over het algemeen aan de richtlijnen en kregen een positieve feedback van het
testpanel. Deze bevindingen benadrukten het belang van gebruikersfeedback bij
prestatieoptimalisatie (luchtreiniging en gebruikerscomfort) van MLRs in klaslokalen.

Om de haalbaarheid van de hierboven genoemde strategieén te onderzoeken, werd
een vervolgstudie uitgevoerd in 45 klaslokalen van vijf Nederlandse basisscholen.

Drie MLRs met de beste prestaties uit de experimentele studie werden geselecteerd
en willekeurig toegewezen aan de klaslokalen. De studie omvatte 1) het beoordelen
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van de praktische uitvoerbaarheid van de strategieén en 2) het monitoren van
deeltjesconcentraties in drie klaslokalen per school, elk met één van de drie
geselecteerde MLRs, tijdens een controle een een interventieperiode. Het inzetten
van MLRs in klaslokalen bracht praktische uitdagingen met zich mee, zoals beperkte
ruimte, overvolle indelingen en onvoldoende stopcontacten, wat aanpassingen in
de plaatsing van de MLRs en het gebruik van verlengsnoeren noodzakelijk maakte.
Hoewel de positie niet altijd hetzelfde was als de aanbevolen positie, zo lang als

één apparaat aan de voorkant en één aan de achterkant stond, met de luchtstroom
gericht op het bezette gebied, verlaagde alle MLRs de deeltjesconcentraties.

Tenslotte, werd voor het beheersen van de overdracht van IRDs op korte afstand,
voorgesteld om persoonlijke luchtreinigers (PLRs) te gebruiken als lokale afzuiging,
waarbij de voordelen van zowel PA-systemen als MLRs werden gecombineerd. De
perceptie van geluid en tocht van de PLR werd eerst getest met proefpersonen,
gevolgd door het bepalen van de verwijderingsefficiéntie van uitgeademde aerosolen
middels deeltjesmetingen. Vervolgens werden CFD-simulaties uitgevoerd om het
effect van verschillende posities op het zuigeffect (afvoer) van de PLR te bestuderen.
De experimentele resultaten toonden aan dat bij de hoogste stand, de PLR overmatig
geluid veroorzaakte, waardoor verdere tests beperkt bleven tot de laagste stand.
Niettemin verminderde die stand de aerosolconcentraties nog steeds aanzienlijk,
vooral voor kleinere deeltjes. Dit veelbelovende resultaat werd echter toegeschreven
aan de sterke luchtcirculatie in de nagenoeg afgesloten testopstelling. CFD-
simulaties lieten zien dat het zuigeffect van de PLR plaatselijk is en snel afneemt

met afstand tot de PLR, waardoor de afzuiging nauwelijks de ademzone van de
bewoner bereikt in een grotere ruimte. De beste resultaten werden gevonden voor
de centrale verticale positie. In bestaande situaties zal deze positie als gevolg van
opstijging van uitgeademde deeltjes veroorzaakt door de thermische pluim van het
menselijke lichaam tot een zelfs grotere afvangst van IRDs leiden. Vergeleken met
andere PA-systemen werkt de PLR bij een lagere luchtstroomsnelheid; het verhogen
van de luchtstroom kan echter leiden tot onacceptabele geluidsniveaus. Andere
aanpassingen zoals een groter zuigoppervlak of een positie dichterbij, verdienen
overweging, maar vereisen zorgvuldige planning en ontwerpoptimalisatie. De PLR is
veelbelovend voor het verwijderen van IRDs in klaslokalen, maar voor een effectieve,
gebruiksvriendelijke werking in de praktijk is ontwerpoptimalisatie nodig.

Ter conclusie, dit promotieonderzoek heeft aangetoond dat de ventilatie (vooral op
raam gebaseerde natuurlijke ventilatie) in klaslokalen momenteel vaak onvoldoende
is om te voldoen aan de bestaande richtlijnen, en dus waarschijnlijk onvoldoende
om de verspreiding van IRDs te beheersen. Daarom is een beter beheersbare
ventilatieaanpak zoals mechanische ventilatiesystemen aangevuld met interventies
zoals MLRs en PLRs. De bevindingen tonen aan dat MLRs, wanneer ze op de juiste
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manier worden geselecteerd en gepositioneerd, bescherming op kamerniveau
kunnen bieden tegen overdracht van IRDs op lange afstand, terwijl PLRs effectief
zijn in het beheersen van gelokaliseerde, korte afstand IRD-blootstelling, vooral daar
waar zitopstellingen of klasactiviteiten het contact vergroten. Samen bieden deze
oplossingen een uitgebreid kader voor het beheersen van IRDs in klaslokalen.

Al met al biedt dit promotieonderzoek bruikbare strategieén voor verschillende
belanghebbenden, van schoolbestuurders, beleidsmakers en productontwikkelaars
tot de gebruikers zelf, namelijk leerlingen en leraren. Praktische implicaties

zijn 1) systematische plannen voor het gebruik van verschillende ventilatie en
luchtreinigingsmethoden om binnenlucht condities in klaslokalen te verbeteren; 2)
aanbevelingen voor toekomstige systeem/productontwerpen; 3) pleidooi voor
updates in regelgeving voor ventilatie en luchtreiniging; en 4) kennis voor gebruikers
om het belang van luchtkwaliteit en de impact ervan op hun gezondheid en prestaties
beter te begrijpen.

Voor toekomstig onderzoek wordt aanbevolen om: 1) verschillende configuraties
van mechanische ventilatie te onderzoeken, evenals combinaties van ventilatie en
luchtreinigingsmethoden die zijn afgestemd op verschillende klaslokaalindelingen,
klimaten, en budgettaire beperkingen; 2) het ontwerp van PLRs te optimaliseren

en apparaten te ontwikkelen die zowel comfort als IRD beheersing maximaliseren
voor scholen; 3) de gecombineerde effecten van hybride ventilatie en
luchtreinigingsoplossingen te onderzoeken, en inzichten te bieden voor het bereiken
van gezondere, veerkrachtigere binnenmilieus op scholen; 4) de effectiviteit van

de vastgestelde ventilatie en luchtreinigingsstrategieén te valideren, doorgaans via
cohortstudies, om het risico op kruisbesmetting in de praktijk tijdens uitbraken van
adembhalingsziekten of zelfs pandemieén te verminderen.

Samenvatting
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Introduction

1.1

“Clean air is considered to be a basic requirement for human health and well-being,”
as declared by the World Health Organization (WHO) in its 2000 publication, Air
Quality Guidelines for Europe, 2" Edition [ 1]. Despite significant advancements

in knowledge and technology regarding air quality over the years, a 2018 WHO
report revealed that “globally, 93% of all children live in environments with air
pollution levels above the WHO guidelines”, concluding that “air pollution has a
devastating impact on children’s health” [2]. This alarming statistic underscores
the urgency of ensuring children’s right to breathe clean air in their homes, schools,
and communities, as emphasized in a 2019 United Nations report on human rights
issues [3]. Children represent the future of society, yet they are among its most
vulnerable members, with their health particularly susceptible to the harmful effects
of polluted air [4]. To date, as the impact of global climate change becomes more
evident, society is facing mounting challenges, with one of the most significant being
the frequent outbreaks of pandemics. These crises make creating and maintaining
healthy environments for children increasingly difficult. Therefore, greater efforts
must be devoted to this critical area - this is also the key motivation behind the
completion of this work.

Problem statement

45

Since December 2019, human society has suffered significant damage to both public
health and the economy due to the Coronavirus Disease 2019 (COVID-19) pandemic.
Five years later, the global situation of COVID-19 remains dynamic, with new variants
of the causative pathogen, severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2), continuing to emerge and spread [5]. By mid-2024, the total number of
COVID-19 infections worldwide has exceeded 700 million, with children accounting
for approximately 10-15% of the total infections [6,7]. Moreover, long COVID, or
post-acute sequelae of SARS-CoV-2 infection (PASC), affects nearly 100 million
individuals worldwide — including children — with a variety of symptoms, for which the
diagnosis and treatment remain challenging [8,9].

Introduction
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While combating this fatal challenge, increased attention has been directed toward
the sufficiency and efficiency of ventilation in indoor spaces, given that most
COVID-19 cross-infections occur indoors [10,11]. This is largely because airborne
transmission of infectious aerosols is the primary route through which SARS-
CoV-2 spreads between people, which is defined by WHO as infectious respiratory
particles (IRPs) [12-15]. In fact, IRPs have also played a significant role in the
outbreaks of several other pandemic-prone acute respiratory diseases, including
SARS [16], Influenza A [17], and MERS [ 18]. Despite this, in previous design criteria
of ventilation and air cleaning, IRPs were underrecognized as concerning indoor air
contaminants in public spaces, apart from nosocomial buildings. It is only in recent
years that standards and guidelines have begun to emphasize the control of IRPs in
common indoor environments, for example, the ASHRAE Standard 241, Control of
Infectious Aerosols, released in 2023 [19].

School classrooms, where children spend prolonged periods in close proximity,

are high-risk settings for the spread of IRPs. This necessitates the evaluation and
implementation of effective ventilation and air cleaning strategies to enhance IRP
removal. Prior to the COVID-19 pandemic, existing standards and guidelines for indoor
air quality (IAQ) in classrooms were primarily focused on balancing comfort and energy
consumption [20], typically recommending minimum ventilation rates of 4-5 L/s

per person [21-23]. Correspondingly, a significant proportion of school classrooms
worldwide rely solely on natural ventilation through open windows and doors, with
others equipped only with basic mechanical systems [24-29]. Studies have reported
that many classrooms suffer from insufficient ventilation and poor IAQ conditions [24-
29], which can adversely affect children’s health, comfort, and productivity [30,31].
However, given current observations, it is unlikely that the existing ventilation systems
in most school classrooms will be capable of meeting the requirements for efficient IRP
removal in the near term, especially considering the complexity and cost of necessary
renovation. For instance, ASHRAE Standard 241-2023 [19] recommends a minimum
equivalent clean airflow (ECAI) of 20 L/s per person in classrooms when operating in
infection risk management mode (IRMM) - a target far beyond what current systems
can achieve. Therefore, alternative solutions to efficiently remove IRPs and ensure
healthy indoor environments are urgently needed. In addition, the effectiveness of
ventilation strategies in school classrooms is largely influenced by regional factors
such as climate and economy, making it beneficial to establish regional databases to
better determine tailored solutions to diverse conditions.

The introduction of the term ECAI to infectious aerosol control highlights the growing
recognition of the role air cleaning plays in improving IAQ. Air cleaning, within the
scope of controlling infectious aerosols, is defined as “reducing the concentration of
infectious aerosols in the air through capture and removal or by inactivation” [ 19].

Healthy Air for Children



47

Numerous studies have demonstrated the effectiveness of air cleaning devices in
removing particulate matter (PM) and improving IAQ, thereby benefiting occupants’
health [32-34]. Among the various types of air cleaning devices, mobile air cleaners
(MACs) stand out for their flexibility and affordability. Although primarily designed for
household or office use, recent research has explored the potential of MACs to remove
IRPs in school classrooms, offering valuable insights for further investigation [35-37].
However, existing studies are limited due to the vast diversity in MACs - ranging from
air cleaning technologies, induced airflow patterns, dimensions, and efficiency — as
well as the varying conditions in school classrooms, including layout, occupancy, and
ventilation regimes. As a result, systematic strategies for applying MACs in school
classrooms, from selection to operation, have yet to be fully developed.

Another crucial factor in aerosol removal lies in the fundamental nature of airborne
transmission: IRPs can transmit via long- and short-range routes, each with distinct
characteristics [ 14]. Short-range airborne transmission often occurs during close
contact between indoor occupants, involving direct inhalation of particles, while
long-range airborne transmission involves the spread of smaller particles over
greater distances, often carried by indoor airflows [39-41]. Consequently, room-
based ventilation and air cleaning methods can effectively control long-range
transmission, yet may not be capable of mitigating short-range transmission [43].
Short-range airborne transmission is a highly dynamic process, influenced primarily
by the human microenvironment and the interaction of breathing flows [44 45].
Hence, different manners of ventilation and air cleaning are necessary, particularly in
indoor spaces like school classrooms, where close contact is common and short-
range airborne transmission may prevail [46-48].

To tackle this, researchers have long been examining the performance of personalized
ventilation (PV) and personalized exhaust (PE) systems [49-56]. Although their
effectiveness has been well established, such systems are not yet widely implemented
in practice. Possible difficulties include the need to integrate with existing ambient
ventilation systems, as well as to ensure they do not hinder the functionality of the
space [57]. School classrooms, which often rely on natural ventilation and have
limited free space, pose additional challenges for implementing PV or PE systems,
thus necessitating specific designs. However, relevant studies are rather limited,
especially those with a focus on aerosol removal in such settings. Moreover, the
proposed designs are often based on background mechanical ventilation systems,
making them impractical for many schools in the near term [58-60]. Meanwhile, a new
type of personalized device for IAQ control has emerged — the personalized air cleaner
(PAC), which shows good potential to be a solution for short-range IRP removal in
school classrooms, as promising results were found under scenarios involving natural
ventilation [61]. Therefore, further exploration in this area is warranted.

Introduction



In summary, the COVID-19 pandemic has facilitated the recognition of IRPs as

a crucial indoor air contaminant in school classrooms, which poses a threat to
children’s health. Potential solutions exist for ensuring healthier indoor environments
for children, yet their implementation is hindered by the following scientific gaps:

A comprehensive understanding of ventilation regimes in school classrooms
concerning the airborne transmission of IRPs is missing.

A database of ventilation performance in Dutch school classrooms — particularly
within the special context of a pandemic - is lacking.

Systematic strategies for the effective use of MACs in school classrooms have yet to
be established.

Research into the feasibility of personalized air cleaning devices in school classrooms

Aim of study

The aim of this PhD research is to better understand the characteristics of ventilation
in school classrooms and propose ventilation and air cleaning strategies to
effectively control infectious respiratory particles.

Research questions

Main research question

To achieve the aim of this PhD research, the main research question to be

Which ventilation and air cleaning strategies can be used to effectively control the
spread of infectious respiratory particles in school classrooms?

4
remains limited.
1.2
1.3
1.3.1
answered is:
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Sub-research questions

49

To be able to answer the main research question, the following sub-research
questions were explored and addressed in different chapters of this PhD research:

What do we know about the ventilation regimes in school classrooms and the
control of infectious respiratory particles?

The first step is to map the current knowledge on controlling infectious respiratory
particles, identify existing paradigms of ventilation regimes in school classrooms,
and explore potential solutions to bridge the gaps between them.

What is the ventilation sufficiency of existing ventilation regimes and the current
IAQ conditions in school classrooms?

The second step is to investigate ventilation sufficiency in Dutch school classrooms,
considering the possible effects of additional pandemic-related control and
prevention measures.

How to use mobile air cleaners to effectively control infectious respiratory
particles in school classrooms at a room scale?

This question is further divided into two questions:

a Which strategies are recommended for mobile air cleaners in classroom settings
to ensure both efficient IRP removal and acceptable perception by occupants?
b What is the feasibility of applying these strategies in real school classrooms?

The third step is to select and evaluate mobile air cleaners suitable for IRP control
in school classrooms, considering the IRP removal efficiency and the occupants’
subjective perception. This leads to the development of systematic strategies for
effective practical implementation. Additionally, the proposed recommendations
need to be tested in real-world scenarios to examine their feasibility.

What is the potential of personalized air cleaners to control infectious respiratory
particles in school classrooms within individual proximity?

The last step is to assess the potential of using personalized air cleaning cleaners to

locally exhaust IRPs without compromising occupants’ comfort and determine the
proper configurations for such devices in school classrooms.

Introduction



Figure 1.1 presents an overview of the main research question, divided into sub-
research questions, with their corresponding objectives, and finally leading toward
the aim of this PhD research.

Main research question
Which ventilation and air cleaning strategies can be used to effectively control the spread of infectious

respiratory particles (IRPs) in school classrooms?

Objective 1
=> To gain knowledge on IRP control and ventilation
regimes in school classrooms and explore
solutions to bridge the gaps.

Sub-research question 1
What do we know about the ventilation regimes in
school classrooms and the control of IRPs?

-I rch tion 2 Objective 2
What is the ventilation sufficiency of existing => To investigate ventilation sufficiency in school
ventilation regimes and the current IAQ conditions classrooms considering the effects of pandemic-
in school classrooms? related control and prevention measures.
Sub-research question 3 Objective 3
How to use mobile air cleaners (MACs) to |:t> To establish systematic strategies for using MACs
effectively control IRPs in school classrooms at a in school classrooms considering IRP removal
room scale? efficiency and user perception.
Sub-research question 4 Objective 4

What is the potential of personalized air cleaners :t> To assess the feasibility of PACs to locally exhaust
(PACs) to control IRPs in school classrooms within IRPs and determine the proper configurations in
individual proximity? school classrooms.

Aim

To better understand the characteristics of ventilation in school classrooms and propose ventilation and air
cleaning strategies to effectively control infectious respiratory particles.

FIG. 1.1 Overview of the main research question, sub-research questions, objectives, and aim of this PhD research.

1.4 Research methodology

The research methodology of this PhD research is shown in Figure 1.2. The
methodology consists of four parts, each answering one of the sub-research
questions correspondingly.
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Step 1: Establishing an understanding of the state of the art and defining research gaps (Chapter 2)
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Step 4: Exploring the potential of personalized air cleaners as an individual-level solution (Chapter 5)
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Conclusions & recommendations (Chapter 6)

FIG. 1.2 Schema of the research methodology and outline of this PhD research.



All research data supporting the findings described in this PhD research are available
in 4TU.ResearchData at: https://doi.org/10.4121/88542bc3-ff1d-4163-b977-
9c28d2d88fc4.

Step 1: Establishing an understanding of the state of the art
and defining research gaps

The primary research method to establish the context and background for a study

is to conduct a literature review. In general, a literature review synthesizes existing
knowledge, identifies gaps, and defines key concepts, framing the research questions
and objectives. By critically evaluating previous studies, a literature review helps
build a solid foundation for the current research, guiding its design and focus.

Hence, to answer sub-research question 1, a systematic literature review was
conducted, first through a general literature screening using a large combination
of keywords, and then dived deeper into three topics regarding the focus of

Current situation of ventilation strategies and IAQ conditions in school classrooms.
Features and control of airborne transmission of IRPs.
Performance and feasibility of advanced ventilation systems.

Instead of presenting an exhaustive discussion on each topic respectively, this
literature review intended to extract and connect the key information among

the three topics. Eventually, 94 research papers were included, alongside eight
standards and guidelines, and five reports. Accordingly, this part of the PhD research

The existing design paradigms and actual performance of ventilation regimes and
IAQ conditions in school classrooms.
The ability of conventional ventilation methods to minimize the airborne transmission

The potential of personalized ventilation and personalized exhaust systems as an

Ding, E., Zhang, D., & Bluyssen, P.M. (2022). Ventilation regimes of school classrooms against airborne
transmission of infectious respiratory droplets: A review. Building and Environment, 207, 108484.

Ding, E., Zhang, D., & Bluyssen, P.M. (2021). Ventilation strategies of school classrooms against cross-
infection of COVID-19: A review. Proceedings of Healthy Buildings 2021 Europe Conference, Paper 262.

1.4.1
the research:
;
2
3
has addressed:
;
2
of IRPs.
3
additional solution.
Publications
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1.4.2

Step 2: Examining real-world situations and setting the
baseline for improvements

53

The most suitable research method to gather real-world data is to conduct a field
study, as it can provide insights into conditions and behaviors as they occur outside
controlled environments. By performing inspections and measurements on-site,

a field study often aims to generate findings that are more relevant, realistic, and
applicable to everyday situations.

Therefore, to answer sub-research question 2, a field study was carried out

in 31 classrooms of 11 Dutch secondary schools, between October 2020 and

June 2021. The schools represented a diverse range of locations, types of education,
and building ages, covering students aged 12 to 18. To track the evolution of
conditions in the classrooms at different stages of the COVID-19 pandemic, as
various levels of control and prevention measures were implemented, each school
was visited twice: once before and once after a national lockdown. During each visit,
the following methods were used for data collection:

Measurements of indoor and outdoor CO,, concentration and air temperature;
Completing a technical questionnaire and an interview with school facility managers,
as well as inspections on buildings and HVAC systems;

Classroom inspection covering indoor environmental settings, humidity problems,
indoor climate characteristics, ventilation equipment, and indoor pollution sources;
Monitoring of occupancy and ventilation-related behavior.

Accordingly, ventilation rates in each classroom were calculated using the steady-
state method. Consequently, this part of the PhD research has addressed:

The ventilation sufficiency in Dutch secondary school classrooms;

The ventilation-related effects of temporary school or governmental-initiated
pandemic control and prevention measures;

The thermal conditions because of the implemented measures, in the classrooms
under the COVID-19 pandemic.

Publications

Ding, E., Zhang, D., Hamida, A., Garcia-Sénchez, C., Jonker, L., de Boer, A.R., Bruijning, P.C.J.L., Linde,
K.J., Wouters, .M., & Bluyssen, P.M. (2023). Ventilation and thermal conditions in secondary schools
in the Netherlands: Effects of COVID-19 pandemic control and prevention measures. Building and
Environment, 109922.

Ding, E., Zhang, D., Garcia-Sanchez, C., & Bluyssen, P.M. (2023). Effects of COVID-19 measures on ventilation in
secondary schools in the Netherlands. Proceedings of Healthy Buildings 2023 Europe Conference, Paper 1295.

Ding, E., Zhang, D., & Bluyssen, P.M. (2022). Under Pandemic: Assessment of Ventilation in Secondary
Schools in The Netherlands. Proceedings of Indoor Air 2022 Conference, Paper 1199.
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1.4.3

Step 3: Developing strategies for using mobile air cleaners as
a room-scale solution

54

Since sub-research question 3 is further divided into two questions, two separate
studies were performed to answer these questions: an experimental study and a
field study.

To develop systematic strategies for using mobile air cleaners (MACs) in school
classrooms, first, a set of selection criteria was established based on the specified
features of the products and the researchers’ knowledge and experience. The
criteria considered both technical and economic factors, including air cleaning
technology, induced airflow pattern, clean air delivery rate (CADR), noise level, and
cost. Establishing a clear set of objective criteria created a structured framework
that helped minimize subjective influence. When selection criteria are transparently
defined, it becomes easier to evaluate devices consistently and objectively, which
reduces the likelihood of personal preferences affecting the results. As a result,
eight small- and medium-sized floor-standing MACs were selected after screening
over 300 products on the market, of which seven were tested.

Conducting experiments is the primary research method to evaluate a device’s
performance under controlled conditions. For example, by isolating specific variables,
researchers can accurately measure efficiency, reliability, and functionality, providing
data on how well the device meets its intended purpose. Meanwhile, it can also help
to understand how users perceive or experience a device in a given environment by
collecting subjective feedback, focusing on factors like comfort, usability, or acceptability.

Accordingly, the selected MACs were tested for different settings and configurations
in the experimental study. The assessments included:

An aerosol decay test: the time evolution of aerosol concentration was monitored
after filling the room with aerosols generated by a specific spraying technique, to

calculate the aerosol removal rate and CADR;

A panel perception test: a panel of subjects was recruited to assess noise and air

movement induced by the MACs, combined with measurements of sound pressure
level and air velocity.

Additionally, a decay test was performed in a real classroom as validation, where
background mechanical ventilation was also operating. Based on the results,
recommendations have been developed regarding which MACs to use, where they
should be placed, and how they should be operated in school classrooms for
effective IRP control.
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To examine the feasibility of such recommendations in real-world settings, a field
study needs to be conducted, as explained in Section 1.4.2. In the field study,
three MACs were selected based on the outcomes of the experimental study and
implemented in real school classrooms. A total of 45 classrooms across five Dutch
primary schools participated in the study, with each classroom being assigned one
type of MAC. The feasibility of using MACs in school classrooms to control IRPs was
evaluated by:

Assessing the practicality of implementing the pre-determined strategies for using
MACs in school classrooms;

Monitoring IAQ, including PM, . (particulate matters of a diameter of 2.5 pm and
smaller), PM, , (particulate matters of a diameter of 10 um and smaller), CO, (carbon
dioxide), and TVOC (total volatile organic compound) levels, in three classrooms per
school - each corresponding to one of the three MAC types — over six weeks, with
the devices operating for three weeks (intervention period) and turned off (control
period) for three weeks.

Eventually, comparisons between the intervention and control periods were made to
assess the effectiveness of MACs in real-world conditions.

Publications

Ding, E., Giri, A, Gaillard, A., Bonn, D., & Bluyssen, P.M. (2024). Using mobile air cleaners in school classrooms
for aerosol removal: Which, where and how. Indoor and Built Environment, 33(10), 1964-1987.

Ding, E. & Bluyssen, P.M. (2024). Feasibility of using mobile air cleaners in school classrooms to remove
respiratory aerosols. Proceedings of RoomVent 2024 Conference, Paper 528.

Step 4: Exploring the potential of personalized air cleaners as
an individual-level solution

55

To answer the sub-research question 4, two studies were performed: an experimental
study and a computational study.

Similar to the study on MACs (Section 1.4.3), an initial screening of existing
products was carried out to identify a suitable personalized air cleaner (PAC)

for individual use in school classrooms. Then, in the experimental study, the
selected PAC underwent a perception test where a group of subjects evaluated the
acceptability of its noise and draft. Based on these results, the optimal conditions
were identified and further tested for respiratory aerosol removal, with the same
group of subjects acting as the sources of aerosols.
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The purpose of a computational study using CFD simulations is to model and
analyze airflow, temperature, or particle dispersion across multiple conditions. By
simulating different configurations, CFD enables researchers to compare various
scenarios efficiently, providing visual and quantitative insights into how changes in
design, placement, or environmental factors affect outcomes. This approach allows
for detailed comparisons without the constraints of physical testing, making it a
powerful tool for optimizing designs and predicting real-world performance.

Accordingly, a computational study was conducted where the suitable settings
determined from the experimental study were modeled under various conditions
to identify the optimal positioning of the PAC device. The CFD simulations were
performed in ANSYS Fluent 2023R2 software.

This part of the PhD research has achieved the following:

Assessing the feasibility of employing a PAC in an educational setting, considering
its efficacy as a localized exhaust for respiratory aerosols and occupants’ perception
regarding noise and draft;

Visualizing the PAC’s suction effect at different positions and providing possible
design modifications to enhance performance for real-world application.

Publications

Ding, E., Giri, A., Garcia-Sénchez, C., & Bluyssen, P.M. (2024). Feasibility of a personalized air cleaner as
a localized exhaust for short-range respiratory aerosol removal in classroom settings: A pilot study.
(under review)

Dissertation outline

56

As shown in Figure 1.2, this dissertation consists of six chapters, structured to
begin with a general introduction (Chapter 1), followed by detailed investigations
addressing the four sub-research questions (Chapters 2-5), and concluding with
general conclusions and recommendations (Chapter 6).

Chapter 1. Introduction

This chapter presents the overview of the PhD research, covering the problem
statement, research questions and aim, and the methodology of this work.
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— Chapter 2. Understanding theory: Infectious respiratory particles, ventilation in

schools, and the possible bridge in between

This chapter presents the literature review on ventilation and IAQ-conditions in
school classrooms, airborne transmission of infectious respiratory droplets: features
and control, and personalized ventilation systems.

Chapter 3. Observing reality: Ventilation and thermal conditions in school
classrooms during pandemic

This chapter presents the field study conducted in Dutch secondary schools during
the COVID-19 pandemic, discussing CO, concentrations, ventilation rates, and
thermal conditions in the classrooms as an outcome of pandemic control and
prevention measures.

Chapter 4. Developing strategy: Mobile air cleaners for infectious respiratory
particle removal

This chapter consists of two parts. Part I presents the experimental study on
selecting and evaluating mobile air cleaners for reducing respiratory aerosols in a
classroom setting, regarding aerosol removal rate and clean air delivery rate, as
well as acceptability of sound and air movement. Part II presents the field study on
the real-life applicability and effectiveness of mabile air cleaners in Dutch primary
school classrooms.

Chapter 5. Exploring possibility: Personalized air cleaners as an individual
localized exhaust

This chapter presents the experimental and computational studies on investigating
the feasibility of using a personalized air cleaner to exhaust infectious respiratory
particles within individual proximity, as well as exploring the optimal configuration
for the device.

Chapter 6. Conclusions and recommendations
This chapter summarizes the answers to the sub-research questions and the main
research question of this PhD research. It also discusses the limitations of the overall

research and provides implications and recommendations for future research and
practical applications.
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Research relevance and contributions

1.6.1

Scientific relevance

58

This PhD research addresses significant gaps in the current understanding and
implementation of ventilation and air cleaning strategies in school classrooms,
particularly in the context of controlling IRPs during pandemic times. The

COVID-19 pandemic has highlighted the critical importance of ventilation in healthy
IAQ conditions and deepened the understanding of the role airborne transmission
plays in the spread of infectious diseases. Despite the increasing recognition of IRPs
as a major indoor air contaminant, existing ventilation standards and guidelines
have only recently begun to emphasize the control of these particles in non-hospital
settings like schools.

This PhD research contributes to the scientific community by:

Expanding knowledge framework: This PhD research enhances the theoretical
understanding of how existing ventilation regimes in Dutch school classrooms
influence the spread of IRPs. By bridging the gap between conventional ventilation
methods and the need for enhanced IAQ in the context of infectious disease
transmission, this PhD research offers new insights into the limitations and potential
improvements in current practices.

Providing regional data: This PhD research provides regional data on ventilation
performance during the pandemic through field studies conducted in Dutch schools,
which is crucial for the development of context-specific solutions. This data is
particularly valuable given the regional differences in climate, building design, and
economic factors that affect IAQ and ventilation effectiveness.

Developing practical strategies: This PhD research proposes and evaluates practical
strategies for the application of MACs and PACs in school environments via a
systematical approach. These strategies are informed by experimental, field, and
computational studies, offering data-informed recommendations that could be
adopted in real-world settings.

By addressing these scientific gaps, the research not only contributes to the

academic literature but also informs the development of more robust standards and
guidelines for IAQ management in educational settings.
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Societal relevance

59

The societal relevance of this research lies in its focus on protecting the health and
well-being of children, a highly vulnerable group within society. As emphasized by
global organizations such as WHO and the UN, access to clean air is a fundamental
human right, yet many children worldwide are exposed to polluted air at levels that
pose significant health risks. This research is especially timely and impactful due to
the following reasons:

Enhancing children’s health: By identifying effective strategies to control IRPs in
school classrooms, the research directly contributes to creating safer learning
environments. This is crucial for reducing the risk of airborne diseases, thereby
ensuring good health for students.

Supporting public health initiatives: The findings of this study align with broader
public health initiatives aimed at reducing occupants’ exposure to respiratory
infections, particularly in schools. In the context of ongoing and future pandemics,
the research provides actionable insights that can help schools implement effective
preventive measures.

Promoting educational continuity: Maintaining healthy indoor environments in
schools is essential to minimizing disruptions to education during crises like
pandemics. By improving healthy IAQ conditions, the strategies proposed in this
research help ensure that schools can remain open and safe, which is vital for the
continuous education and social development of children.

Overall, the research not only advances scientific knowledge but also has a profound

impact on public health and education, addressing critical societal needs in the face
of global health challenges.
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First published as: Ding, E., Zhang, D., & Bluyssen, P.M. (2022). Ventilation regimes of school
classrooms against airborne transmission of infectious respiratory droplets: A review. Building and
Environment, 207, 108484.

Airborne transmission of small respiratory droplets (i.e., aerosols) is one of the
dominant transmission routes of pathogens of several contagious respiratory

diseases, which mainly takes place between occupants when sharing indoor spaces.

The important role of ventilation in airborne infection control has been extensively
discussed in previous studies, yet little attention was paid to the situation in school
classrooms, where children spend long hours every day. A literature study was
conducted to identify the existing ventilation strategies of school classrooms,

to assess their adequacy of minimizing infectious aerosols, and to seek further
improvement. It is concluded that school classrooms are usually equipped with
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natural ventilation or mixing mechanical ventilation, which are not fully capable to
deal with both long-range and short-range airborne transmissions. In general, the
required ventilation designs, including both ventilation rates and air distribution
patterns, are still unclear. Current standards and guidelines of ventilation in school
classrooms mainly focus on perceived air quality, while the available ventilation

in many schools already fail to meet those criteria, leading to poor indoor air
quality (IAQ). New ways of ventilation are needed in school classrooms, where

the design should be shifted from comfort-based to health-based. Personalized
ventilation systems have shown the potential in protecting occupants from aerosols
generated within short-range contact and improving local IAQ, which can be used to
compensate the existing ventilation regimes. However, more studies are still needed

before such new ventilation methods can be applied to children in school classrooms.

ventilation, airborne transmission, respiratory droplets, classrooms,

Introduction

Since the early stage of the global pandemic of Coronavirus

Disease 2019 (COVID-19), researchers have investigated the epidemiological
features of pediatric patients, and it is suggested that children in general have
milder symptoms than adults [ 1-3]. However, existing evidence is insufficient to
confirm whether children are less frequently infected or infectious with the severe
acute respiratory syndrome coronavirus 2 (SARS-CoV-2), which is the pathogen

of COVID-19. Instead, the large proportion of asymptomatic cases among them
may become a hidden threat to susceptible individuals [4,5]. The latest data show
that children aged from O to 18 years constitute approximately 11-13% of the

total number of people tested to be infected [6-8]. According to the report on
COVID-19 and children by the European Centre for Disease Prevention and Control
[6], the proportion of infected children aged 12-18 to the total confirmed cases has
slightly exceeded the population distribution of this age group among 11 EU/EEA
countries. Besides, a recent systematic review of over seven thousand cases in China
has revealed that all the 318 outbreaks identified with three or more cases took
place between people when sharing indoor spaces [9]. Considering the long hours
children spend in densely occupied classrooms every day, it is therefore important
that schools can provide a safe indoor environment to protect students from cross-

KEYWORDS
indoor air quality
infections.
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Among all the indoor environmental quality (IEQ) control methods, ventilation has
long been recognized as one of the primary measures for indoor air quality (IAQ)
control [10]. Airborne transmission of infectious respiratory droplets between indoor
occupants has been widely addressed as one of the major transmission routes of
SARS-CoV-2 [11-13], as well as the infectious agents of several other pandemic-
prone acute respiratory diseases, including SARS [14], Influenza A [15], and MERS
[16]. Besides, previous research has presented a large number of pathogens that
have the potential to be airborne transmissible [17]. Therefore, for cross-infection
control, these pathogen-laden droplets can be treated as indoor air contaminants in
occupied zones, which can then be diluted and/or removed through ventilation [ 18-
20]. While researchers have extensively discussed the important role of ventilation
in airborne infection control, recent studies have demonstrated that the contact
distance between occupants can significantly impact the dispersion of respiratory
droplets, and thus influence the efficiency of existing ventilation strategies [21-23].
Nevertheless, in practice, little attention was paid to such contaminants in public
spaces other than hospital buildings in terms of ventilation, especially during the
previous non-pandemic periods. Consequently, this may lead to an insufficiency of
the conventional ventilation strategies to achieve healthy IAQ conditions in non-
nosocomial indoor environments such as school classrooms.

Current standards and guidelines for ventilation in school classrooms vary among
countries and regions. In most cases, a minimum ventilation rate per person and/

or per unit floor area is required based on a balance between indoor air quality
control and energy saving [24]. So far, such design criteria have not taken into
consideration the airborne transmission of respiratory contaminants, and thus
whether they are sufficient for cross-infection control remains unknown. Meanwhile,
considering the diversity of schools and the uncertainty of practical operation in real
life, whether such requirements can be fulfilled is hard to determine. However, what
is clearly demonstrated in previous studies is that IAQ-related health, comfort, and
productivity problems have been extensively reported among students across the
world [25], [26]. Thus, for the post-pandemic periods, new ways of proper ventilation
are needed to solve the IAQ-related problems for children in school classrooms.

In recent years, several advanced air distribution methods, such as personalized
ventilation systems (PV), have been developed in order to improve local IAQ. Such
systems are suggested to achieve better protection for occupants who are exposed
to various contaminant sources [27]. Nevertheless, previous studies mainly focused
on specific public spaces such as hospital wards [28], office rooms [29], and aircraft
cabins [30]. Considering the differences in indoor settings and activities, as well as
the specific psychological and physiological demands of children [31], whether such
systems and devices can be applied to school classrooms requires further discussion.
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Therefore, a literature review is conducted to address (1) the existing ventilation
regimes and IAQ conditions in school classrooms, (2) the ability of conventional
ventilation methods to minimize the airborne transmission of respiratory droplets,
and (3) the potential of personalized ventilation as an additional solution.

Methods

68

Databases including Google Scholar, ScienceDirect, Scopus, Wiley, SpringerLink
and PubMed are used to acquire research papers from peer-reviewed journals.
Initially, a combination of keywords, including airborne transmission, respiratory
droplets, cross-infection, school, classroom, children, student, ventilation, and
indoor air quality, was used for the literature search. However, few studies can be
found covering all these concepts, especially during the period prior to the pandemic
of COVID-19. Therefore, based on the main focuses of this literature review, it was
further divided into three topics: (1) the current situation of ventilation strategies
and IAQ conditions in school classrooms; (2) features and ventilation control of
airborne transmission of respiratory droplets; (3) performance and feasibility of
personalized ventilation systems. Instead of presenting an exhaustive discussion on
each topic, this literature review intends to extract and connect the key information
among the three topics to answer the following questions: How well do the current
ventilation regimes of school classrooms work against airborne transmission of
infectious respiratory droplets? and What are possible solutions to improve the IAQ
in school classrooms for children?

Since the three topics have relatively specific focuses, an independent literature
search was performed for each topic. The keywords used for each literature search
are listed in Table 2.1. For topic 1, the existing design criteria and requirements

of ventilation and IAQ in school classrooms were discussed first, where several
examples of the latest standards and guidelines were involved. These documents
were obtained from the official websites of international and national agencies
including the International Organization for Standardization (ISO), the European
Committee for Standardization (CEN), the American Society of Heating, Refrigerating
and Air-Conditioning Engineers (ASHRAE), the Federation of European of Heating,
Ventilation, and Air-Conditioning Associations (REHVA) and RVO (Netherlands
Enterprise Agency). To identify the current situation of ventilation and IAQ in

real school buildings, relevant field studies conducted in primary and secondary
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school classrooms within the last decade were screened, and some examples from
different counties were included. For topic 2, studies addressing the dispersion of
human respiratory droplets were involved, with a specific focus on its relationship
with droplet size and contact distance between people. Based on the discussion of
topic 1, studies performed to investigate the efficiency of airborne infection control
of those commonly used ventilation regimes in school classrooms were reviewed.
Since fewer studies were conducted under the scenario of school classrooms,
studies performed in other indoor environments (e.g., hospital wards) were also
included as references. For topic 3, studies conducted to investigate different types
of personalized ventilation systems among different indoor spaces with a particular
target of reducing airborne transmissible contaminants were discussed.

TABLE 2.1 Keywords for literature search.

OR

AND AND AND
school ventilation airborne ventilation advanced ventilation
transmission

classroom indoor air aerosol ventilated localized exhaust
quality

educational indoor airborne air quality personalized air terminal

building environmental infection control device
quality

student droplet air diffuser

69

Understanding background



2.3

Ventilation and IAQ-conditions in school
classrooms

2.3.1

Requirements of ventilation and IAQ for school classrooms

70

Ventilation refers to the process of supplying fresh air to an indoor environment

and exhausting polluted air [32]. The ventilation strategy inside an individual room
consists of two basic elements: air distribution and ventilation rate [ 17,33], which can
be realized either via a natural or a mechanical way or both (hybrid). Typically, the
ventilation rate is expressed in L/s (m3/h) per person or L/s (m3/h) per m2 floor area.

To date, the most widely implemented standards and guidelines of ventilation in school
classrooms issued by several authoritative international organizations and agencies
include ISO 17772-1 [34], EN 16798-1 [35] and ANSI/ASHRAE Standard 62.1 [36].
Such standards, in general, put forward a minimum ventilation rate (Table 2.2). The
type of ventilation system or regime to realize this ventilation is, however, not specified.

The minimum ventilation rate is determined by the purpose to dilute and remove
the indoor air pollutants generated by the occupants (bio-effluents), their activities
and the building materials and components [37]. In both ISO 17772-1 [34] and
EN 16798-1 [35], the minimum ventilation rate is approximately 5 L/s per person
or 2 L/s per m? for a classroom of 50 m? with 20 students. It is also stated that
CO, concentration can be used to present the human emission, while particles (i.e.,
PM, . and PM, ) are only considered as coming from outdoor emissions.

As for ANSI/ASHRAE Standard 62.1 [36], the minimum required ventilation

rate (default occupant density of 25 and 35 persons/100 m?, for children

aged 5 to 8 years and over 9 years, respectively) in the breathing zone is
approximately 7 L/s per person or 2 L/s per m2. It should be noted that the airborne
transmission of infectious agents is not addressed. In addition, ISO 17772-1 [34]
and EN 16798-1 [35] are not providing relevant information on the design of natural
ventilation for non-residential buildings, while it is in fact most commonly used in
schools (as demonstrated in Section 2.3.2). ANSI/ASHRAE Standard 62.1 [36], on
the other hand, involves the general design procedure of natural ventilation, where
the specifications of natural ventilation (e.g., ceiling height, location, and size of
openings) are included.
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TABLE 2.2 Minimum ventilation rates for school classrooms.

Standard/guideline Minimum ventilation rate for Minimum ventilation rate for
human emissions building emissions
[L/s/p] [L/s/m?]

IS0 17772-1 4 0.4

EN 16798-1 4 0.4

ANSI/ASHRAE 62.1 5 0.6

Besides the minimum ventilation rates, many standards and guidelines have also
proposed CO, concentration as the indicator of IAQ-condition in school classrooms,
for instance EN 16798-1 [35]. Usually, different categories of CO, concentration
are included, as listed in Table 2.3. According to EN 16798-1 [35], if CO, is used

to represent human occupancy, 550, 800, and 1350 ppm above the outdoor
concentration level can be taken as the default design CO, concentrations, which are
corresponding to the ventilation rates of 10, 7, and 4 L/s per person, respectively.
Such CO, values, as stated in the standard, can also be used for the demand-
controlled ventilation systems. In response to the ongoing pandemic of COVID-19,
REHVA has put forward the COVID-19 Guidance for public buildings [38], where the
warning and alarm levels for CO, concentration monitoring in school classrooms
were suggested to be set as 800 and 1000 ppm, respectively. In terms of national
standards and guidelines, the Program of Requirements — Fresh Schools [39] is a
specific guideline of IEQ control and energy saving for school buildings, issued by
the Netherlands Enterprise Agency. In this guideline, three classes of ventilation
(i.e., class A, B, C) are defined as excellent, good, and sufficient, with corresponding
CO, concentrations of 800, 950, and 1200 ppm, respectively.

TABLE 2.3 Limit values of CO, concentration in school classrooms.

andard/guideline CO, concentration [ppm]

I/A /B ny/c
EN 16798-1" 550 800 1350
REHVA COVID-19 Guidance - 800 1000
The Netherlands Program of 800 950 1200
Requirements — Fresh Schools

* €O, concentration above outdoor level.
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Real situation of ventilation and IAQ in school classrooms

In recent years, researchers have conducted a large number of field studies to
observe ventilation and IAQ-related problems in schools of different countries and
regions. Several examples published within the past decade are listed in Table 2.4.
Among these studies, CO, concentration has been widely used to assess the
ventilation sufficiency and IAQ-condition.

TABLE 2.4 Ventilation strategies in school classrooms.

United States 100 (100) MV: 100%
[41} United Kingdom 8(16) NV: 88%
MV: 12%
[42] Ttaly 7 (28) NV: 100%
[43] China 10 (32) NV: 100%
[44] Denmark 389 (820) NV: 52%
HV: 17%
MV: 31%
[45] France 17 (51) NV: 73%
MV: 27%
[46] The Netherlands 21 (54) NV: 48%
HV: 19%
MV: 33%
[47][48] Finland 2(4) HV: 50%
MV: 50%

a NV: natural ventilation; HV: hybrid ventilation; MV: mixing mechanical ventilation.
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Haverinen-Shaughnessy et al. [40] investigated 100 fifth-grade classrooms

in 100 American elementary schools (1 classroom per school), which were

all equipped with a balanced mechanical ventilation system. The maximum

CO, concentrations measured in different classrooms ranged from 661 to 6000 ppm,
with an average value of 1779 ppm, far exceeding the threshold values. In addition,
the ventilation rates were estimated based on the CO, concentrations. With the fans
continuously in operation, the average ventilation rate among all the classrooms
was 4.2 L/s per person, where 87% of them had a ventilation rate below the
ASHRAE standard 62.1. Bako-Bird et al. [41] surveyed 16 classrooms of eight
primary schools in the United Kingdom during different seasons, among which only
one school had a mechanical ventilation system. The mean CO, concentration of
each individual classroom varied from 644 to 2833 ppm, while the maximum level
in several classrooms reached up to 5000 ppm. Accordingly, the ventilation rates
were estimated to be around 1 L/s per person, again failing to meet the standards.
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De Giuli et al. [42] studied 28 naturally ventilated classrooms among seven primary
schools in Italy, where children’s perception of IEQ-conditions was collected
together with IAQ-measurements. The results showed that the CO, concentrations
in 22 (81%) classrooms were more than 600 ppm above the outdoor level,

while 9 (33%) of them were more than 1100 ppm above. Meanwhile, children in
four schools (57%) complained about poor IAQ (perceived bad smell). Zhang et

al. [43] conducted a longitudinal study among 32 classrooms of 10 junior high
schools in China, where the average CO, concentration of the two-year measurement
was 1290 ppm. This study also indicated that children in these schools commonly
suffered from the hazardous impacts of other air pollutants such as PM, ,, SO, and
NO,, which increased the prevalence and incidence of the sick building syndrome
(SBS). Toftum et al. [44] investigated 820 classrooms (natural ventilation: 52%,
hybrid ventilation: 17%, balanced mechanical ventilation: 31%) in 399 Danish
schools during two cross-sectional studies (732 (311) and 88 (88) classrooms
(schools), respectively). In these two studies, 56% and 66% of the classrooms
presented a median CO, concentration greater than 1000 ppm, revealing insufficient
ventilation, which was found to have negative effects on children’s learning
outcomes. Canha et al. [45] assessed the ventilation and indoor air pollutants

in 51 classrooms of 17 schools in France with natural ventilation (73%) and
mechanical ventilation (27%) systems. In general, the classrooms equipped with
mechanical ventilation had a better IAQ, and the air change rate and ventilation rate
were significantly higher than those having natural ventilation. The concentrations
of CO, and VOCs were also observed to be lower in the mechanically ventilated
classrooms. However, it is also noticed that the average CO, concentration of all
classrooms exceeded 1300 ppm, while the average ventilation rate was only 2.9 L/s
per person, much lower than the design criteria. Bluyssen et al. [46] conducted

an IEQ-survey in 54 classrooms of 21 Dutch primary schools, of which 48% were
naturally ventilated only, 19% were mechanical assisted (hybrid ventilation), and
the rest (33%) were mechanically ventilated. The average CO, concentration

in 22 of 37 classrooms measured exceeded 1000 ppm, while 63% of the children
self-reported to be bothered by smell, and some also suffered from respiratory
symptoms. Besides, the sunshades were found often hampering the use of

windows among 29 classrooms. Vornanen-Winqvist et al. [47,48] investigated two
comprehensive schools in Finland involving two classrooms equipped with fan-
assisted natural ventilation (hybrid ventilation) and two with mechanical ventilation,
respectively. Although the CO, concentrations were at a moderate level among the
classrooms (average 488 ppm, maximum 1431 ppm, minimum 394 ppm), it was
found that both the hybrid and mechanical ventilation regimes were initially not
properly operated. After adjustments were applied, both of them showed significant
improvement in reducing the concentrations of CO,, TVOC, and PM, ..
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Airborne transmission of infectious
respiratory droplets: features and control

241

Dispersion of respiratory droplets

74

Normally, the cross-infection of contagious respiratory diseases (e.g., Tuberculosis,
SARS, Influenza A, COVID-19) between occupants indoors consists of three stages:
first, an infected person generates pathogen-containing droplets by respiratory
activities such as breathing, talking, sneezing, and coughing; then the infectious
droplets spread with the exhaled jet into the indoor air; and once a susceptible
person is exposed to a certain dose of pathogens, infection may take place [17,49].
The movement of a droplet in the air depends largely on its size, yet is also highly
subject to other factors such as the initial momentum, airflow patterns (speed and
direction), and indoor environmental conditions (temperature and relative humidity)
[50,51]. When a droplet is more influenced by gravity, it follows a ballistic trajectory
and falls onto the ground or other surfaces (including other occupants’ body)
[51,52]. Meanwhile, if a droplet is more easily to be airborne and remains suspended
in the air, it becomes an aerosol [17,51]. Since the sizes of expelled droplets span a
continuum from 0.1 pm to over 1000 um, the dispersion pathways of droplets also
change continuously with their size, and thus cannot be simply classified into one
of the two categories [52-54], although a size threshold of droplets and aerosols
of 100 um has been suggested [55,56]. Typically, large droplets with a diameter

> 100 pm can settle in proximity (1-2 m) to the source within a few seconds, while
small droplets, especially for those < 5-10 um, have a higher probability to be
carried by the airflow for a long time and travelling over long distances [52,56,57].
Besides, due to the difference in temperature and relative humidity between the
exhaled jet and the room air, droplets can shrink rapidly through evaporation (while
keeping the same amount of infectious material), and thus increase the chance of
becoming aerosols [50,53]. Compared to large droplets, aerosols are considered to
be more dangerous as they can be inhaled by exposed individuals, penetrate to the
deeper area of the respiratory tract, and thus cause severer symptoms [58].

Aerosols have been found to dominate the size spectrum of exhaled respiratory
droplets. Yang et al. [59] investigated the size distribution of coughed droplets from
human subjects, where the dominant modes were found to be 8.35 pm and 0.74-
2.12 um for the initial and dried droplets, respectively. Morawska et al. [60]
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examined human breathing, talking, sneezing, and coughing, and concluded that
the droplet sizes of 0.8 um and 1.8 um presented the highest concentrations for all
expiratory activities. Similarly, Somsen et al. [61,62] measured the exhaled droplets
of human cough and speech, and the results showed that fine droplets of 1-10 pm
were the most prevalent modes. Large droplets, though, were indicated to be mainly
generated by sneezing and coughing, at a relatively low density [ 11,61]. Considering
the real situation of a contagious disease such as COVID-19, where most infected
children are found to be asymptomatic, it is very likely that the co-occupants are
exposed to the infectious aerosols rather than the droplet spray [ 1,4]. Hence,
minimizing the exposure to pathogen-laden aerosols is one of the key principles to
prevent cross-infection.

Based on the dispersion features after generation, the transmission routes of
respiratory droplets between indoor occupants are categorized into three types
(Figure 2.1): (1) direct spray of large droplets onto mucous membranes (droplet-
borne transmission); (2) indirect contact via surface touching (fomite transmission);
and (3) inhalation of aerosols (airborne transmission). As illustrated in Figure 2.1,
the airborne transmission of respiratory droplets can be further divided into two
sub-routes based on the distance between the infected and exposed person, namely
the short-range (at close proximity) and long-range (at room scale) airborne
transmission [17,63]. Consequently, when two occupants are having close contact
(< 1-2 m), the recipient is exposed to both large droplets and aerosols [22,63]. A
recent study by Chen et al. has revealed that during close contact (< 2 m), the short-
range airborne transmission of respiratory droplets is the dominant transmission
route for both talking and coughing [64]. Similar results were found by Cortellessa et
al., where the contribution of large droplet deposition to the infection risk is no more
noticeable at a contact distance larger than 0.6 m, comparing to aerosol inhalation
[23]. Meanwhile, via the long-range airborne transmission of respiratory droplets,
the infectious agents can be spread throughout the indoor space, and may cause
threats to a large number of susceptible people [65]. Therefore, both the short-
range and long-range airborne transmission need to be taken into consideration
when treating aerosol contaminants.
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FIG. 2.1 Transmission routes
of respiratory droplets between
indoor occupants.

Note: reproduced from [51].
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Short-range airborne transmission
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Droplet-borne
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Ventilation control of airborne transmission
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A large number of studies have shown strong evidence of the association between
ventilation and the transmission of infectious diseases in the built environment
[18]. According to the observed situation in school classrooms (as discussed in
Section 2.3.2), most of them are equipped with conventional natural ventilation
(opening windows and doors) or mixing mechanical ventilation. Such ventilation
regimes are designed to treat the indoor air in a room-based total-volume manner,
and previous measurements and discussions are mainly based on the steady-state
conditions [19,66].

The exhaled air from an infected person can be divided into two parts. One part
flows directly to the exposed person within close contact, and thus can lead to
short-range airborne transmission [67,68]. The other part flows into the occupied
space and is diluted by the existing ventilation regime, which can then contribute to
the long-range airborne transmission. To date, previous studies of aerosol infection
mainly focused on the long-range airborne transmission of respiratory droplets,
where researchers have extensively discussed whether such contaminant can be
effectively tackled with conventional room-based total-volume ventilation methods.
Furthermore, most of the investigations were performed under a hospital setting.

For natural ventilation, Escombe et al. [69] tested 70 clinical rooms in Lima, Peru.
The results showed that when the outdoor wind speed was higher than 2 km/h
(0.6 m/s), the average ventilation rate reached 697 L/s with windows and doors
fully open, 458 L/s with windows and doors partly opened, and 37 L/s with
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windows and doors closed. Those results for outdoor wind speed lower than 2 km/h
were 454, 128, and 24 L/s, respectively. The predicted infection risk of Tuberculosis
was reduced by 66% to 89% when windows and doors were fully open, compared
to the condition when everything was closed. Gilkeson et al. [70] carried out an
in-situ measurement in two large wards of a hospital in Bradford, United Kingdom,
and observed an average ventilation rate in the range of 204 L/s to 390 L/s with
outdoor wind speeds of 1-4 m/s. When the windows were closed, the exposure

risk was calculated to be four times higher than the fully opened condition. All of
these field studies used CO, as the tracer gas, so the results are more relevant for
fine droplets < 5 ym compared to the larger ones [71]. Zhou et al. [72] conducted
a CFD simulation of hospital wards with a central-corridor in Nanjing, China, and
the ventilation rates were obtained to be 100 to 700 L/s with outdoor wind speeds
between 0.5 and 4.0 m/s. Such a cross-ventilation setting was proven to provide
large ventilation rates, yet it can also increase the cross-infection risk between
different rooms.

For mixing (mechanical) ventilation, Lai & Cheng [ 73] simulated the dispersion of
two droplet sizes, 0.01 uym and 10 pym, in a chamber occupied with two standing
persons. The results showed that under mixing ventilation, droplets from both two
size groups were distributed homogeneously into the air within 50 s, due to a high
inlet air velocity of 2 m/s (ventilation rate of 320 L/s). The large velocity of supply
airflow is one of the primary features for mixing ventilation to achieve highly mixed
air distribution and quick dilution of exhaled aerosols (from an infected person), as
also recognized by Gao et al. [74], Liet al. [75], and Bolashikov et al. [76]. However,
such ability of mixing and diluting does not necessarily lead to a lower exposure

risk for the co-occupants. Instead, the exhaled aerosols can be rapidly dispersed

to the breathing zone of the exposed persons under mixing ventilation (57 L/s),
where the inhaled dose in the first stage (approx. 10 s) were found to be account

for almost 50% of the total inhaled dose [ 75]. Besides, the ventilation rate is often
limited due to comfort issues [ 19]. For instance, under a ventilation rate of 188 L/s,
the background air velocity in the occupied zone was found to exceed 0.5 m/s, which
may cause draft discomfort to the occupants [76].

The short-range airborne transmission of respiratory droplets, however, cannot

be treated with the classical steady-state model, as it is a highly dynamic process
[66]. The simulation study conducted by Villafruela et al. [21] indicated that the
human microenvironment and the interaction of breathing flows were the key
determinants of airborne transmission between occupants within a short distance
(< 0.5 m), while the indoor ventilation flow was more important for a longer distance
(> 0.5 m). Similar results were observed in the experimental study of Liu et al. [22],
and they suggested the threshold distance for short-range and long-range contact
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tobe 1.5m. Aietal. [77] adopted a time-related method to evaluate the exposure
risk via a full-scale experiment with breathing thermal manikins, and a significant
difference was found between the short-term event and the steady-state condition.
Based on the extensive evidence, it is concluded by a number of studies that existing
ventilation methods are not appropriate for preventing short-range airborne
transmission of respiratory droplets between indoor occupants, and new intervention
methods, for example personalized ventilation, are recommended [22,63,77].

Personalized ventilation systems

251

Conventionally, personalized ventilation (PV) refers in particular to the systems that
directly supply clean air to the breathing zone of each occupant. In this paper, PV
refers to the general concept of localized (or individually controlled) air distribution
system, which includes both the personalized air supply system (PS) and the
personalized air exhaust system (PE). Personalized ventilation has been recognized
as an efficient tool for compensating the room-based total-volume ventilation
systems to improve local IAQ for each occupant, especially when sharing indoor
space with others [27,66].

Personalized air supply system (PS)
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Personalized air supply (PS) refers to the process of locally supply clean air to the
breathing zone of each occupant. Researchers have conducted extensive studies to
examine the performance of PS systems in a room with office settings. According
to the location of the supply air terminal device (ATD), PS systems can be roughly
classified into two types: desk-based and chair-based systems, as illustrated in
Figure 2.2 and Figure 2.3.
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FIG. 2.2 Desk-based ATDs.
Note: (round) movable panel —
(R)MP; computer monitor panel
- CMP; personal environment
module — PEM; vertical desk
grill - VDG; horizontal desk grill
— HDG [78].

FIG. 2.3 Chair-based
Air supply nozzle personalized air supply system.
Note: adapted from [29].

1 Flexible “Goose-neck™ support

/ Air Flow Rate regulator

[ Air Filter (optional)

1

| Air Supply ducts

It is well demonstrated that PS devices can help to efficiently reduce the exposure
risk of susceptible co-occupants to airborne contaminants exhaled by a source
individual [ 79,80]. The comparisons of contaminant removal efficiency between the
conditions with and without PS in previous studies are presented in Table 2.5. Here,
only the conditions where all occupants were provided with the same amount of
supply airflow rate are included. This is considered to be more relevant to the real
situation in school classrooms, where the infected children are sometimes hard to
be spotted.
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TABLE 2.5 Efficiency of reducing inhaled contaminants with different PS devices.

Reference AID type Personalized Total ventilation Contaminant Efficiency [%]?
airflow rate rate
[L/s/p] [L/s]
[81] Round movable Tracer gas
panel
Vertical desk grill 15 65
[82] Round movable 7 80 Tracer gas, 0.8 um, | 15/46
panel 15 5um/16 pm 87/90
[29] Chair-based PS 0.8 Tracer gas, 1 um,5 | 70
16 57 Hm, 10 pm 90
Horizontal desk 3.5 40
gril 6.5 60
[83] Round movable 7 26 Tracer gas 64
panel 15 42 82

a Percentage reduced in intake fraction (IF) of exhaled contaminants.
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Cermark et al. [81] examined two types of desk-based PS devices in an experimental
chamber using manikins, under a background mixing ventilation of a total ventilation
rate of 80 L/s. When the personalized supply airflow rate reached 15 L/s per person,
the round movable panel and vertical desk grill reduced the inhaled concentration of
exhaled air (tracer gas) by 90% and 65%, respectively. He et al. [82] investigated
the effects of a round movable panel on the dispersion and concentration of droplets
(0.8 um, 5 ym, and 16 pm) and tracer gas in an office room using CFD simulation.
Under a total ventilation rate of 80 L/s, the intake fractions (IF) of the tracer

gas, 0.8 um droplets, and 5 pm droplets were reduced by 15% with a personalized
supply airflow rate of 7 L/s per person, and 87% with 15 L/s per person. For the
droplets of 16 pm, the IF was reduced by 46% and 90%, respectively. Similarly,

Li et al. [29] simulated a chair-based PS and a horizontal desk grill in an office

room with a total ventilation rate of 57 L/s. Under mixing ventilation, the chair-
based PS reduced the IF of droplets (1 um, 5 um and 10 um) and tracer gas

by 70% with a supply airflow rate of 0.8 L/s per person, and 90% with 1.6 L/s per
person. Meanwhile, the horizontal desk grill reduced the IF by 40% and 60%, with

a supply airflow rate of 3.5 L/s per person and 6.5 L/s per person, respectively.
Lipczynska et al. [83] also tested the round movable panel in a manikin experiment
with a background mixing ventilation. Under a total ventilation rate of 26 L/s, the
personalized supply airflow rate was set as 7 L/s per person, where the IF of tracer
gas was reduced by 64%. Under a total ventilation rate of 42 L/s, the personalized
supply airflow rate was set at 15 L/s per person, which reduced the IF of tracer gas
by 82%. It was also observed that with a moderate increase in airflow rates, PS can
be performed as the only ventilation system for the mock office room.
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Personalized air exhaust system (PE)

2.6

To date, fewer studies have been conducted on PE compared to PS, and most of
them focused on aircraft cabin and hospital settings. For aircraft cabins, Dygert &

Dang [84,85] designed a localized exhaust system with either built-in seat-back or
overhead suction orifices (background mixing ventilation of 45 L/s). The results of CFD-
simulation and experimental validation showed an average decrease in co-passengers’
exposure to body-emitted contaminants up to 60% with an exhaust airflow rate of 5 L/s
per person. For hospital consultation rooms, Yang et al. [86] applied both a top-PE and
a shoulder-PE device to the source manikin, respectively. Under a background mixing
ventilation of 110 L/s, the IF of exhaled contaminant (tracer gas) was reduced by 87%
using both of the PEs with an exhaust airflow of 10 L/s per person, and further reduced
by 93% with 20 L/s per person. Moreover, it is also observed that with a higher airflow
rate of 20 L/s per person, the IF after a 30 min exposure was lower than that after

a 10 min exposure without PE. For hospital wards, Bolashikov et al. [87] developed

a wearable PE unit embedded in a headset-microphone to protect the patient from

a sick doctor. Different exhaust nozzles (circular, flanged, or flared nozzles), airflow
rates (0.24 or 0.5 L/s per person), and distances from mouth (0.02, 0.04, or 0.06 m)
were tested with two manikins. The results showed that under a background mixing
ventilation of 48 L/s, when the nozzle was placed close enough to the mouth of the
source person (0.02 m), the wearable PE system reduced the exposure concentration
(tracer gas) of the patients by 67% with an exhaust airflow of 0.24 L/s. Such
performance was better than a pure background mixing ventilation of 192 L/s.

Discussion

2.6.1

Challenges for schools: airborne infection control with
current ventilation regimes

81

Currently, the understanding of airborne transmission of respiratory droplets

is being rapidly updated driven by the ongoing pandemic of COVID-19. Human
respiratory droplets mainly comprise droplets smaller than 100 pm, which usually
follow an airborne transmission route after exhalation. Airborne transmission of
respiratory droplets can be divided into a long-range route (at room scale) and

a short-range route (at a close proximity < 1-2 m), and can be controlled by IAQ
control measures, such as ventilation [17,20,63]. In general, the main ventilation

Understanding background



82

regimes used in primary and secondary school classrooms are natural ventilation and
mixing mechanical ventilation (Table 2.4). Such conventional ventilation strategies,
as indicated by previous studies, can effectively reduce the long-range airborne
transmission. However, those analyses are mainly based on steady-state conditions,
and the models used for exposure risk evaluation are sometimes restricted by the
well-mixing assumption (e.g., the Wells-Riley model [88]), which are usually not

the case in real indoor spaces. Meanwhile, other researchers have demonstrated

that total-volume ventilation regimes are not sufficient for dealing with short-range
airborne transmission, due to the dynamic features of respiratory activities and the
significant impacts of microenvironment within the close contact between occupants.
In addition, for natural ventilation, although it can achieve in certain situations
appropriate ventilation rates and aerosol removal, the performance largely depends on
several uncontrollable factors, such as local climate and occupant behavior [70,89].
According to a recent study conducted in schools in New York City, it was found that
the exposure risk of airborne transmission of respiratory droplets was always higher
during the heating season than during the cooling season, indicating the negative
impacts of lower outdoor airflow rates when the windows and doors were closed by
the occupants due to cold weather [90]. The performance of natural ventilation can
also be strongly influenced by the layout of the building, such as the type of corridor
[90,91]. Hybrid ventilation with exhaust fans, as observed in a number of schools as
well (Table 2.4), is suggested to be helpful when natural forces are not strong enough
(e.g., low outdoor wind speed) or opening windows and doors are not preferable (e.g.,
during cold wintertime) [ 70,89]. For mixing ventilation, although it can reduce the
aerosol concentration in a more controlled manner, a proper ventilation rate remains
hard to determine, as the efficiency of aerosol removal is not linearly correlated with
ventilation rate [18,92]. Furthermore, since previous studies on ventilation control
and airborne infection were mainly conducted in a hospital setting, future research

is needed for a better understanding of the situation in school buildings. A recently
performed numerical study has proposed the ventilation rates and airing procedures
for reducing airborne infection risk in both naturally and mechanically ventilated
classrooms [93]. The models have covered several different educational scenarios
during school hours, yet they only deal with the airborne transmission at room

scale. To summarize, the commonly used ventilation regimes in school classrooms
are not fully capable for minimizing both the long-range and short-range airborne
transmission of infectious respiratory droplets, while the required ventilation designs
(including both ventilation rates and air distribution patterns) are still unclear.

Such information is also missing in relevant standards and guidelines. Current
standards of ventilation and IAQ in school classrooms are more focused on the
perceived air quality, which mainly target at undesirable odor levels, especially those
emitted by occupants. Besides, such standards and guidelines are usually framed
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under the broader context of energy performance of buildings (e.g., ISO 17772-
1[34]and EN 16798-1 [35]). In many cases, CO, in indoor air is used as the tracer
of human pollution, and the minimum ventilation rates were calculated based on
such emission. However, since CO, is a gas, it can behave differently from aerosols

of all sizes, especially at a close contact or within a short-term event [71]. Some
researchers have also argued that CO, concentration cannot be an adequate indicator
of airborne infection risk [93]. Therefore, whether the existing design criteria of
ventilation in school classrooms are applicable for critical health demands, namely
infection control of contagious respiratory diseases, is doubtful. Similar concern has
also been addressed by other researchers, where the required ventilation rates of
ordinary public spaces determined by the standards and guidelines are considered to
be much lower than the suggested level for a good IAQ (8-10 L/s per person) [9]. As
in response to the ongoing pandemic of COVID-19, governmental and professional
agencies including WHO, CDC, REHVA and ASHRAE have all put forward additional
ventilation guidance and recommendations for school managers to facilitate the
prevention of cross-infection among children [38,94-96]. To some extent, such
action again indicates that existing ventilation strategies in school buildings are

not sufficient for tackling potential health-threatening problems. Moreover, these
temporary measures cannot be relied on as permanent solutions, since many of them
need to be performed at the cost of comfort and energy efficiency. Hence, new criteria
of ventilation design in school classrooms are needed, which should be shifted from
a comfort-based paradigm towards a health-based one. Human respiratory droplets
need to be taken into consideration as one of the major indoor air pollutants in
classroom environments, and be handled by proper ventilation.

Apart from the infectious diseases, IAQ-conditions in school classrooms have been
proven to be related to children’s health, comfort, and academic performance [24,97].
Yet, according to a number of field studies, ventilation and IAQ-conditions were found
to fall short of the existing requirements in a majority of school classrooms across
the world prior to the pandemic, which already implies poor ability of health-based
control. Therefore, concerning both the potential threats of airborne cross-infection
and the unsatisfactory reality of ventilation performance, it is of an urgent need to
improve IAQ in school classrooms through rethinking the ventilation strategies.

Moreover, dealing with indoor air contaminants not only influence IAQ-related health
and comfort, but can also have impacts on other perceptions such as thermal,
visual, and acoustical quality through the interaction of IEQ-factors [98]. One simple
example is that an increased ventilation rate may result in undesirable draught
[99,100]. Other evidence includes, for instance, increasing ventilation rate may be
accompanied with an increase in the background noise level caused by mechanical
systems, which leads to annoyance and discomfort, while pollutants’ emission
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rates may increase with sunlight heating indoor surfaces [37]. Previous studies
have also well addressed the cross-modal effects of thermal parameters, sound,
and illumination level on perceived air quality and odor perception [101,102].
Therefore, all these possible interactions need to be considered while solving
IAQ-problems. Meanwhile, human body mechanisms, together with influences by
confounders, modifiers, and individual differences, can produce interaction effects
at occupant level [37]. According to an experiment conducted in the SenselLab,
children’s assessment of smell was significantly affected by the background sound
type, especially “children talking”, suggesting the possible pre-conditioning in
their response by hearing children talk [ 103,104 ]. Nevertheless, analysis of such
interactions is still short of evidence, and further studies are needed to better tackle
the complex IAQ-problems in school classrooms.

Possible solutions to minimize airborne transmission:
personalized ventilation

84

With regard to the ventilation and IAQ-related problems in school classrooms
discussed in Section 2.6.1, personalized ventilation is proposed as a promising
solution, which can be adopted as a complementary system to the total-volume
ventilation regimes. PV systems, including PS and PE, have been proven to efficiently
decrease the exposure risk (usually indicated as IF) of exhaled contaminants

of the source person within a close proximity, and improve local IAQ for the co-
occupants. Therefore, while the room-based ventilation can deal with long-range
airborne transmission, the PV systems can be used to minimizing short-range
airborne transmission.

Among all these studies listed in Table 2.5, two occupants (manikins) were involved,
namely the source person and exposed person, and they were seated at a close
distance with each other (1-2 m). Such results, therefore, evidently demonstrated
the ability of PS to reduce the short-range airborne transmission of respiratory
droplets between indoor occupants. However, the efficiency of PS varies largely with
the AID type and supply airflow rate, with a range of 15-90%, meaning a specific
configuration and a higher supply airflow rate are often needed for PS to achieve

a desirable aerosol removal efficiency. Previous studies have also indicated that
PS-systems can achieve positive effects only when the supply airflow rate for the
exposed person is equal to or larger than that for the infected person [29,81,82],
while the performance is partly determined by the relative position of the occupants
[80]. Consequently, such limitations may hinder the flexibility of individual control.
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According to the literature discussed in Sections 2.5.1 and 2.5.2, PE in general
showed a more stable performance in terms of decreasing IF or exposure risk of the
respiratory contaminants for the exposed occupants compared to PS. Although less
evidence can be found about the development and assessment of PE, several studies
have already demonstrated that PE can achieve significantly better performance than
PS under the same experiment conditions, even with a lower airflow rate [30,105].
Therefore, further investigations are needed to explore the possibilities of PE in
future applications.

To date, the research on personalized ventilation with the aim of lowering infection
risk is still limited to several specific indoor environmental settings. For PS, besides
office rooms, researchers have mainly discussed PS devices in hospital wards

[28], aircraft cabins [30], and car cabins [ 106]. For PE, the scenario is further
restricted to aircraft cabin and hospital rooms. Little attention has been paid to
school classrooms under this topic. However, when taking into consideration the
differences in ventilation strategy, occupant density, and indoor activity, existing
results of personalized ventilation systems are difficult to apply to children in school
classrooms directly, because such factors can easily affect the efficiency of the
system. Particularly, a combination of personalized ventilation systems and natural
ventilation has not yet been investigated, yet a majority of schools has not been
equipped with mechanical ventilation systems. Hence, further research is needed to
determine how to make use of such advanced technologies for improving ventilation
and providing healthy IAQ-conditions for children in school classrooms. Moreover,
besides the ability of minimizing airborne infection, personalized ventilation systems
have also been indicated to have the potential of improving local thermal comfort
as well as reducing energy consumption [87,106,107]. Accordingly, personalized
ventilation system can be considered as a versatile and sustainable tactic to improve
overall IEQ in school classrooms.
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Conclusions

86

This literature review discussed the current ventilation strategies and IAQ-conditions
in school classrooms with a specific concern of airborne infection control, as well as
the possible solutions for further improvement.

A major conclusion of this review is that there is a clear lack of knowledge of what
ventilation rates and designs are required to provide classroom environments that
are reasonably safe from airborne transmissible diseases.

The commonly used ventilation regimes in school classrooms include natural
ventilation and mixing mechanical ventilation. Such ventilation regimes are not

fully capable to reduce the airborne infection risk of contagious diseases, mainly
due to the unique features of respiratory aerosols that differ from other indoor air
pollutants, in particular their generation and dispersion. Pathogen-laden aerosols
are usually small droplets (< 100 um) generated from human respiratory system,
and thus can directly reach the breathing zone of an exposed person within close
contact (< 1-2 m), or remain suspended in the air and travel over long distances,
which are named as short-range and long-range airborne transmission, respectively.
Conventional ventilation regimes are mainly based on the assumptions of steady-
state condition and well-mixing model, which are not applicable to short-range
airborne transmission, since it is a highly dynamic process and the concentration

of aerosols is not evenly distributed. Besides, although room-based ventilation can
efficiently deal with long-range airborne transmission, the proper ventilation rates
and air distribution patterns are hard to determine. In other words, the required
ventilation for minimizing either the long-range or short-range airborne transmission
are still unclear.

Currently, the relevant standards and guidelines of ventilation in school classrooms
mainly focus on the perceived air quality, and are subject to the demand of energy
saving. Besides, CO, concentration is often used to represent human pollution, yet it
is not an adequate proxy of respiratory aerosols. Consequently, existing standards
and guidelines may not be able to provide sufficient information for establishing
environments in school classrooms where the risk of airborne transmission is
acceptably low. Moreover, although the required minimum ventilation rates are
already considered to be relatively low, in reality a large proportion of school
classrooms have failed to meet the requirements, while IAQ-related health, comfort,
and performance problems have been widely reported. Hence, developing new
criteria of ventilation and IAQ in school classrooms is of an urgent need, where
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respiratory droplets should be considered as a major indoor air pollutant in
classroom environments, and tackled by proper ventilation. For future research,
ventilation design should shift from a comfort-based design towards a health-based
design, and take into account the different contact scenarios between occupants. A
more flexible and versatile ventilation strategy is needed, in order to deal with the
indoor air contaminants both at the occupant level and room level.

Personalized ventilation, including personalized air supply systems and personalized
air exhaust systems, can efficiently decrease the exposure risk of exhaled
contaminants of the source person within a close contact, and improve local IAQ for
the co-occupants. Therefore, PV systems have a promising potential to be used as

a complementary solution to the conventional ventilation regimes, by reducing the
short-range airborne transmission of respiratory droplets. However, the efficiency
of PV systems varies significantly from one to another, and is largely dependent on
the indoor environmental settings. Considering also the types of occupants and
their activities, further studies are needed to determine the suitable way to apply PV
systems into school classrooms.

Changes in IAQ-conditions can affect other IEQ-factors including thermal comfort,
acoustical quality, and visual quality. Such interactions can have significant impacts
on occupants’ health and comfort, and thus also need to be taken into account when
rethinking the ventilation in school classrooms.

Overall, a holistic optimization of ventilation strategies is needed in order to tackle

the airborne transmission of infectious respiratory droplets and provide children with
healthy IAQ-conditions in school classrooms.
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Ventilation and thermal
conditions in school classrooms
during pandemic

Ventilation and thermal
conditions in secondary schools
in the Netherlands: Effects of
COVID-19 pandemic control and
prevention measures

First published as: Ding, E., Zhang, D., Hamida, A., Garcia-Sénchez, C., Jonker, L., de Boer, A.R., Bruijning,
P.C.J.L, Linde, K.J., Wouters, I.M., & Bluyssen, P.M. (2023). Ventilation and thermal conditions in secondary
schools in the Netherlands: Effects of COVID-19 pandemic control and prevention measures. Building and
Environment, 109922.

During the COVID-19 pandemic, the importance of ventilation was widely stressed
and new protocols of ventilation were implemented in school buildings worldwide.

In the Netherlands, schools were recommended to keep the windows and doors
open, and after a national lockdown more stringent measures such as reduction of
occupancy were introduced. In this study, the actual effects of such measures on
ventilation and thermal conditions were investigated in 31 classrooms of 11 Dutch
secondary schools, by monitoring the indoor and outdoor CO, concentration

and air temperature, both before and after the lockdown. Ventilation rates were
calculated using the steady-state method. Pre-lockdown, with an average occupancy
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3.1

of 17 students, in 42% of the classrooms the CO, concentration exceeded the
upper limit of the Dutch national guidelines (800 ppm above outdoors), while 13%
had a ventilation rate per person (VRp) lower than the minimum requirement

(6 L/s/p). Post-lockdown, the indoor CO, concentration decreased significantly
while for ventilation rates significant increase was only found in VR, mainly caused
by the decrease in occupancy (average 10 students). The total ventilation rate

per classrooms, mainly induced by opening windows and doors, did not change
significantly. Meanwhile, according to the Dutch national guidelines, thermal
conditions in the classrooms were not satisfying, both pre- and post-lockdown.
While opening windows and doors cannot achieve the required indoor environmental
quality at all times, reducing occupancy might not be feasible for immediate
implementation. Hence, more controllable and flexible ways for improving indoor air
quality and thermal comfort in classrooms are needed.

classrooms, indoor air quality, ventilation, children, COVID-19 pandemic,
thermal comfort

Introduction

96

In the beginning of 2020, the COVID-19 pandemic aroused worldwide concern
about indoor air quality (IAQ) and ventilation, especially in indoor environments

with a high occupancy, such as educational buildings. “Proper” ventilation was
proposed as a measure to reduce the possible airborne transmission of SARS-
CoV-2 [1]. Determining how much ventilation is required and how the indoor space
is ventilated are particularly important for school classrooms, because of their dense
occupancies of students and a possibly higher risk of airborne transmission [2].
However, in previous studies it has already been observed that school classrooms
are often poorly ventilated [3,4], and it became a very urgent problem to be further
investigated in light of the ongoing pandemic.

In many countries, schools were closed during the periods of national

COVID-19 lockdowns [5,6]. In the Netherlands, the first so-called “intelligent”
lockdown started on March 15, 2020, and lasted until June 1, 2020. Then, on
October 14, 2020, a “partly” lockdown began, which turned into the first lockdown
on December 15, 2020 and lasted until March 1, 2021. During the “partly” lockdown,
the pandemic control and prevention measures implemented in schools included
opening the windows and doors for a lack of mechanical ventilation systems, and
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from December 1, 2020, wearing face masks became mandatory inside the school
buildings, but not necessary during the lessons. During the first lockdown, schools
were mostly closed (only used for exams and students with special needs). After
the first lockdown, additional measures were introduced in schools: 1.5 m distance
between students, and half occupancy of the classes (e.g., utilizing different
school buildings, adjusting classroom floor areas, and alternating online/offline
groups). Since June 2021 schools were fully reopened, yet soon later at the end
of the summer of 2021 the COVID-19 cases increased, and measures were again
introduced. From December 19, 2021 to January 10, 2022, the second lockdown
became a fact. Finally, on March 23, 2022 all measures were stopped. Throughout
the entire period schools were recommended to open windows and doors in the
school classrooms in the absence of a mechanical ventilation system [7].

Indoor environmental quality (IEQ) and ventilation in school classrooms have been

a focus of research for many years. Numerous studies all over the world have been
performed to document the indoor environment in classrooms and to examine its
relations with diseases, disorders and learning ability [8]. Several cross-sectional
studies among European countries [9-12] have investigated IEQ and health of school
children. In the US, several studies explored the relations between ventilation rates,
attendance rates, and student performance (for example in [13-15]). Moreover,

in a number of countries (such as Sweden [16], the Netherlands [17,18], the UK
[19], Greece [20], Finland [21], Denmark [22], Portugal [23], Australia [24],

Japan [25] and China [26]), health effects were assessed using self-administered
questionnaires, combined with indoor environmental monitoring of several air
pollutant concentrations as well as inspection of buildings with the use of a checklist
and/or several physical measurements (e.g., temperature and relative humidity).
The studies found several different shortcomings in the environmental conditions in
classrooms, such as poor ventilation, noise, inadequate heating or lighting, already
during non-pandemic periods.

To determine whether a space is ventilated properly, the indoor CO, concentration
can be monitored and used as a proxy for ventilation performance [27]. To

date, many studies have been conducted around the world to measure the

CO, concentration in school classrooms and thus examine whether the ventilation
performance fulfils the standards and guidelines [28-30]. A CO, concentration

of 1000 ppm is often taken as the upper limit for a good IAQ according to the
previous version of ASHRAE Standard 62.1, and has been also suggested as

the upper limit for CO, monitoring to ensure sufficient ventilation in the REHVA
COVID-19 Guidance, which is approximately equivalent to a ventilation rate

of 10 L/s per person [31-33]. In the Netherlands, the Building Decree prescribes
minimum ventilation rates expressed in L/s per person for educational buildings that
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existed before 2012 (3.4 L/s per person) and built after 2012 (8.5 L/s per person)
[34]. Meanwhile, the Dutch Fresh Schools guidelines [35] - adapted from several
commonly used international standards (e.g., EN 16798-1 [36] and ISO 7730 [37])
with more stringent requirements - has been enacted in particular for primary and
secondary schools. In this guideline, the ventilation rate is suggested for three
different levels: 12 L/s per person (level A, very good), 8.5 L/s per person (level B,
good) and 6 L/s per person (level C, acceptable), for which the corresponding indoor
CO, concentration is 400, 550, and 800 ppm above the outdoor level, respectively.

With the increased concern about the IEQ driven by the COVID-19 pandemic,
researchers once again set off investigations among school classrooms within the
past two year. In a study initiated by the Dutch National Ventilation Coordination
Team (LCVS) before the second lockdown in which CO, monitors were placed in
educational buildings, the results showed that only 38% of the tested schools
(7340 elementary and secondary schools in the Netherlands) met the ventilation
requirements of the Dutch Building Decree [38]. Furthermore, a third of the schools
only had natural ventilation, where the fresh air supply in the classrooms was often
inadequate. However, when keeping windows and doors opened became a major
pandemic control and prevention protocol, especially for the naturally ventilated
spaces, lower CO, concentrations and better ventilation have been observed among
different types of educational buildings [39-41]. Nevertheless, in the meantime
studies have also found that such measures for improving ventilation could cause
negative impact on other aspects of IEQ for the students, such as thermal comfort
and acoustics, according to both physical measurements and subjective assessments
[42-44].

Ever since the “partly” lockdown took place, the same ventilation protocol of opening
windows and doors has been implemented among the Dutch secondary schools. In
addition, other measures such as reducing occupancy were also introduced after

the first lockdown. What effects do these measures have on ventilation and the
thermal conditions inside the classrooms are still unknown. Therefore, a field study
was conducted among the secondary schools in the Netherlands to investigate 1)
the ventilation sufficiency, 2) the ventilation-related effects of temporary school

or governmental initiated pandemic control and prevention measures, and 3) the
thermal conditions as a result of the implemented measures, in the classrooms under
the COVID-19 pandemic.
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Methods

3.2.1

Selection of schools and classrooms

Between October and December 2020, 20 secondary schools in different regions
and cities of the Netherlands were enrolled on a voluntary basis, as reported in
[45]. Among them, 11 schools which were visited both before and after the first
lockdown (herein referred to as “the lockdown”), were included in this study (named
from S1 to S11). The locations of the selected schools are shown in Figure 3.1,
where eight of them are located in an urban area, and the other three in a rural area.
These 11 schools cover different types of secondary education in the Netherlands,
namely pre-university education, general secondary education, and pre-vocational
secondary education, with students generally aged between 12 and 18.

FIG. 3.1 Location of the involved secondary schools in the Netherlands.
Note: adapted from Google Maps, 2022.
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The basic information on the 11 schools is listed in Table 3.1. The first school visits
were all conducted during the heating season (October 20 to December 15, 2020),
while for the second school visits, nine (51-S9) were conducted during the heating
season (March 11 to April 23, 2021), and the other two (S10 and S11) during the
non-heating season (May 10 and June 3, 2021). Among the 11 schools, nine (82%)
of them have classrooms with only natural ventilation (openable windows and doors),
three (27%) have classrooms equipped with mechanical air supply, two (18%) have
classrooms equipped with mechanical air exhaust, and nine (82%) have classrooms
equipped with both mechanical air supply and exhaust. Only two schools (6%),

S7 and S11, have a centralized ventilation system, with all the classrooms having the
same mechanical air supply and exhaust equipment.

TABLE 3.1 Basic information on the selected schools.

S1

Date of 15t visit Date of 2" visit Location Year of Ventilation regime®
(pre-lockdown) (post-lockdown) construction?

20/10/2020 08/04/2021 Haarlem 1975/1992/2006 NV, ME, MT
(Urban)
S2 21/10/2020 11/03/2021 Hilversum 1952/2012 NV, MS, MT
(Urban)
S3 27/10/2020 13/04/2021 IJsselstein 1970 NV, MT
(Urban)
sS4 28/10/2020 25/03/2021 Breukelen 1960/1999 NV, MT
(Rural)
S5 06/11/2020 26/03/2021 Delft 1999 NV, MS
(Urban)
S6 12/11/2020 12/03/2021 Delft 1965 NV, MT
(Urban)
s7 16/11/2020 23/04/2021 Utrecht 1978 NV, MT
(Urban)
S8 26/11/2020 09/04/2021 Arnhem 1983 NV, MT
(Rural)
S9 03/12/2020 16/04/2021 Imuiden 1931 NV, MT
(Rural)
S10 10/12/2020 10/05/2021 Amersfoort 1960/1990/2013 | NV, ME, MS
(Urban)
S11 15/12/2020 03/06/2021 's-Hertogenbosch 1953 NV, MT
(Urban)

a Some schools h

ave different buildings or different parts of the building complex that were built in different years.

b Ventilation regimes available in the school building(s). NV: natural ventilation; MS: only mechanical air supply; ME: only
mechanical air exhaust; MT: both mechanical air supply and exhaust.
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In each school, two to four classrooms were selected, based on the type of ventilation
regimes operated. For natural ventilation, one or two classrooms at different
orientations or floor levels were selected, while for balanced mechanical ventilation
and hybrid ventilation (with only mechanical air supply or mechanical air exhaust),
only one classroom was selected. In total, 36 classrooms (named from C1 to C36)
were selected to perform the comparison between pre- and post-lockdown periods,
of which three (C10, C15, C24) were practical classrooms (with practical settings for
preparatory vocational courses of housekeeping and metalworking, etc.), and the rest
were theoretical classrooms (with normal classroom settings of desks and chairs).
During the post-lockdown period, C12, C23, and C36 were not in use, for which a
similar classroom was chosen, as C12’, C23’, and C36’, respectively. Meanwhile,

C9 and C20 were used in combination with the adjacent classroom (doubled floor
area and volume), and thus are marked as C9’ and C20’.

Survey

3.2.21

The survey of the schools consisted of monitoring of the indoor and outdoor

CO, concentration and air temperature, an interview with the facility manager, an
inspection of the school buildings, HVAC (heating, ventilation and air conditioning)
systems, and classrooms, and monitoring of the occupancy and occupants’
behaviors. Each school visit started in the morning, and lasted for one school day.

Monitoring of CO, concentration and air temperature

101

The CO, concentration and air temperature were monitored indoors and outdoors,
using HOBO® MX1102A loggers (CO, sensor: 0-5000 ppm/£50 ppm £5% of
reading; temperature sensor: 0-50 °C/£0.21 °C). In order to obtain a more accurate
result of the indoor CO, concentration, two sampling points were selected in each
classroom, namely on both the front and back walls at the height of the breathing
zone of the sitting students (approximately 1.1-1.3 m), where the devices were
installed on the walls using adhesive tapes [46]. The CO, concentration and air
temperature inside the classrooms were continuously monitored and recorded
during the school hours, with a time interval of 30 seconds. During the pre-lockdown
period, the outdoor CO, concentration and air temperature were monitored at

the entrance of the school building, both in the morning and in the afternoon,

for 15 minutes. During the post-lockdown period, the outdoor CO, concentration
and air temperature were monitored both at the entrance and in the courtyard (at
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least 5 m from the building fagade in order to reduce the possible influence of indoor
CO, concentration and human activities) of the school, for the whole school day. In
Figure 3.2 and Figure 3.3 some examples of the location of the indoor and outdoor
sampling points are presented, respectively.

2) ‘ b)

FIG. 3.3 Examples of outdoor CO, concentration and air temperature sampling points at the schools: (a) entrance; (b) courtyard.

102 Healthy Air for Children



Technical questionnaire and interview

Before each school visit, the school facility managers were asked to complete
a technical questionnaire based on the characteristics of the school buildings,
including the basic information on the building construction, the type of HVAC
systems, and the maintenance of the facilities (Appendix A.1).

During each school visit, an inspection of the buildings and HVAC systems was made
together with the facility manager(s). In addition, a short interview was conducted
to ask the facility manager(s) about the COVID-19 measures implemented at the
school, ventilation regimes used, occupancy, teaching schedule, and cleaning
procedures (Appendix A.2).

Classroom checklist

The inspection of the selected classrooms was conducted based on a classroom
checklist [ 18], which included items about indoor environmental settings, humidity
problems, indoor climate characteristics, ventilation equipment, and indoor pollution
sources (Appendix A.3). One checklist was completed for each classroom.

Monitoring of occupancy and ventilation-related behavior

The teachers giving lessons in the selected classrooms were asked to fill in an
observation form for each lesson they taught, which included the time (duration) of
the lesson, the number of students present, and their behaviors related to ventilation
during the lesson (e.g., opening/closing windows/doors) (Appendix A.4). Such
observations were also performed by the researchers once per lesson per classroom

3.2.2.2
3.2.2.3
3.2.24
(Appendix A.4).
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Ethical aspects

After the recruitment of the schools, the director of the school received a letter with
a detailed procedure of the intended monitoring, measurements and observations,
as well as the promise that no pictures with children would be made. For ethical
approval there was a waiver from the ethics committee of the University of Utrecht,
because it did not fall under the Act Research with Human Subjects.

First, the measurement data of CO, and air temperature was extracted from the
HOBOs and imported to IBM SPSS Statistics 26.0 (SPSS Inc. Chicago, IL, USA). Then
the imported data was screened based on Z-scores, where all the data points with

a Z-score (absolute value) higher than three were eliminated as outliers [47]. The
information collected through the technical questionnaires, inspections, interviews,
classroom checklists, and observational forms were manually screened and typed

in IBM SPSS Statistics 26.0. All the subsequent statistical analyses were also
performed with IBM SPSS Statistics 26.0.

It needs to be noted that for the data analyses, C7, C9 (C9’), C20 (C20’), C30 were
excluded because they only had one occupied lesson during at least one of the
school visits. C31 was excluded because the indoor CO, concentration was most of
the time lower than the average outdoor level during the second school visit, which
was considered a measurement error. Therefore, the results presented in this paper
include 31 classrooms.

Time distribution of indoor CO, concentration and air

Since the Dutch Fresh Schools guidelines [35] is mostly implemented for school
buildings in the Netherlands, it is taken as the major reference for assessing ventilation
and thermal conditions of the classrooms in this study. Accordingly, the indoor

CO, concentration as an indicator of ventilation sufficiency is assessed based on three

3.2.3
3.2.4 Data analysis
3.2.4.1 Data cleaning
3.2.4.2
temperature
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Healthy Air for Children



105

threshold levels, namely from low to high: level A (Very good), level B (Good), and level
C (Acceptable), of which the indoor CO, concentration is less than 400 ppm, 550 ppm,
and 800 ppm above the outdoor level, respectively. In other words, indoor

CO, concentration exceeding level C is considered as not acceptable. Therefore,

the indoor CO,, concentration can be sorted into four categories, namely < level A,

> |level A - < level B, > level B - < level C, and > level C. In this study, the outdoor
CO, concentration for each school was represented by the average value of the outdoor
data collected during each visit. The time distribution of indoor CO, concentration
among the four categories during the total occupied time (excluding breaks and
unoccupied lessons (number of students = 0)) was calculated for each classroom.

Similarly, three ranges of indoor air temperature (min - max) are also prescribed in
the Fresh School 2021 guidelines, namely from narrow to wide: range A (Very good),
range B (Good), and range C (Acceptable) [35]. The ranges applicable to the heating
and non-heating season are different. For heating season the ranges are set as fixed
values, where range A = 20-23 °C, range B = 19-24 °C, and range C = 18-25 °C.
For non-heating season, the ranges are calculated based on equations (3.1) to (3.3)
[35]:

For range A:
T, =0.33T,,,,p +16.4%2 (3.1)
For range B:
T, =0.33T;,,0r +16.4£3 (3.2)
For range C:
T, =0.33T,,,, +16.4+4 (3.3)

Where:

— T, is the required indoor air temperature [°C].
— Tguor is the running mean outdoor air temperature (RMOT) [°C]. In this study, due

to the limitation of measurements, it is simplified as the average of all outdoor data
collected during each school visit.

Although the ranges of required indoor air temperature changes with the

outdoor air temperature during the non-heating season, a fixed upper limit is set
at 25.5 °C, 26 °C, and 27 °C for range A, B, and C, respectively.
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3.2.4.3

Accordingly, the indoor air temperature can be sorted into seven categories, namely
< Cmin’ = Cmm -< Bmin’ = Bmin -< Amin' = Amin -= Amax’ > Amax -= Bmax’ > Bmax -=
Cayx @nd > C_ ., where indoor air temperature lower than C_. or higher than C__
is considered as not acceptable. The time distribution of indoor air temperature

among the seven categories during the total occupied time was then calculated for

each classroom.

Ventilation rate

106

The ventilation rate in the classrooms was calculated using the steady-state method,
based on the CO, concentrations monitored [28]. Based on a prior study [46], for
every occupied lesson in the surveyed classrooms, a five-minute period was selected
for the calculation, during which time the CO, concentration was relatively steady.

It was assumed that no factors other than the occupancy and ventilation settings
were affecting the CO, concentration in the classrooms, and thus the steady-state
condition of the selected periods was verified using one-way ANOVA. The average
CO, concentration among all the sampling points in one classroom during the five-
minute period was determined as the steady-state CO, concentration. The ventilation
rate (VR) per occupied lesson was then calculated according to equation (3.4)
[28,48]:

10°nG
VR =C—p (3.4)

steady — “out

Where:

n is the average number of students in the classroom during the lesson.

G, is the average CO, generation rate per person [L/s per person], which is
estimated as 0.0045 L/s per person (16 L/h per person) for both students (12-

18 years old) and teachers (30-40 years old) [49].

Ceo, steady 1S the steady-state CO, concentration [ppm].

Ceo,.out 1 the outdoor CO, concentration [ppm], which is calculated as presented in
Section 3.2.4.2 for each school.

The ventilation rate (L/s) of each occupied lesson was then divided by the number of

students and the floor area of the classroom, respectively, to calculate the ventilation
rate per person (VR ) (L/s/p) and per m? floor area (VR,) (L/s/m?).
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3.24.4

Statistical analysis

107

The indoor CO, concentration and air temperature during the occupied lessons were
compared between the pre- and post-lockdown periods using Mann-Whitney U-tests
for each individual classroom. The percentages of time of 1) CO, concentration
above the threshold level A, B, and C, 2) air temperature outside range A, B, and C,
were compared between the pre- and post-lockdown periods using Wilcoxon signed-
rank tests at classroom level. The ventilation rates were compared between the

pre- and post-lockdown periods using Wilcoxon signed-rank tests also at classroom
level. The outdoor CO, concentration and air temperature were compared between
the pre- and post-lockdown periods using Wilcoxon signed-rank tests at school level.
The significance level was set at 0.05 (P < 0.05).

As the ventilation rates should be regarded as clustered by repeated measurements
(school visits and occupied lessons) for each classroom, generalized estimating
equations (GEE) analysis with linear function was used to study the association
between VR, and 1) student occupancy, 2) number of opened windows, 3) number
of opened doors, and 4) pre- and post-lockdown visits [50,51]. Both the univariable
analysis of each of the factors and the mutually adjusted multivariable analysis of
all the factors were conducted. VRp was chosen as the main dependent variable of
the GEE model because it is the main parameter assessed in relevant standards and
guidelines. Accordingly, the subject variable is “classroom ID”, and the within-subject
variables are “visit” (pre- and post-lockdown) and “lesson” (occupied lessons). An
independent correlation matrix was introduced to the model. The mutually adjusted
multivariable regression model can be written as equation (3.5) [50-52]:

E(Y) =B, + Boccupancy + B,window + B,door + B, visit (3.5)

Where:

Y is the natural logarithm of VR, per lesson of each classroom, In(VRp). The data
of VRp was transformed because its distribution was right-skewed. In the results,
exponentiated beta’s are reported for VRp.

B, is the main effect of occupancy.

occupancy is the number of students per lesson of each classroom.

B, is the main effect of opening window(s).

window is the number of opened windows per lesson of each classroom.

B, is the main effect of opening door(s) compared to door(s) closed.

door = 1 if the door was opened, 0 if the door was closed, during each lesson of
each classroom.

B, is the main effect of visit.

visit = 1 if before lockdown, 2 if after lockdown.
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3.3

Results

3.3.1

Overview of classrooms

108

The characteristics of the studied classrooms are listed in Table 3.2. Among

these 31 classrooms, 15 (48%) only use natural ventilation, three (10%) have
mechanical air supply, three (10%) have mechanical air exhaust, and 10 (32%)
have both mechanical air supply and exhaust. All the classrooms have openable
windows, where most of them are top-hung or side-hung windows, and can be
opened up to an angle of 30°-45°. During the time when the survey was conducted,
windows and doors were often kept opened during the occupied lessons in order to
increase outdoor air supply and improve ventilation in the classrooms, as one of the
COVID-19 pandemic control and prevention measures. Therefore, natural ventilation
should also be considered in use inside many of the classrooms that have mechanical
ventilation. The passive grilles available in the classrooms can also contribute to
natural ventilation. For the mechanically ventilated classrooms, the air inlets and
outlets are all located on the ceiling. With regards to heating, C7, C14, and C20 have
floor heating, C35 and C36 have heated air supply, while all the other classrooms
have hot water radiators.
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TABLE 3.2 Characteristics of the 31 classrooms.

School Class- Floor area | Volume Ventilation | Presence Location of | Location of | Heating?
roomab [m2] [m3] regime of passive | airinlet® air outletf
available¢ | grillesd
S1 C1 43 151 - - R
Cc2 47 122 ME + N No - Ceiling R
C3 62 186 MT + N No Ceiling Ceiling R
S2 C4 55 149 MT + N No Ceiling Ceiling R
C5 53 148 N Yes - - R
C6 53 148 N Yes - - R
S3 Cc8 55 165 N No - - R
Cc10 88 264 N Yes - - R
sS4 Cc11 59 142 N No - - R
C12(12") | 59(59) 189 (189) | N No - - R
C13 64 198 MT + N No Ceiling Ceiling R
S5 Cc14 56 280 MS + N Yes Ceiling - F
C15 308 893 MS + N Yes Ceiling - R
C16 55 187 N Yes - - R
Cc17 84 294 N Yes - - R
S6 C18 50 150 N Yes - - R
C19 46 138 N Yes - - R
C21 53 164 N Yes - - R
S7 C22 67 201 MT + N No Ceiling Ceiling R
C23(23") 56 (61) 168 (183) | MT+ N No Ceiling Ceiling R
C24 215 645 MT + N No Ceiling Ceiling R
S8 C25 52 156 N Yes - - R
C26 53 159 MT + N Yes Ceiling Ceiling R
C27 53 159 N Yes - - R
S9 Cc28 58 174 N No - - R
C29 74 259 MT+N No Ceiling Ceiling R
S10 C32 48 163 ME + N No - Ceiling R
C33 51 163 MS + N No Ceiling - R
C34 100 280 ME + N Yes - Ceiling R
S11 C35 71 227 MT + N No Ceiling Ceiling A
C36 (36") | 54 (54) 173 (173) | MT+N No Ceiling Ceiling A

a The numbers in the parentheses are the information on the substituting classrooms in the post-pandemic school visit.

b C7,6C9(C9’), C20 (C20’), C30, and C31 were excluded from the data analyses due to lack of data or invalid measurements.

¢ Ventilation regime(s) available in the classroom. N: natural ventilation; MS: only mechanical air supply; ME: only mechanical
air exhaust; MT: both mechanical air supply and exhaust.

d All the passive ventilation grilles are located on the window(s).

e Location of the air inlet of the mechanical ventilation system.

f Location of the air outlet of the mechanical ventilation system.

g R: hot water radiator; F: floor heating; A: heated air supply.
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3.3.2

CO, concentrations

3.3.2.1

Indoor and outdoor CO, concentrations before and after lockdown

110

The indoor and outdoor CO, concentrations of the classrooms both before and after
the lockdown during the occupied lessons are presented in Figure 3.4. The indoor
CO, concentration varied a lot among the classrooms. Before the lockdown, the
mean CO, concentration in the classrooms ranged from 458 to 1255 ppm, with an
average of 825 ppm. The peak CO, concentration ranged from 515 to 2604 ppm,
with an average of 1254 ppm. Besides, the mean difference of indoor and outdoor
CO, concentration ranged from 35 to 1084 ppm, with an average of 371 ppm.

After the lockdown, the mean CO, concentration in the classrooms ranged

from 459 to 941 ppm, with an average of 654 ppm. The peak CO, concentration
ranged from 507 to 1885 ppm, with an average of 903 ppm. The mean difference of
indoor and outdoor CO, concentration ranged from 4 to 488 ppm, with an average
of 216 ppm. For the comparison between pre- and post-lockdown periods, the P
values of the Mann-Whitney U-tests are marked in Figure 3.4 for the classrooms.

In 24 (77%) of the 31 classrooms the indoor CO, concentration during the pre-
lockdown period was significantly higher than the post-lockdown period, while in five
(16%) classrooms the indoor CO, concentration was significantly lower during the
pre-lockdown period than the post-lockdown period. In the other two classrooms,
the indoor CO, concentration showed no significant difference between the pre- and
post-lockdown periods.

In addition, the outdoor CO, concentration varied considerably, with both time

and location. Before the lockdown, the mean outdoor CO, concentration ranged
from 261 to 450 ppm among the 11 schools, with an average of 371 ppm, while
after the lockdown it ranged from 292 to 462 ppm, with an average of 426 ppm.
According to the Wilcoxon signed-rank tests, the outdoor CO, concentrations were
significantly higher during the post-lockdown period than during the pre-lockdown
period (P = 0.026) (Table 3.3). Interestingly, the schools with a lower outdoor
CO, concentration are not necessarily located in the rural area, and vice versa. For
instance, before the lockdown, S6 and S9 had an average outdoor CO, concentration
lower than 300 ppm, while after the lockdown it increased above 450 ppm at

both locations.
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FIG. 3.4 Indoor and outdoor CO, concentrations.
Note: a: pre-lockdown period (marked as red); b: post-lockdown period (marked as blue). Above: box and whiskers plot of indoor

CO, concentration inside the classrooms (P: Mann-Whitney U-tests between pre- and post-lockdown periods); Below: average
outdoor CO, concentrations at each school.
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TABLE 3.3 Comparison of different parameters of CO, concertation, occupancy, ventilation rate, and air temperature
in 31 classrooms (11 schools) between pre- and post-lockdown period.

0, Outdoor mean (min-max)® 371 (261-450) 426 (292-462) 0.026

[ppm]
Indoor mean (min-max) [ppm] | 825 (458-1255) 654 (459-941) < 0.001
Indoor - outdoor mean (min- 470 (35-1084) 216 (4-488) < 0.001
max) [ppm]
Mean percentage of time > 52 14 < 0.001
level A [%]
Percentage of classrooms all 16 42
time < level A [%]
Mean percentage of time > 32 5 < 0.001
level B [%]
Percentage of classrooms all 23 68
time < level B [%]
Mean percentage of time > 12 1 0.003
level C [%]
Percentage of classrooms all 58 90
time < level C [%]

Occupancy Number of students in the 17 (7-29) 10 (5-21) < 0.001
classroom mean (min-max)
[persons]

Ventilation rate | VR mean (min-max) [L/s] 270.2 (66.6-1931.9) 271.3(71.0-1116.7) | 0.302
VR, mean (min-max) [L/s/m?] | 3.5(0.9-12.8) 4.6 (1.0-21.1) 0.251
VR, mean (min-max) [L/s/p] 21.8 (4.6-241.5) 32.5(7.4-155.8) 0.005

Percentage of classrooms with
mean VR, < 6 L/s/p (level C)
[%]

13

0

Percentage of classrooms with | 45 6
mean VRp < 8.5L/s/p (level

B)< [%]

Percentage of classrooms with | 45 6
mean VR, < 10 L/s/p9 [%]

Percentage of classrooms with | 65 13

mean VR, < 12 L/s/p (level
A) [%]
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TABLE 3.3 Comparison of different parameters of CO, concertation, occupancy, ventilation rate, and air temperature
in 31 classrooms (11 schools) between pre- and post lockdown period.

Temperature Outdoor mean (min-max) [°C] | 13.7 (8.6-17.4) 15.5 (8.8-27.5) 0.021
Indoor mean (min-max) [°C] 20.4 (17.3-23.9) 20.9 (17.8-24.4) 0.092
Indoor - outdoor mean (min- 6.6 (1.6-11.4) 6.2 (-3.5-12.5) 0.784
max) [°C]
Mean percentage of time 50 34 0.052
outside range A [%]
Percentage of classrooms all 6 16
time inside range A [%]
Mean percentage of time 22 15 0.140
outside range B [%]
Percentage of classrooms all 45 45
time inside range B [%]
Mean percentage of time 10 6 0.794
outside range C [%]
Percentage of classrooms all 68 58
time inside range C [%]
a Wilcoxon signed-rank test for two groups of 11 schools (outdoor) or 31 classrooms (indoor). Bold values denote P < 0.05.
b Mean, Min, and Max value of the means per school (outdoor) or per classroom (indoor).
c 8.5L/s/pis also the minimum ventilation rate required by the Dutch Building Decree [34].
d 10 L/s/pis suggested by different standards and guidelines [33].

3.3.2.2

Time distribution of indoor CO, concentrations

113

The percentages of time when the CO, concentration inside the classrooms fell

into the four categories of the Dutch Fresh Schools guidelines are presented

in Figure 3.5. During the pre-lockdown period, on the one hand 13 (42%) of

the 31 classrooms had the CO, concentration sometimes above level C, with

C4 being the highest (65% of time > level C). On the other hand, 18 (58%)
classrooms had the CO, concentration always (100% of the time) below level

C, and nine (25%) and six (17%) classrooms always below level B and A,
respectively. During the post-lockdown period, the number of classrooms having
CO, concentration sometimes above level C decreased to 3 (8%), with C12 being
the highest (18% of time > level C). Moreover, the number of classrooms

that had CO, concentration always below level C, B, and A had increased

to 28 (90%), 21 (68%) and 13 (42%), respectively. On average, before the
lockdown in 52%, 32% and 12% of the occupied time the indoor CO, concentration
was above level A, B, and C, respectively, while after the lockdown the percentages of
time decreased to 14%, 5%, and 1%, respectively.
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According to the Wilcoxon signed-rank tests (Table 3.3), the percentages of time
when the indoor CO, concentration exceeded level A, B, and C were significantly
higher during the pre-lockdown period than that during the post-lockdown period,
where for both level A and B, P < 0.001, and for level C, P = 0.003.
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3.3.3

Ventilation rates

115

The numbers of opened windows and doors, number of students, and calculated
ventilation rates of the classrooms during the occupied lessons before and after the
lockdown are presented in Table 3.4. During the pre-lockdown period, the mean

VR ranged from 66.6 L/s (C28) to 1931.9 L/s (C10) among the classrooms, with
an average of 270.2 L/s. The mean VR, ranged from 4.6 L/s/p (C1) to 241.5 L/s/p
(C10), with an average of 21.8 L/s/p. The mean VR, ranged from 0.9 L/s/m2 (C28)
to 12.8 L/s/m2 (C12), with an average of 3.5 L/s/mZ.

During the post-lockdown period, the mean VR ranged from 71.0 L/s (C32)

to 1116.7 L/s (C27), with an average of 271.3 L/s. The mean VR, ranged

from 7.4 L/s/p (C13) to 155.8 L/s/p (C27), with an average of 32.5 L/s/p. The mean
VR, ranged from 1.0 L/s/m? (C24) to 25.3 L/s/m? (C20), with an average of 4.9 L/s/
m2. According to the results of the Wilcoxon signed-rank tests (Table 3.3), for VR, P
=0.302, for VR, P = 0.005, and for VR, P = 0.251.

The number of students during the occupied lessons ranged from 7 (C36)

to 29 (C19), with an average of 17. The number of students during the occupied
lessons ranged from 5 (C32) to 21 (C12’ and C13), with an average of 10. Except
for a decrease in occupancy in most of the classrooms, it maintained the same in
three (10%) classrooms, and increased in one (3%) classroom. Overall, the numbers
of students were significantly higher during the pre-lockdown period than those of
the post-lockdown period according to the Wilcoxon signed-rank tests (Table 3.3),
where P < 0.001.

Moreover, during the pre-lockdown period, 28 (90%) of the 31 classrooms had at
least one window continuously opened during the occupied lessons, and 18 (58%)
had the door opened, while during the post-lockdown period 24 (77%) classrooms
had at least one window continuously opened during the occupied lessons,

and 20 (65%) had the door opened.
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TABLE 3.4 Ventilation rates, number of students, and number of opened windows and doors in the classrooms before and after
the lockdown.

00 Number | Number | Number | VR VR, VR, Number | Number | Number | VR VR, VR,
of of of [L/s] [L/s/p] | [L/s/m?] | of of of [L/s] [L/s/p] | [L/s/
opened | opened | students opened | opened | students m?]
windows | doors windows | doors
s c1 1(0) 0(1) 21(4) | 958 46(05) | 22(05) | 1(1) 1(1) 10(1) | 4180 | 413 9.7
(22.4) (4323) | (439) | (10.1)
C2 4(0) 1(1) 17 (6) 167.8 10.9 36(05) | 2(3) 1(1) 9(5) 118.6 17.7 25(08)
(20.7) (5.7) (39.6) (13.5)
C3 0(0) 0(0) 18(5) 176.2 10.7 28(04) | 0(0) 0(0) 14(2) 2835 199 46(1.2)
(264) | (47) (720) | (40)
s2 c4 1(0) 0(1) 15(10) | 82.9 78(52) | 1.5(04) | 2(1) 1(0) 1M1@4) | 217 | 182 40
(222) (165.2) | (9.2) (3.0)
c5 2(0) (1) 24(1) | 2114 84(86) | 40(43) | 1(1) 1(0) 14(2) | 1462 | 104 28(0.8)
(2276) (45.0) (26)
c6 1(1) 1(0) 14(8) 1016 | 79(38) | 19(09) | 1(1) 1(0) 13(1) | 1827 | 145 34(1.9)
(47.0) (101.4) | (10.0)
S3 8 2(0) 1(0) 11(6) 3279 35.0 6.0(2.7) | 0(0) 1(0) 6(0) 108.1 18.0 1.9(0.9)
(3498) | (31.8) (48.0) (8.0)
C10 1(0) 1(0) 8(0) 19319 | 2415 220 2(0) 1(0) 6(0) 2335 389 2.7(13)
(2798.3) | (39.2) (36) (11.2) (18.7)
S4 C11 2(0) 0(1) 18(8) 108.7 6.5(20) | 1.8(0.7) | 1(1) 1(1) 13(1) 1289 10.2 22(04)
(39.8) (26.2) (1.8)
C12 6(0) 1(0) 13(4) 7529 64.1 128 3(0) 0(0) 21(1) 166.1 81(26) | 28(09)
(12) (566.2) | (38.9) (9.6) (51.5)
c13 3(1) 1(1) 20(4) 142719 | 2341 67(7.1) | 2(0) 1(1) 21(2) 11500 | 74(12) | 23(0.1)
(4528) | (27.8) (9.4)
S5 cl4 2(0) 1(1) 11(5) | 2558 | 262 46(20) | 2(0) 0(0) 7(1) 2733|417 49(1.2)
(1141) | (11.7) (698) | (6.2)
C15 2(0) 1(1) 13(2) 2795 218 0.9(0.3) 1 0(0) 0(0) 6(0) 463.1 772 1.5(0.3)
(778) | (33) (104.2) | (17.4)
16 5(2) 0(0) 19(9) | 4144 279 75(6.6) | 5(1) 0(0) 9(3) 1357 | 171 25(0.1)
(336.1) | (21.7) (7.0) (62)
c17 4(0) 1(0) 14(7) | 290.1 238 35(1.0) | 4(0) 1(0) 6(1) 1715 | 274 20
(824) (10.8) (31.4) (4.6) (0.4)
S6 C18 1(0) 1(0) 15(8) 1574 10.8 32(24) | 0(0) 1(0) 9(2) 3006 36.0 6.0
(120.0) | (6.7) (34.0) (5.0) (0.7)
C19 2(0) 1(0) 29(1) 4359 15.1 95(1.8) | 1(1) 1(0) 13(3) 829.2 703 18.0
(81.6) (33) (180.3) | (388) (3.9)
C21 3(0) 1(0) 23(5) 271.8 125 51(1.1) 1 2(1) 1(0) 11(2) 256.6 231 4.8(0.9)
(56.3) (4.6) (46.2) (27)
>>>
116 Healthy Air for Children



TABLE 3.4 Ventilation rates, number of students, and number of opened windows and doors in the classrooms before and after
the lockdown.

School Pre-lockdown [Mean (SD)]? Post-lockdown [Mean (SD)]
00 Number | Number | Number | VR VR, VR, Number | Number | Number | VR VR, VR,
of of of [L/s] [L/s/p] | [L/s/m?] | of of of [L/s] [L/s/p] | [L/s/
opened | opened | students opened | opened | students m?]
windows | doors windows | doors
s7 €2 4(1) 0(0) 200) 2156 113 32(0.7) | 2(1) 0(0) 8(1) 1238 | 148 18(0.3)
(47.4) (33) (17.8) (1.7)
€23(23) | 3(1) 0(0) 14(2) | 1140 | 80(1.1) | 20(0.1) | 2(0) 0(0) 11(1) | 1659 | 157 28(0.2)
(4.5) (13.6) (1.2)
c24 1(0) 0(0) 17(5) 3674 | 233 1.7(0.3) | 0(0) (1) 8(1) 2112|276 10
(59.2) (55) (3.8) (1.7) (0.0)
S8 €25 3(1) (1) 17(06) | 1151 | 76(22) | 22(04) | 3(1) (1) 6(2) 1504 | 276( | 29(1.2)
(183) (60.6) 73)
€26 2(1) 0(1) 17() 1794 10.8 34(05) | 1(1) 1(0) 7(3) 5543 | 839 105
(24.1) 2.7) (309.1) | (39.1) (5.8)
27 4(0) 1(0) 15(4) | 1161 | 81(0.9) | 22(0.3) | 0(0) 0(0) 7(2) 11167 | 1558 | 21.1
(11.3) (768.5) | (80.6) (14.5)
9 c28 1(0) 1(0) 10(2) | 666 69(04) | 09(0.2) | 0(1) 1(0) 10(1) |3814 | 357 52(6.2)
(16.7) (456.8) | (41.0)
€29 2(1) 0(1) 19(6) | 927 53(1.2) | 1.6(0.3) | 2(1) 1(0) 10(1) | 3417 330 59(1.1)
(16.5) (66.2) (7.0)
10 32 2(0) 0(0) 23(2) | 1142 50(05) | 24(01) | 2(1) 1(1) 5(4) 71.0 218 15
(6.8) (3.2) (17.8) (0.1)
33 3(1) (1) 26(2) | 1314 | 50(1.0) | 26(06) | 3(0) 0(0) 6(1) 98.5 175 1.9(0.9)
(30.0) (45.5) (6.0)
34 2(0) 0(0) 27(5) | 1996 | 75(09) | 2.0(0.4) | 3(0) 1(0) 11(4) | 2808 | 291 28(13)
(42.8) (125.1) | (19.9)
S11 €35 0(0) 0(0) 13(6) | 1042 | 83(13) | 15(02) | 1(1) 0(0) 7(2) 1114 157 16(05)
(11.1) (322) (29)
C36(36") | 0(0) 1(1) 7(1) 71.2 11.0 13(02) | 1(0) 0(1) 7(1) 216.1 322 40(38)
(88) (05) (204.8) | (284)

a Mean (SD) of the ventilation rates, number of students, and numbers of opened windows and doors during the occupied
lessons in the classrooms.
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The results of the GEE analysis are listed in Table 3.5. VR, was significantly
associated with the student occupancy in the classrooms (P < 0.001) and the visit
(P < 0.001) according to the univariable analysis. The difference in VR, between
pre- and post-lockdown visits was no longer significant after adjusting for student
occupancy and opening of doors and windows, suggesting that the difference
between pre- and post-lockdown visits was mainly due to the change in occupancy.
Besides, the numbers of opened windows and doors were not significantly associated
to VRp according to both the univariable and multivariable analyses. The association
between VR, and student occupancy remained significant after adjustment, with an
estimated exponentiated B of 0.938 (95% CI: 0.915-0.963), meaning on average
VR, is multiplied by 0.938 per one student occupancy increase in the classrooms.

Observing reality



TABLE 3.5 Univariable and multivariable associations between VR, and occupancy, opening of windows and doors in the
classrooms, and visits (pre- versus post-lockdown).

Occupancy

Univariable

Exp(B)

959% Wald CI
(lower, upper)

p

Multivariable

Exp(B)

959% Wald CI
(lower, upper)

p

0.934

0.919, 0.951

< 0.001

0.938

0.915, 0.963

< 0.001

Window

1.022

0.925,1.130

0.688

1.081

0.994,1.176

0.068

Door

1.302

0.909, 1.865

0.149

1.218

0.881, 1.684

0.234

Visit

1.925

1.409, 2.633

< 0.001

1.302

0.928, 1.827

0.126

334

Temperatures

3.3.4.1

Indoor and outdoor air temperatures before and after

lockdown
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The indoor and outdoor air temperatures of the classrooms both before and after
the lockdown during the occupied lessons are shown in Figure 3.6. Similar to the
CO, concentration, the indoor air temperature in the classrooms varied considerably.
Before the lockdown, the mean air temperature in the classrooms ranged

from 17.3 °C (C8) to 23.9 °C (C17), with an average of 20.4 °C. The lowest and
highest air temperature measured in the classrooms was 16.1 °C (C8) and 24.8 °C
(C17), respectively. Besides, the mean indoor-outdoor temperature differences
ranged from 1.6 (C24) to 11.4 °C (C34), with an average of 6.6 °C. After the
lockdown, the average air temperature in the classrooms ranged from 17.8 °C (C1)
to 24.4 °C (C36), with an average of 20.9 °C. The lowest and highest air temperature
measured in the classrooms was 15.4 °C (C4) and 27.1 °C (C22), respectively. The
mean indoor-outdoor temperature differences ranged from -3.5 (C36) to 12.5 °C
(C7), with an average of 6.2 °C. Three classrooms had indoor air temperature lower
than the outdoor level, of which two (C8 and C10) were visited in the heating season
(April 2021), and one (C36) in the non-heating season (June 2021).

For the comparison between pre- and post-lockdown periods, the P-values of the
Mann-Whitney U-tests are marked in Figure 3.6 for the classrooms. In 19 (619%)
classrooms, the indoor air temperature during the pre-lockdown period was
significantly lower than the post-lockdown period, while in the other 12 (39%)
classrooms the indoor air temperature was significantly higher during the pre-
lockdown period than the post-lockdown period.
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The outdoor air temperature also varied a lot throughout the two school visits.
Before the lockdown, the mean outdoor air temperature ranged from 8.6 to 17.4 °C
among the 11 schools, with an average of 13.7 °C, while after the lockdown it ranged
from 8.8 to 27.5 °C, with an average of 15.5 °C. According to the Wilcoxon signed-
rank tests (Table 3.3), the outdoor air temperatures were significantly higher during
the post-lockdown period than during the pre-lockdown period (P = 0.021).

*P<0.05
2] *P<0.01
*** P <0.001
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FIG. 3.6 Indoor and outdoor air temperatures.

Note: a: pre-lockdown period; b: post-lockdown period. Above: box and whiskers plot of indoor air temperature inside the
classrooms (P: Mann-Whitney U-tests between pre- and post-lockdown periods); Below: average outdoor air temperatures at
each school.
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3.34.2

Time distribution of indoor air temperatures

120

The percentages of time when the air temperature inside the classrooms fell into
the seven ranges of the Dutch Fresh Schools guidelines are presented in Figure 3.7.
During the pre-lockdown period, the air temperature in 25 (81%) classrooms was
sometimes lower than A_, . while in 10 (32%) classrooms the air temperature was
sometimes even lower than C_,., with C8 being the coldest (96% of time < C_,.).
Still, 68%, 45%, and 6% of the classrooms had the air temperature always within
range C, B, and A, respectively. During the post-lockdown period, on the one hand,
the air temperature was still sometimes lower than A, in 23 (74%) classrooms,
and 11 (35%) of them had the air temperature lower than C_, . While on the other
hand, with the outdoor temperature increased with the seasons, more classrooms
had the air temperature exceeded the upper limit of the threshold ranges,
particularly in those visited during the non-heating season, where three (10%) of
them had the air temperature sometimes higher than C__..

On average, before the lockdown in 50%, 22%, and 10% of the occupied time the
indoor air temperature fell outside range A, B, and C, respectively, while after the
lockdown the percentages of time decreased to 34%, 15%, and 6%, respectively.
However, according to the Wilcoxon signed-rank tests (Table 3.3), no significant
difference was found in the mean percentages of time between the pre- and post-
lockdown periods, with P-values of 0.052, 0.140, and 0.794, for ranges A, B, and
C, respectively.

Healthy Air for Children



20
80
70
B> Cryax
2 60
E > Bax =< Crmax
=
% 90 > Ags =< Brax
3® 40 Z Anmin == Amax
30 2Buin - < Anin
20 92 Croin = < Bpin
10 I ! I B < Crin
0 . | 15
- N M T 0 © 0 O - N MO F 0 O N~ 0O - N O T W O N OO0 N T 0 O
O 0O 0O 0O 000 @ oI o oo oo s oo 68 6 o NN MO0 O
O 0000000000000V oooouoo o
Classroom
a)
100 . I
90 I .
80
70
®> Crnax
o 60 =
= > Brax - < Crnax
]
5 % > A < B
R 40 2 Anin =< Amax
30 "2 Brmin = < Amin
20 %2 Coyin - < Brin
10 l B< Cpin
o M B AR RN RN HN B R OREs |
TN M T 0O 0O - AN®Mm T WO N 00 - N®M T WO NN 00 N®M S N O
O O O O 0O O O v 7= & & © ©m o o m o 6 N NN MMM D™
O 0000000000000 OUVUO0OOVLOOOo OO
Classroom

b)

FIG. 3.7 Time distributions of indoor air temperatures during occupied lessons in the classrooms among different categories of
Dutch Fresh Schools guidelines: (a) pre-lockdown; (b) post-lockdown.
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3.4

Discussion

3.41

CO, concentrations and ventilation rates in school
classrooms

122

During the pre-lockdown period, the outdoor CO, concentration varied considerably
among the schools, with an average of 371 ppm and a range of 261-450 ppm. The
classrooms were used with normal occupancy (7 to 29 students, mean 17 students)
and with windows and doors opened. The average indoor CO, concentration spanned
a range (458 to 1255 ppm) similar to several recent field studies [39,43,53], but
lower than those measured in studies conducted during the previously non-pandemic
era (600 to 2500 ppm) [4].

The indoor CO, concentration in the classrooms was on average more than 50%
of the occupied time higher than level A of the Dutch Fresh Schools guidelines
(400 ppm above outdoor level), which is the warning level suggested by the
REHVA COVID-19 Guidance [32]. Also, on average over 30% of the time the indoor
CO, concentration was higher than level B (550 ppm above outdoor level), which
is approximately equal to the widely accepted threshold level of 1000 ppm [33].
Moreover, for an average of 12% of the time the indoor CO, concentration was
higher than level C (800 ppm above outdoor level), which is the upper limit and
considered not acceptable. In fact, 58% of the classrooms were able to keep the
indoor CO, concentration all time below level C, while only one sixth of them had it
always below level A, indicating periods of insufficient ventilation occurred in many
classrooms even with windows and doors opened.

Before the lockdown, the average VR, in the classrooms (4.6 to 64.1 L/s/p) was
higher than the results reported in a number of recent studies (0.8 to 12.0 L/s/p)
[53-55], yet for 13%, 45%, and 65% of the classrooms the average VR did not
fulfill the level C, B, and A of the Dutch Fresh Schools guidelines, respectively.

It should be noted that level B corresponds with the minimum requirement of

the Dutch Building Decree (8.5 L/s/p) (Table 3.3). Furthermore, according to a
number of studies and guidelines [33,56], a minimum ventilation rate of 10 L/s/p is
recommended for a good indoor air quality. In the present study, however, 45% of
the classrooms had an average VR, lower than 10 L/s/p (Table 3.3).
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3.4.2

Compared to the pre-lockdown period, the post-lockdown outdoor CO, concentration
among the schools was significantly higher, with an average of 426 ppm and a range
of 292-462 ppm. The number of occupants in the classrooms was significantly decreased
(5 to 21 students, mean 10 students) in order to keep 1.5 m distance between the
students. While not much changes were observed in the operation of windows and doors,
a significant decrease was found in both the indoor CO, concentration (459 to 941 ppm)
and the percentage of time the indoor CO, concentration was above level A (14%), B
(5%), and C (19%), respectively (Table 3.3).

While no significant difference was found in both VR and VR, VR, increased
significantly after the lockdown (from an average of 15.3 L/s/p to 32.5 L/s/p). After
the lockdown, VRp in all the classrooms fulfilled the minimum requirement of the
Dutch Fresh Schools guidelines (level C), 94% fulfilled the requirement of the Dutch
Building Decree (level B), and 87% fulfilled level A (Table 3.3). Moreover, 94% of the
classrooms had a VRp higher than the recommended 10 L/s/p. Such results, however,
were mostly due to the decrease in student occupancy, which was confirmed by the
GEE analysis as only the occupancy showed a significant effect on VR, (Table 3.5).

In other words, the significant increase in VR, during the post-lockdown period
compared to the pre-lockdown period resulted mainly from the reduction in
occupancy, and was not dependent on the operation of windows and doors.

Thermal conditions in school classrooms

123

Before the lockdown, all the school visits were conducted during the heating season.
The outdoor air temperature varied with 8.8 °C and had an average of 13.7 °C.

The indoor air temperature in the classrooms ranged from 17.3 to 23.9 °C, which
was cooler than those measured in the schools located in the same climate zone
during the heating season before the COVID-19 pandemic (19.0 to 26.0 °C)
[18,57,58]. As shown in Figure 3.7(a), according to the Dutch Fresh Schools
guidelines, more than 80% of the classrooms had an indoor air temperature lower
than the “very good” range (range A), while over 30% of them had an indoor air
temperature lower than range C. In fact, on average, during 50% of the time the
indoor air temperature in the classrooms fell outside range A, and 10% of the time
fell outside range C. Only 68% and 6% of the classrooms maintained the indoor
air temperature always within range C and range A, respectively (Table 3.3). It is
hence clear that during the pre-lockdown period the indoor air temperature was

on the cold side, and the thermal conditions in the classrooms were not satisfying,
possibly causing discomfort to the students and the teachers. Using the adaptive
model of thermal comfort prescribed in the ASHRAE 55 standard [59] to assess the
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average air temperature in the classrooms, it is shown that before the lockdown,
five of the 31 (16%) classrooms did not comply with the 80% acceptability limits,
and nine (29%) did not comply with the 90% acceptability limits, where all of them
were too cool. However, during the school visits it was often observed that students
were wearing their jackets inside the classrooms, indicating that their actual thermal
sensation may be cooler compared to the model if they wear normal indoor clothes.

Comparing the outdoor air temperature measured during the post-lockdown period
with the pre-lockdown period, a significant increase was observed among the
schools (Table 3.3). However, no significant difference was found in the indoor air
temperature before and after the lockdown. Nevertheless, a decrease in the average
time of indoor air temperature outside the ranges A, B, and C of the Dutch Fresh
Schools guidelines was observed (Table 3.3). Although the percentage of classrooms
with indoor air temperature all the time fulfilling range A increased by 10%, for
range B the number did not change, and for range C it decreased by 10%. Moreover,
after the lockdown, not only there were more than 30% of the classrooms with an
indoor air temperature colder than the lower limit of range C, but also 10% of them
had it warmer than the upper limit of range C, both indicating negative impacts

on occupants’ thermal comfort. The variations in the indoor air temperature were
possibly affected by the outdoor environment. According to the ASHRAE 55 adaptive
thermal comfort model [59], three (10%) classrooms did not comply with the 80%
acceptability limits, and eight (26%) did not comply the 90% acceptability limits.

In general, keeping the windows and doors opened on the one hand helped
increasing outdoor air supply compared to the pre-pandemic era [4], yet on the
other hand also harmed the thermal conditions for the students, in particular during
the heating season. If the schools had been open in the winter, during which outdoor
air temperatures can be much lower than the ones that were measured in this study,
the temperature indoors would have been even colder assuming the same measures
were taken. Such thermal comfort related problems resulted from improving
ventilation by means of increasing opening windows and doors have been extensively
reported by recent field studies, both before and during the COVID-19 pandemic
[41,60,61].
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3.4.3

Limitations

125

First, the results are limited because in this study almost all the school visits were
conducted during a part of the heating season, and thus the situation in both the
lockdown period (during the winter time) and the non-heating season were rarely
represented. Also, each school visit only lasted for one day, and therefore, not all
possible occupancies and behaviors in the classrooms were included in the study.
This can have affected the results of the indoor environmental measurements. In
particular, the ventilation rates that can be reached with mechanical ventilation (if
present) without opening the windows and doors, could not be determined. The
monitoring of the outdoor environments was also limited in time, especially during
the first school visits, in which not enough data was collected to fully represent the
fluctuations of the outdoor environmental parameters, and consequently its effects on
the indoor environmental conditions. Nevertheless, by selecting the same classrooms
before and after the lockdown, and monitoring the environmental parameters at
different locations in the classroom as well as noting the number of occupants per
lesson, a comparison could be made of the situations before and after the lockdown.

Second, the intention of the study was to study “normal” conditions before

the lockdown, and compare them with “adjusted conditions caused by

COVID-19 measures” in schools with different ventilation regimes. Unfortunately,
the “normal” situation before the lockdown turned out to be already influenced by
COVID-19 measures, namely “opening windows and doors” as much as possible,
regardless of the ventilation regimes: natural or mechanical (mechanical supply only,
mechanical exhaust only, both mechanical supply and exhaust). This also limited
further investigation on the differences among ventilation regimes.

Third, the calculation of ventilation rates in the classrooms was based on a five-minute
period of each occupied lesson that fulfilled the steady-state condition, and a fixed

number of occupants per lesson, of which the CO, generation rate per person was

estimated as one fixed value for all occupants, which in fact differs for each person with
factors such as sex, age, and activity, etc. [62]. Therefore, such estimation might lack
accuracy, since this study has involved students spanning a certain age difference, as well
as different types of secondary education with both theoretical and practical settings.

Finally, occupants’ subjective assessments on the IEQ conditions of the classrooms
have not been collected in this study. Consequently, the analyses related to comfort
issues were purely based on physical measurements, observations, using existing
standards and guidelines as the major references, which however, are mostly based
on the models of adult occupants. Hence, such results may deviate from the actual
perceptions of the students [57,63,64].
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Conclusions and recommendations

In this field study, surveys were conducted among 11 secondary schools in the
Netherlands from October 2020 to June 2021, both before and after a national
lockdown that lasted from December 15, 2020 to March 1, 2021, to investigate
the CO, concentration, ventilation rate, and thermal condition in the classrooms.
In the end, the results of 31 classrooms were reported, and the conclusions and
recommendations are drawn as follows:

Before the lockdown, the classrooms were used under normal occupancy of an
average of 17 students, with windows and doors kept open. Only one sixth of the
classrooms could maintain the indoor CO, concentration below the preferred level

A of the Dutch Fresh Schools guidelines, and in 42% of the classrooms it exceeded
the upper limit of acceptable indoor CO, level during some periods. Meanwhile,

the ventilation rate per person (VRp) in 13% of the classrooms did not meet the
minimum requirement (6 L/s/p), while only 55% of the classrooms achieved the level
recommended by different standards and guidelines (10 L/s/p).

After the lockdown, the average occupancy decreased to 10 students per classroom,
while the operation of windows and doors remained similar. Although the indoor

CO, concentration decreased significantly, in terms of ventilation rates, only VRp
showed a significant increase. The total ventilation rate per classroom did not
change significantly. Over 90% of the classrooms reached a VR, higher than the
recommended level of 10 L/s/p. The GEE analysis showed that the increase in VRp
between pre- and post-lockdown periods was mainly associated with the decrease in
occupancy, rather than the operation of windows and doors.

Thermal conditions in the classrooms were, according to the guidelines, not
satisfying during both the pre- and post-lockdown periods. Before the lockdown, the
air temperature in the classrooms was generally on the cold side, most likely caused
by the measure of opening windows and doors constantly, where 32% of them had
the indoor air temperature deviating from the required range C. After the lockdown,
the percentage increased to 42%, with both unacceptably low and high levels being
observed in several classrooms. Such conditions can possibly cause discomfort to

3.5
3.5.1 Conclusions
the students.
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It is hence concluded that with windows and doors kept open, both the ventilation
and thermal conditions in the classrooms did not fulfill the recommended standards
and guidelines at all times, and need to be further improved. Reducing occupancy
can indeed increase the ventilation rate per student in the classrooms, when the
total amount of outdoor air supply achieved does not vary greatly . However, this
might not be an immediate solution for the schools to implement, given limited space
and staff.

Recommendations

Overall, more controllable and flexible ways for improving indoor air quality and
thermal comfort in school classrooms are needed. Well-designed mechanical
ventilation systems that can provide sufficient air supply per occupant and can be
demand controlled according to occupancy and activities, are needed [65,66]. This
is not only essential for maintaining good indoor air quality, but also for ensuring a
thermally comfortable indoor environment in the school classrooms.

Previous studies have also indicated the potential of personalized environmental
control systems, such as personalized ventilation systems, as a possible solution
for improving the local indoor environmental quality of the occupants and ensuring
their health and comfort. However, further development is needed concerning the
particular scenarios in school classrooms, as well as the preferences and needs of
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Mobile air cleaners for infectious
respiratory particle removal

Part I. Using mobile air cleaners
in school classrooms for aerosol
removal: Which, where and how

First published as: Ding, E., Giri, A., Gaillard, A., Bonn, D., & Bluyssen, P.M. (2024). Using mobile
air cleaners in school classrooms for aerosol removal: Which, where and how. Indoor and Built
Environment, 33(10), 1964-1987.

Mobile air cleaners (MACs) have been proposed as a supplementary solution to
combat the spread of respiratory aerosols in school classrooms. To determine
which, where and how to use MACs, seven small- and medium-sized MACs were
selected and assessed for different settings and configurations by 1) a decay test for
determining the clean air delivery rate (CADR), and 2) a perception test with a panel
of subjects, together with physical measurements, of noise and air movement. The
findings show that to achieve the desired CADR (appr. 1000 m3/h for 30 students
per classroom), the key factors are the induced airflow pattern and the location

of the MACs. MACs with an upward air supply toward the occupied zone showed
much higher CADR (max. 775-1332 m3/h) than those with a horizontal air supply
(max. 219-333 m3/h). Moreover, using multiple devices simultaneously was crucial
when the room size was increased, and combining mechanical ventilation could
improve aerosol removal. Achieving a sufficient CADR would always lead to a noise
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level above the limit of 35 dB(A), yet sometimes the rating of the panel was more
than 50% acceptable. The air velocities mostly fulfilled the requirement (< 0.2 m/s),
which aligned with the positive panel assessment. Hence, the evaluation by a panel of
subjects can help to optimize the use of MACs in a classroom.

mobile air cleaners, clean air delivery rate (CADR), respiratory aerosol, classroom,
noise, air movement

Introduction

134

For years, the COVID-19 pandemic has significantly raised the public’s concern for
indoor air quality (IAQ) and the need for effective ventilation and air cleaning. This
is due to the airborne transmission of SARS-CoV-2, primarily through pathogen-
laden respiratory particles, also called infectious aerosols. Such aerosols are
released when individuals breathe, speak, cough or sneeze, serving as a key route
for cross-infection amongst indoor occupants [ 1-4]. Since school classrooms

are indoor spaces with a dense occupancy and a long-occupied time per day,
there is a high risk of such cross-infection to take place [5]. During the pandemic,
schools worldwide were closed to prevent further outbreaks [6]. Such measures,
consequently, hindered the teaching and learning activities and affected children’s
mental and physical health adversely [ 7,8], which is far from ideal and should not be
the only option for combating new crises in the future. Therefore, better strategies
for ventilating/air cleaning to minimize the transmission of infectious aerosols in
classrooms are needed.

For decades, problems with IAQ and ventilation in classrooms have been widely
reported. For instance, in studies conducted in the United States of America [9], the
United Kingdom [10], Italy [11], China [12], Denmark [13], France [14] and the
Netherlands [ 15], IAQ-conditions and ventilation performance in classrooms were
often found to be unsatisfying or insufficient [16,17]. A study by Ding et al. [ 18]

on Dutch secondary schools during the COVID-19 pandemic showed that with full
student occupancy, nearly half of the classrooms had a CO, concentration exceeding
the upper limit of the national guideline, and one-eighth had a ventilation rate per
person lower than the minimum requirement, even with windows and doors open
almost all the time. For the post-pandemic era, after gradually returning to normal,
the opening of windows and doors is foreseen to be limited due to other aspects

of indoor environmental quality (IEQ), such as thermal comfort and acoustics.
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Considering that most classrooms only have natural ventilation and renovating the
entire building for installing a centralized ventilation system is not always feasible,
alternative options should be provided to ensure a good IAQ [19].

Air cleaning, by definition, means “the use of equipment that removes particulate,
microbial or gaseous contaminants (including odours) from air [20].” More
specifically, according to a recently released ASHRAE standard (ASHRAE 241-2023),
within the scope of controlling infectious aerosols, air cleaning refers to “reducing
the concentration of infectious aerosols in the air through capture and removal or

by inactivation [21].” Previous studies have shown the ability of air cleaning devices
to eliminate particulate matters (PMs) (as well as other contaminants) to improve
IAQ and its benefits for occupants’ health [22-24]. Air cleaning technologies that

are commonly used for removing aerosols include filtration (normally with high-
efficiency particulate air (HEPA) filters), electrostatic, plasma/negative ion, ultraviolet
germicidal irradiation (UVGI, particularly UV-C with a wavelength of 180-280 nm)
and photocatalytic oxidation (PCO) [25]. For the past decade, commercial air
cleaning products have become increasingly popular due to the rising awareness of
atmospheric air pollution [26]. Nowadays, driven by the pandemic, there are concerns
regarding their capability to be used as a supplementary measure for reducing
human-generated air pollutants, such as pathogen-carrying respiratory aerosols [27].

Amongst different types of air cleaning devices available in the market, mobile air
cleaners (MACs) have the advantage of being more flexible and affordable. Although
mainly designed for household or office usage, recent studies have demonstrated
that MACs can also serve as a good solution for aerosol removal in school
classrooms [28]. For instance, Jhun et al. [29] examined the performance of a small-
sized MAC (clean air delivery rate (max. CADR) approx. 200 m3/h) by week-long
monitoring in two groups (control and intervention) of elementary school classrooms
for air contamination. The results showed that the indoor PM level was reduced by up
to 49% in the intervention classrooms, with four devices placed in the middle of the
walls, in comparison to the control classrooms. Burgmann and Janoske [30] tested

a large MAC (max. CADR approx. 1200 m3/h) in a secondary school classroom by
monitoring the decay of artificial aerosols, where the MAC was located at the back

of the room. The aerosol concentration (size 0.3-10 um) was decreased by 80%
within 30 minutes. Curtius et al. [31] assessed the efficiency of a small-sized MAC
(max. CADR approx. 300 m3/h) by measuring aerosol concentration during actual
lessons in a high school classroom. Four devices were placed at different locations in
the room: two at the front corners, one at the centre and one at the back. According
to the results, when windows and doors were closed, the aerosol concentration was
reduced by more than 90% within less than 30 minutes, leading to an experimental
CADR comparable to the nominal value.

Developing strategy



136

Previous studies have also indicated that the performance of MACs in school
classrooms depends on several important factors. According to Burgmann and
Janoske [30] and Narayanan and Yang [32], the location of the contaminant source
plays a significant role, and the MAC should be ideally placed close to the source
for a higher removal rate of respiratory aerosols. However, in real-world scenarios,
it is not always possible to identify the source person, and the space available may
be limited due to the activities in the classroom. A more practical approach would
be to determine the location of the MAC in combination with the dimension of the
device, the fan capacity, as well as the airflow pattern (i.e., the way that the air inlet
and outlet are configurated in the MAC), to obtain optimal clean air delivery in the
room, as discussed in a number of studies [33-36]. Moreover, the number of devices
adopted per classroom should also be considered based on the amount of CADR
needed [31,36].

Besides aerosol removal, noise and draughts generated by the MACs are also
important. High noise levels of MACs were often reported in previous studies
[31,37,38]. However, according to surveys conducted amongst pupils and teachers,
the noise generated by MACs was sometimes rated acceptable [31,38]. Compared
to noise, however, draught discomfort caused by MACs was less concerning. In the
lab experiment conducted by Bluyssen et al. [37], when the airflow rate of the MAC
was below 800 m3/h, the air velocity did not exceed 0.2 m/s, and the panel rating of
the draught remained lower than 10% dissatisfied. In the field study by Curtius et
al. [31], no evidence of students or teachers being disturbed by draughts from MACs
was found.

To summarize, researchers have investigated various aspects of using MACs in
classrooms. However, most existing studies mainly investigated a single type of

MAC, usually with HEPA filters, under a limited number of conditions. Consequently,
systematic strategies for using MACs in school classrooms have not yet been formed.
Therefore, the present study aims to determine which, where and how to use MACs in
classrooms to reduce respiratory aerosols as efficiently as possible while keeping the
occupants comfortable.
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4.2

Methods

4.2.1

Selection of mobile air cleaners

4.2.11

Collection of information on available mobile air cleaners

4.21.2

To collect information on the available MACs applicable to classrooms, existing
products were searched within two ranges: 1) professional organizations or
associations and 2) e-commerce platforms. In total more than 300 products were
found, and were further screened based on the following criteria, which resulted in a
preliminary list of 152 pre-selected products:

The brand develops its own mobile air cleaning products.

The main air cleaning technology of the product is filtration, i.e., using HEPA (high-
efficiency particulate air) or EPA (efficient particulate air) filters, electrostatic (ES) or
plasma (PL), can be supplemented by activated carbon (AC) and/or UV-C.

Detailed technical specifications of the product are provided.

The product is available in or can be bought within the Netherlands.

Main specifications of mobile air cleaners
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The pre-selected products were categorized and compared using the following eight
parameters, based on the specifications provided by the brand:

Air cleaning technology: Figure 4.1 shows the 15 different (combinations of) air
cleaning technologies equipped by the pre-selected products.

Airflow pattern: Figure 4.2 presents 26 types of airflow patterns of the pre-selected
products. Most commonly, the contaminated air is sucked horizontally from the side
of the device, and the clean air is supplied vertically from the top.

Efficiency: the pre-selected products all have a specified aerosol removal efficiency of
> 99.95%, which is equivalent to the filter class of E12 or higher as prescribed in the
European standard EN 1822-1 [39].

Fan capacity and CADR: the fan capacity is the maximum airflow rate the MAC can
provide, usually in m3/h. Most of the pre-selected products have multiple settings (of
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fan level). For some devices, the CADR (m3/h) is specified, which equals the aerosol
removal efficiency multiplied by the airflow rate or the decay rate of the aerosol
concentration multiplied by the room volume, thus indicating both the efficiency and
fan capacity of the device [40]. Since all the pre-selected products have an efficiency
of > 99.95%, the CADR can be considered approximately equal to the fan capacity.
The fan capacity (or CADR) of the selected products varied from 60 to 2500 m3/h.
Noise level: the specified noise level of the pre-selected products varies with the MAC
settings, which range from 18 to 60 dB(A).

Dimensions: generically the fan capacity of the MAC increases with its size. However,
the device should also be able to fit in classrooms causing minimum hindrance to the
teaching and learning activities.

Maintenance: the maintenance of the MACs includes, most importantly, the filter

life and its cost. The supplementary AC filter and UV-C lamp may add to the cost;
however, for many products, the AC filter is combined with the main filter.

Price: the price of the pre-selected products ranged from 60 to 7000 euros
(including VAT).
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FIG. 4.1 Air cleaning technologies equipped by 152 pre-selected mobile air cleaners.
Note: HEPA: high-efficiency particulate air filter; AC: activated carbon; UV-C: ultraviolet-C; ES: electrostatic;
PL: plasma; EPA: efficient particulate air filter.
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FIG. 4.2 Airflow patterns of 152 pre-selected mobile air cleaners.

4.2.1.3

Selection of mobile air cleaners
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To select the proper MACs for the tests, several criteria were considered both for the
technical requirements and feasibility of operating such devices in classrooms:

Considering the testing methods used in the present study, and recommendations of
certain guidelines [41,42], MACs that used UV-C were excluded.

To ensure efficient aerosol removal, a filter class of H13 or higher, according to

EN 1822-1 [39], is recommended [43]. Hence, the MACs with an efficiency lower
than H13 were excluded.

According to the Dutch Fresh Schools guideline, the noise level of classroom
installations should be < 35 dB(A) [44]. Therefore, the MACs with a minimum noise
level above 35 dB(A) were excluded.

To ensure a good IAQ, a ventilation rate of 8.5 - 10 L/s per person is recommended
[45-47]. Taking the student occupancy in a typical classroom as 30 persons, the total
ventilation rate required is thus around 1000 m3/h. This should also be the requirement
of the CADR achieved by the MACs. Considering the product size and fan capacity, for
each type of MAC, a maximum of four devices can be used per classroom. Hence, the
device should have a CADR = 250 m3/h, and those that did not were excluded.

Developing strategy



140

Considering the affordability of the schools, the total budget of MACs per classroom
was set to be 3000 euros. Thus, by multiplying the price and number of devices
needed per classroom, those that reached a total cost higher than 3000 euros
(including VAT) were excluded.

Based on the aforementioned criteria, 72 products were excluded. The

remaining 70 products were then filtered by 1) reducing the number of similar
products from the same brand, and 2) eliminating unpractical airflow patterns, such
as a vertical air outlet from the bottom, or a stratum airflow. This led to a shortlist

of 27 products, from which the most suitable one of each brand was eventually
selected, considering the fan capacity (CADR), noise level, dimensions and price. The
selection process is illustrated in Figure 4.3. In the end, eight types of floor-standing
MACs were selected, representing unique combinations of air cleaning technology
and airflow pattern that differed in fan capacity (CADR) and dimensions. The brands
producers were then approached to purchase the devices. However, until the end of
the study, one type of device was not delivered, and thus, only the other seven were
tested. Each of these seven types of MACs was given a number for identification in
this study, as noted from MAC1 to MAC7. To achieve the required CADR, for MACS5,
one device was required; for MAC1, MAC4, MACG6, and MAC7, two devices were
required; for MAC2 and MAC3, four devices were required. The detailed information is
listed in Table 4.1.
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TABLE 4.1 Information on the selected mobile air cleaners.

Devic®a Air Airflow Fan Settings | Efficien- | Noise Num- Price (in-
cleaning | pattern capacity level® ber of cluding
technolo- (CADR)® [dB(A)] devices | VAT)P
[m3/h]
MAC1 1-10 19.0 x
19.6 x
101.8
MAC2 HEPA + No.3 610 1-3 H13 19-57 306(0) 4 480
ES + AC x 70.5
MAC3 ES No.10 330 1-4 H13 19-53 27.0 x 4 380
27.0 x
50.0

MAC4 ES + AC No.12 735 1-3 H13 27-55 34.0 x 2 1100
34.0 x
85.5

MAC5 ES + AC No.7 1386 1-5 H13 33-49 38.0 x 1 1900
38.0 x
76.0

MAC6 HEPA No.11 565 1-8 H13 18-51 33.2x 2 500
33.6x
60.6

MAC7 HEPA No.15 750 1-8 H13 26-65 68.8(0) |2 1500
x 25.4

a MAC: mobile air cleaner.
b As specified by the brand.
c The numbers refer to the airflow patterns numbered in Figure 4.2.

4.2.2

Assessment of mobile air cleaners
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The assessment of the selected MACs consisted of two parts: 1) an aerosol decay
test: the time evolution of aerosol concentration was monitored after filling the room
with aerosols generated by a specific spraying technique, to calculate the aerosol
removal rate and CADR, and 2) a panel perception test: a panel of subjects was
recruited to assess the noise and air movement by completing questionnaires. The
panel perception test also included physical measurements of sound pressure level
and air velocity. All the tests were conducted from May to July 2023, in the Experience
room of the SenselLab at the Delft University of Technology [48]. The Experience room
has a size of 6.1 (length) x 4.2 (width) x 2.7 (height) = 69.2 m3, with two windows
and one door, and the interior was set up as a classroom, with tables, chairs and

a smartboard. The Experience room was equipped with an independent ventilation
system, which can switch between mixing and displacement ventilation, with a
maximum ventilation rate of 1200 m3/h and a HEPA filter of a filter class of H14.
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Aerosol decay test
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Aerosol generator

An aerosol generator was adopted as the source of respiratory aerosols for the
decay test, using an artificial saliva liquid made of 98.5 wt% water + 1 wt%

glycerin + 0.5 wt% NaCl (salt). The aerosol generator consists of an HPLC pump
(model: SHIMADZU LC-10AD), a Pulmospray™ spray nozzle for generating aerosols
(provided by Medspray®), and an air compressor. The latter gently blows air around
the spray nozzle, dispersing the aerosols and preventing too much coalescence
[49]. The Pulmospray™ contains a nozzle (spray chip), a liquid tube and an air tube.
When the aerosol generator is operated, the liquid is pumped from a stock bottle to
the spray nozzle using the HPLC pump at a flow rate of 0.8 - 0.9 ml/min. The spray
nozzle produces multiple parallel liquid jets that break into droplets, which are then
mixed with the co-airflow to form a constant spray. After being sprayed into the
room air, the water in the droplets evaporates rapidly [50], while the glycerin and
salt remain in the form of aerosols. The sizes of the droplets and aerosols produced
by the Pulmospray™ were previously determined using the Spraytec laser diffraction
system (manufactured by Malvern Panalytical). The average size of the droplets
(measured at 10 cm away from the spray outlet) was 7 um, and the average size of
the aerosols (measured at 1 m away from the spray outlet) was 4 um. The aerosol
generator was placed in the middle of the Experience room, with the spray facing the
front of the room. The setup is shown in Figures 4.4-4.5.
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FIG. 4.4 Set-up of the aerosol generator.
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FIG. 4.5 Set-up of the aerosol decay test.
Note: view from the top of the Experience room, where A, B, C, D, E and F represent the tables, the dark blue
rectangle represents the smartboard, and the light blue rectangles represent the door (top) and windows (bottom).
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Measurement instruments

Previous studies have shown that the human respiratory aerosol sizes span a wide
spectrum from 0.1 pm to over 1000 pm [51-53]. Nonetheless, researchers have
also found that aerosols with a size of 1-10 pm are mostly prevalent during a
variety of respiratory activities for which PM, . and PM, , can hence be considered
good representatives [54,55]. The PM, . (particulate matters of a diameter

of 2.5 ym and smaller) and PM,, (particulate matters of a diameter of 10 ym and
smaller) concentrations were measured by six NOVA PM sensors (model: SDS011),
which were evenly distributed in the Experience room on six tables (Figure 4.5).
The logging interval was 10 seconds, and the real-time data was read out on a
computer outside the room to remotely monitor the PM concentrations. Besides,
the concentrations of total volatile organic compound (TVOC) and ozone (0,) were
also continuously monitored by a Kanomax Gasmaster monitor (model: 2750) and
an Aerogual O; monitor (model: Series 500), respectively, with a logging interval
of 1 minute, to assure the levels are within the acceptable range. These two monitors
were placed on a table near the center of the room (Figure 4.5).

Test conditions and procedure

The test conditions consisted of two parts: setting and configuration, as presented in
Table 4.2.

TABLE 4.2 Conditions of the aerosol decay test of the selected mobile air cleaners.

Tested settings® Tested configurations® Number of conditions

MAC1 (L4), S2 (L10) c1,C2 4
MAC2 S1(L1), 2 (L2) c1,C2 3
MAC3 S1(L2), S2 (L4) c1 2
MAC4 S1(L1), 2 (L2) Cc1,C2,C3 5
MAC5 S$1(L1), S2 (L5) c1,c2 4
MAC6 S1(L4), S2 (L8) c1,c2,C3 5
MAC7 S1(L4), S2 (L8) c1,c2,C3 5

a MAC: mobile air cleaner.
b S:setting; L: fan level. Configuration.
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As shown in Table 4.1, the selected MACs all had different settings (i.e., fan levels).
For each MAC, to determine the settings for the tests, a pre-test was performed

to examine the noise level of each setting. Based on the results, two settings were
selected for each MAC, which were:

Setting 1 (S1): the highest setting with a noise level lower than 35 dB(A).
Setting 2 (S2): the highest setting with a noise level lower than 55 dB(A), which was
normally the maximum setting of the MAC, except for MAC2 and MAC4.

In Table 4.1, different numbers of devices are required for each MAC depending on
the fan capacity. Hence, the configuration included both the number and location of
devices, as shown in Figure 4.6:
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FIG. 4.6 Configurations of the mobile air cleaners for the aerosol decay test.
Note: view from the top of the Experience room, where A, B, C, D, E and F represent the tables, the dark blue rectangle
represents the smartboard, and the light blue rectangles represent the door (top) and windows (bottom).
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— For one device, configuration 1 (C1): at the middle of the back wall;
configuration 2 (C2): at the front of the room, slightly on the side to avoid blocking
the smartboard.

— For two devices, C1: one in the front next to the smartboard, and the other at the
middle of the back wall; C2: diagonally at two corners; C3: only one device, at the
middle of the back wall, operating at S2.

— For four devices, C1: at four corners; C2 (only for MAC2): two MACs, diagonally at
two corners, operating at S2.

Each decay test started with a build-up phase and ended with a decay phase, as
shown in Figure 4.7. During the build-up phase, the aerosol generator was turned on
to fill the room with aerosols. Two floor-standing fans were used to help accelerate
the mixing process (Figure 4.5). When the real-time aerosol concentrations were
read to be well-mixed and reached a steady state, the build-up phase was completed,
normally taking 60 minutes. The aerosol generator and the fans were then turned

off, and the MAC(s) was(were) turned on to start the decay phase. The decay

phase usually lasted for 90 minutes, until the concentrations of both PM, . and

PM,, decreased considerably (< 5 pg/m?3). Before and after each test, the mixing
ventilation of the Experience room was turned on with an airflow rate of 1200 m3/h
to flush the room for 15 minutes to maintain the aerosol concentrations at a very low
level (< 1 pg/m3).

mechanical ventilation off aerosol generator off MAC(s) off
aerosol generator on floor-standing fans off mechanical ventilation on
floor-standing fans on MAC(s) on

v v v

aerosol build-up phase aerosol decay phase flush room air

60 min 90 min 15 min

monitoring PMs concentration

FIG. 4.7 Procedure of the aerosol decay test.
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During the tests, everything was set to be remotely controlled (except for MAC5),
and the mechanical ventilation system was turned off with the windows and door
closed. In addition, as natural decay (possibly due to gravitational sedimentation in
this room) can always take place simultaneously, independent tests of natural decay
were performed at different times during two consecutive days in May and one day
in July, without any MACs or mechanical ventilation operating in the room. Moreover,
air temperature and relative humidity were measured in the meantime by six HOBO®
loggers (model: MX1102A) placed next to the PM sensors, with a logging interval
of 1 minute.

Aerosol removal rate and clean air delivery rate (CADR)

The total decay (with single or multiple devices, depending on the configuration) and
natural decay of aerosol concentration can be described by equation (4.1) [56,571:

C(Z) =C, +(C=C)e ™" ey = Kt orar OF Kpyg (4.1)
Where:

Cpy is the aerosol concentration [ug/m?3].

t is the time after the decay process starts [h].

Cou o is the initial aerosol concentration of the decay phase at t = 0 [pg/m3].
Cpu. IS the aerosol concentration when t >> kp,, ~' [ug/m?].

koy is the decay coefficient of aerosol concentration [h™'].

Kpu total 1S the coefficient of the total decay, here also the total aerosol removal rate
[h'].

kpw o Is the coefficient of the natural decay [h™'].

Hence, Kpy o1 @Nd kpy , Can be determined by non-linear regression, here performed
by IBM SPSS Statistics 28.0. The aerosol removal rate of the MAC kp, ... (with single
or multiple devices, depending on the configuration) can thus be calculated using

equation (4.2) [56,571:

k

PM ,mac = k k (42>

PM total — "VPM,n

As mentioned previously, CADR is a widely adopted indicator of the performance

of MACs, as it indicates both the aerosol removal efficiency and the airflow rate the
device can achieve. The CADR of the MAC (with single or multiple devices, depending
on the configuration) is determined by equation (4.3) [56,57]:
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CADR =kppy oo XV (4.3)
Where:

Kowm mac 1S the aerosol removal rate of the mobile air cleaner [h™'].
V is the volume of the room [m?3].

Panel perception test

149

Subjects and questionnaires

Eight PhD students (four males and four females, aged from 28 to 35 years) were
recruited as subjects for the perception tests during June and July 2023. For each
perception test, a panel of six subjects (three male and three female) was formed to
evaluate the sound and air movement generated by MACs. The subjects were first
asked to report their perception (feel/not feel) of the sound and air movement. If
they did sense any sound and/or air movement, they were further asked to rate the
intensity and assessment using a 5-point scale:

Intensity: for sound: from “quiet” to “loud;” for air movement: from “mild” to
“strong.”
Assessment: for sound and air movement: from “bad” to “good.”

For air movement, an extra question was included, asking the subjects to specify

which body part(s) they sensed it. The sample of the questionnaire are presented in
Appendix B.1.

Test conditions and procedure

Based on the results of the aerosol decay test, the configuration with a higher
aerosol removal rate and CADR were selected for each MAC to perform the
perception test. For MAC5, MAC6 and MAC7, the difference between the two
configurations was insignificant, and thus both configurations were tested. For all
the MACs, the same two settings as the decay test were tested with the panel. In
addition, for MAC1, MAC3, MAC5, MAC6 and MAC7, a third setting (S3) between the
two previous tested settings was included. The total conditions tested for each type
of device are listed in Table 4.3.

Developing strategy



TABLE 4.3 Conditions of the panel perception test of the selected mobile air cleaners.

Tested settings® Tested configurations® Number of conditions

MAC1 (L4), S2 (L10), S3 (L7) 3
MAC2 S1(L1), 52 (L2) c1 2
MAC3 S1(L2), S2 (L4), S3 (L3) c1 3
MAC4 S1(L1), 2 (L2) c2 2
MAC5 S1(L1), S2 (L5), S3 (L3) c1,c2 6
MAC6 S1 (L4), S2 (L8), S3 (L6) c1,c2 6
MAC7 S1(L4), S2 (L8), S3 (L6) c1,c2 6

a MAC: mobile air cleaner.
b S:setting; L: fan level.
¢ C: configuration.
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When the subjects arrived, they were asked to rest for 10 minutes in the waiting
area while completing a consent form and a general information form to report
their mood and the clothing they wore at the time (see Appendix B.1), after which
they were seated at six tables in the Experience room (same as the aerosol decay
test) (Figure 4.8). Each type of MAC was tested during an independent session,
which started with an acclimatization condition (MAC(s) off), followed by the

real test conditions (MAC(s) on). Figure 4.9 shows the procedure of the panel
perception test with a sample session of three test conditions. Each test condition
lasted for 6 minutes, during which the MAC(s) was (were) turned on for 5 minutes,
and then turned off for the last minute. The subjects were asked to complete the
questionnaire 3 minutes after the condition started. For each session, the test
conditions were conducted in a randomized order. After each session, there was

a 10-minute break for switching the MACs and preparing for the next session, when
the subjects were asked to leave the room. The mechanical ventilation system in the
Experience room was turned off during the sessions, while during the breaks it was
turned on to flush the room air. In addition, air temperature and relative humidity
were measured in the meantime by six HOBO® loggers (model: MX1102A), with a
logging interval of 1 minute.
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FIG. 4.8 Set-up of the panel perception test.

Note: view from the top of the Experience room, where A, B, C, D, E and F represent the tables, the dark blue
rectangle represents the smartboard, and the light blue rectangles represent the door (top) and windows
(bottom).
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FIG. 4.9 Procedure of the panel perception test.
Note: example with a session of three test conditions.
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Measurements of sound pressure level and air velocity

The sound pressure level (SPL) was measured using a Norsonic sound analyzer
(model: Nor140), which was placed at the front of the room (Figure 4.8), both
during the panel perception test and after, when the room was empty. Each
measurement lasted for 2 minutes. The air velocity was measured using a Dantec

ComfortSense anemometer (model: 54T033), which was placed in front of each table

where the subjects were seated, at a height of 1.1 metres (breathing zone). The air
velocity measurements were conducted after the panel perception test, and each
measurement lasted for 3 minutes.

Ethical aspects

This study was approved by the Human Research Ethics Committee (HREC) of Delft
University of Technology on 16 April 2023 (Case ID: 3007).

Application in a real classroom

152

To examine the performance of the MACs in real-world scenarios and also as

a validation of the results of the lab experiment, an aerosol decay test was

further conducted in a real classroom at the Faculty of Architecture and the Built
Environment of Delft University of Technology during July 2023. The classroom

has a size of 6.7 (length) x 6.1 (width) x 3.4 (height) = 139.0 m3, with six
openable windows and one door (Figure 4.10). The classroom was equipped with

a mechanical ventilation system with air supplies on both sides and an air exhaust
in the middle of the ceiling. Based on the results of both the aerosol decay test and
the panel perception test conducted in the Experience room, one optimal condition
was selected for each MAC to be tested in the classroom, as listed in Table 4.4. The
procedure of the aerosol decay test was the same as performed in the Experience
room, with the same instruments and setup. One natural decay test was performed.
During the test the windows and door were closed, yet the mechanical ventilation
in the classroom was kept on due to building management. The calculations of
aerosol removal rate and CADR were conducted using the same methods as the

lab experiment.
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FIG. 4.10 Set-up of the aerosol decay test in the classroom.

TABLE 4.4 Conditions of the aerosol decay test of the selected mobile air cleaners in the real classroom.

Tested settings® Tested configurations®

MAC1 S2(L10) c2
MAC2 S2(L2) C1
MAC3 S2 (L4) ci
MAC4 S2(L2) c2
MAC5 S2 (L5) c2
MAC6 S2 (L8) C1
MAC7 S1(L4) c2

a MAC: mobile air cleaner.
b S:setting; L: fan level.
¢ C:configuration.
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4.3

Results

4.3.1

Aerosol decay test

4.3.11

Aerosol removal rate

140.0

For all MACs, the total decay rates of both PM, . and PM,, were similar amongst the
six sampling points (see Appendix B.2 or dataset [58]). Hence, for each condition,
the average aerosol concentration was calculated amongst the six locations at each
time point, and the average total decay curve was determined using equation (4.1).
For natural decay, kpy, , slightly varied among different time periods tested, yet no
association was found between such variation and indoor air temperature/relative
humidity (see Appendix B.2 or dataset [58]). Thus, the average natural decay
curves were determined by taking the average of all natural decay tests. The original
and averaged aerosol concentrations, as well as the fitted average decay curve of
MAC1 at S1 under C1, are presented in Figure 4.11 as an example.
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FIG. 4.11 Original and averaged aerosol concentrations and the fitted average decay curve of PM, . (left) and PM, (right) of

MAC1 operating at setting 1 under configuration 1 (§1_C1) in the Experience room.
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As the initial concentration Cy, , varied among different conditions, to have a better
comparison, the standardized aerosol concentration, Cp, .4, Was determined for both
total decay and natural decay fromt = 0 to t = 2 h, using equation (4.4):

CPM (t) - CPM,oo

CPM,O - CPM,OO

CPM,std (t) = (4.4)

Where:

Com.stq 1S the standardized aerosol concentration [-].

Cpu is the aerosol concentration [ug/m3].

tis the time after the decay process starts [h], here the range of is 0-2 h.
Cpm o is the initial concentration of the decay phase at = 0 [ug/m?3].
Cpp.o IS the concentration when t >> ko, -1 [ug/m3].

The results of the standardized average curves are shown in Figure 4.12. For the
natural decay, kp , = 1.3 ™" (R? = 0.996) and 1.4 h"" (R? = 1.000) for PM, ; and
PM, . respectively. For all MACs, the differences between the total decay curves and
the natural decay curves, in other words, the differences between Ky, ., @and Koy
(i.e., kPMymac), were clear for all conditions, with MAC1 being the lowest and MAC7 the
highest. In fact, except for MAC1, for all the other MACs, the concentrations of
PM, . and PM, , were decreased by 90% within 30 minutes under all conditions
during the total decay. In addition, kp ... Was increased with the setting under the
same configuration for all MACs. Furthermore, for the MAC with one device (MAC5),
Kpm mac Was higher under C2 than C1 at all settings. For the MACs with two devices
(MAC1, MAC4, MAC6, and MAC7), Kpm.mac Showed a larger difference between
C1and C2 at S1. For MAC1, MAC4 and MAC7, kPM,mac was higher under C2 than C1,
while for MAC6 it was the opposite. However, the difference became negligible at
S2. Moreover, for MAC4 and MAC6, ko ., Of using only one device (C3) at S2 was
higher than using two devices at S1, under both C1 and C2. For MAC7, kpy ., Of
using only one device (C3) at S2 was almost equal to the one using two devices at
S1 under C2. Besides, for MAC2, kp, ... of using only two units (C2) at S2 showed a
similar result as using all four units (C1) at S1.
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FIG. 4.12 Standardized fitted average total decay curves of PM, . (left) and PM, (right) for the tested mobile

air cleaners in the Experience room.

Note: the regression functions and R? are listed in the order of the test conditions (from top to bottom).
The standardized average natural decay curves are plotted as the black dashed line (ND). MAC: mobile air
cleaner; S: setting; C: configuration.
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FIG. 4.12 Standardized fitted average total decay curves of PM, . (left) and PM, (right) for the tested mobile
air cleaners in the Experience room.

Note: the regression functions and R? are listed in the order of the test conditions (from top to bottom).

The standardized average natural decay curves are plotted as the black dashed line (ND). MAC: mobile air
cleaner; S: setting; C: configuration.
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FIG. 4.12 Standardized fitted average total decay curves of PM, . (left) and PM, (right) for the tested mobile
air cleaners in the Experience room.

Note: the regression functions and R? are listed in the order of the test conditions (from top to bottom).

The standardized average natural decay curves are plotted as the black dashed line (ND). MAC: mobile air
cleaner; S: setting; C: configuration.

Clean air delivery rate (CADR)

158

The results of CADR are presented in Figure 4.13 for both PM, . and PM, ;. The same
as Koy mac MACT and MAC7 showed the lowest and highest CADR, respectively,
while the other MACs showed similar results. As mentioned in the previous sections,
the minimum amount of ventilation (“clean” air) required by the Dutch Building
Decree [45] in classrooms is 8.5 L/s/person, while the recommended amount of
ventilation for a good IAQ is 10 L/s/person [46,47]. Assuming a student occupancy
of 30 persons, then the total amount of CADR would be 918 and 1080 m3/h,
respectively, as marked in the figures. For both PM, . and PM, ,, only MAC3 (with
four devices at S2 under C1) and MAC6 (with two devices at S2 under C1) reached
a CADR higher than 918 m3/h, and only MAC7 (with two devices at S2 under both
C1 and C2) reached a CADR higher than 1080 m3/h.
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FIG. 4.13 CADR of PM, . (left) and PM, (right) for the tested mobile air cleaners in the Experience room.

Note: the green lines denote the total amount of CADR based on 1) the minimum ventilation rate per person required by the
Dutch Building Decree [45] (8.5 L/s/person and 918 m3/h in total) and 2) the ventilation rate per person recommended [46,47]
(10 L/s/person and 1080 m3/h in total), with an assumption of 30 student occupancy. MAC: mobile air cleaner; S: setting;

C: configuration.

432 Panel perception test

4.3.2.1  Sound of the mobile air cleaners

The measured SPL of the MACs with and without the panel of subjects is presented in
Figure 4.14, and the outcome of the panel tests is in Table 4.5.
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FIG. 4.14 Sound pressure level (SPL) of the tested mobile air cleaners with (left) and without (right) the panel of subjects.
Note: the red line denotes the limit of SPL [35 dB(A)] in classrooms as prescribed by the Dutch Fresh Schools guideline [44].
MAC: mobile air cleaner; S: setting; C: configuration.
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The SPL of the MACs was 1-2 dB(A) lower when the room was empty than when
occupied. Under the setting of S1, almost all the MACs could maintain an SPL
below 35 dB(A). However, when the setting was increased, the SPL immediately
exceeded 35 dB(A) under all conditions, some even reached 50 dB(A). The SPL
did not increase linearly with the setting level, as for most of the MACs, the SPL at
S3 was very close to S2. Furthermore, for MAC5, MAC6 and MAC7 no significant
difference in SPL was found between C1 and C2.

All subjects sensed the sound generated by the MACs under almost all conditions.
The average sound intensity was mostly quiet (< 2) under S1 while loud (= 4)
under S2. For MAC5 and MAC7, the sound intensity was much higher with C1 than
with C2 configuration, while for MACS, the results were the opposite. The results
of the sound assessment were related to the sound intensity. Taking the score

of 3 as neutral, the average assessment was mostly acceptable (< 3) under S1, yet
often unacceptable (> 3) under S2 and S3. For MAC5 and MAC7, the sound was
less acceptable with C1 than C2, while for MACB6, the results were the opposite.
Nonetheless, with regards to the percentage of acceptability, for MAC2 operating
under S2, although the average assessment was above 3, 50% of the subjects
considered the sound to be acceptable. The same results were found for MAC4,
MAC5 and MAC6.
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TABLE 4.5 Results of the panel perception test.

- Percep- | Average | Average | Unac- Percep- | Average | Average | Unac-
tiond intensity | assess- | ceptabil- | tiond intensity | assess- | ceptabil-
[%] (1= ment ity [%] (1= ment ity [%]
quiet;5 | (1= [%]efo mild;5= | (1 = efg
= loud) good; 5 strong) good; 5
= bad) = bad)
MAC1 S1 Cc2 100 2.0 2.2 17 33 1.0 1.5 0
S2 Cc2 100 4.3 4.5 83 50 2.0 2.3 0
S3 Cc2 100 35 35 67 50 1.7 2.0 0
MAC2 S C1 100 2.2 2.5 17 67 1.0 1.8 0
S2 C1 100 3.7 3.5 50 83 1.4 2.0 0
MAC3 S1 C1 83 1.8 2.2 20 0 - - -
S2 C1 100 4.3 4.0 67 33 1.5 2.0 0
S3 C1 100 3.3 3.7 50 33 1.0 2.0 0
MAC4 S1 c2 100 1.3 1.5 0 0 - - -
S2 c2 100 3.7 3.5 50 67 1.8 2.3 0
MAC5 S1 C1 100 1.7 2.0 17 17 1.0 2.0 0
S2 C1 100 4.5 4.3 100 50 2.3 2.0 0
S3 C1 100 4.0 4.0 67 50 1.3 1.7 0
S1 c2 100 1.3 2.0 17 17 1.0 3.0 0
S2 c2 100 3.2 3.3 33 17 2.0 4.0 100
S3 c2 100 2.8 2.8 33 17 2.0 2.0 0
MAC6 S1 C1 100 1.5 2.0 17 50 1.3 2.0 0
S2 C1 100 2.7 2.8 17 67 1.5 1.8 0
S3 C1 100 2.7 25 17 83 1.4 1.6 0
S1 Cc2 100 1.8 2.0 0 0 - - -
S2 Cc2 100 4.0 3.8 67 83 1.6 1.6 0
S3 Cc2 100 35 35 50 67 1.5 1.5 0
MAC7 S1 C1 100 2.7 2.7 17 83 1.4 2.0 0
S2 C1 100 4.7 4.8 100 83 2.6 1.8 0
S3 C1 100 3.5 3.5 33 83 2.0 1.6 0
S1 Cc2 100 1.7 2.2 17 83 1.2 1.6 0
S2 Cc2 100 4.2 4.2 67 83 2.6 1.8 0
S3 c2 100 2.7 2.8 17 83 2.0 1.6 0

a MAC: mobile air cleaner.

b S: setting.

¢ C: configuration.

d Percentage of subjects that sensed sound or air movement generated by the MAC.

e Unacceptability vote: assessment of sound or air movement > 3.

f Unacceptability percentage amongst subjects who sensed sound or air movement caused by mobile air cleaners.
g -:none of the subjects sensed sound or air movement generated by the mobile air cleaners.
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Air movement of the mobile air cleaners

162

The measured air velocity of the MACs is presented in Figure 4.15, and the outcome
of the panel tests is in Table 4.5.

- FIG. 4.15 Air velocity of
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The average air velocity caused by the MACs did not exceed 0.2 m/s, which is
specified in several standards and guidelines (e.g., ASHRAE 55 [59]) as the upper
limit for avoiding draught discomfort (when the operative temperature is lower
than 23 °C), except for MAC7 under S2 with C1 configuration. The air velocity, like
the sound pressure level, did not show a linear relationship with the setting, as for
some MACs the air velocities under S3 were even higher than under S2. Significant
differences between the two configurations were found for MAC6 and MAC7: for
MACS, the air velocity was higher with C2 than C1 configuration, while for MAC7, it
was the opposite.

The number of subjects that sensed air movement generated by the MACs was
much lower than that of sound. Under S1, for most MACs less than 50% of the
subjects perceived air movement, except MAC7. The average air movement intensity
was mild (< 2) for all conditions, except for MAC5 under S2 with C1 configuration,
MAC7 under S2 with both C1 and C2 configurations. Additionally, no difference

was observed between the two configurations for MAC5, MAC6 and MAC7. The

air movement was assessed to be acceptable under all conditions, except for

MAC5 under S2 with C2 configuration. With regards to the body parts where the
subjects sensed air movement, face, arms and hands were most frequently recorded
(see Appendix B.3 or dataset [58]).
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Real classroom test

For MAC1, MAC2, MAC3 and MAC4, the optimal condition selected to be tested in
the real classroom was mainly based on the results of the aerosol removal test. The
optimal conditions were, for 1) MAC1 and MAC4: under S2 with C2; 2) MAC2 and
MAC3: under S2 with C1 configuration. For MAC5, MAC6 and MAC7, the selection

of conditions also involved the results of the panel perception test. The optimal
conditions are, for 1) MAC5: under S2 with C1 configuration; 2) MAC6: under S2 with
C1 configuration; 3) MAC7: under S1 with C2 configuration.

Similar to the lab experiment, the total decay rates of both PM, . and PM, ; in the
real classroom amongst six sampling points were similar (see Appendix B.4 or
dataset [58]). Hence, the average total decay curves were calculated accordingly.
The natural decay in the real classroom also included the aerosol removal caused by
the mechanical ventilation present, resulting in a higher kPM,n than in the Experience
room. For PM, ¢, k. = 3.073 h™', R = 0.999, and for PM, o, kpy, , = 3.190 h™",

R2 = 0.999. Same as in the lab experiment, the standardized average curves were
determined using equation (4.4) for both the total decay and natural decay (see
Figure 4.16).
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FIG. 4.16 Standardized fitted average total decay curves of PM, . (left) and PM,, (right) for the tested mobile air cleaners in

the classroom.

Note: the regression functions and R? are listed in the order of the test conditions (from top to bottom). The standardized
average natural decay curves are plotted as the black dashed line (ND). MAC: mobile air cleaner; S: setting; C: configuration.
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According to Figure 4.16, for k

MAC1 always showed the lowest results and

MAC7 was tested at the lower setting, for the other MACs, the ones tested with four

devices (MAC2 and MAC3) showed the highest k

PM,mac’

followed by the ones with two

devices (MAC4 and MACG6). The one with a single device (MAC5) produced the lowest
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Kpm mac- FuUrthermore, compared to the Experience room, was decreased by 47% for
PM, . and 41% PM, , for the MAC tested with one device (MAC5) in the classroom.
For the MACs tested with two devices, MAC4, MACE and MAC7 showed similar
results: Koy oc Was decreased by approximately 46% for PM, ; and 37% for PM, .
For MACT, Kpy mac Showed a much larger decrease compared to the others: 59%
for PM, ; and 42% for PM, ;. For the MACs tested with four devices, kpy .. Was
decreased by 30% for both PM, . and PM, , for MAC2, while for MAC3 k
decreased by 38% for both PM, . and PM,,.

pM,mac Was

The results of CADR are presented in Figure 4.17 for both PM, . and PM, ;. The
same as Koy maer MACT and MAC3 showed the lowest and highest CADR. For PM, g,
MAC4 and MAC6 reached a CADR above 918 m3/h, while MAC2 and MAC3 reached
a CADR above 1080 m3/h. For PM,, MAC5 reached a CADR above 918 m3/h,
while MAC2, MAC3, MAC4 and MACG6 reached a CADR above 1080 m3/h. Moreover,
compared to the Experience room, in the classroom, for the MAC tested with one
device (MAC5), CADR was increased by 6% for PM, . and 20% for PM, ,. For the
MACs tested with two devices, MAC4, MAC6, and MAC7 showed similar results,
with an increase of CADR by approximately 10% for PM, . and 30% for PM, ,. For

MAC1, CADR showed a decrease of 20% for PM, . and an increase of 25% for PM, .

For the MACs tested with four devices, MAC2 showed an increase in CADR of 37%
for PM, . and 47% for PM, ,, while for MAC3 CADR increased by 27% for both
PM, . and PM,,,.
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FIG. 4.17 CADR of PM, . (left) and PM, , (right) for the tested mobile air cleaners in the classroom.
Note: the green lines denote the total amount of CADR based on 1) the minimum ventilation rate per person required by the

Dutch Building Decree [44] (8.5 L/s/person and 918 m3/h in total) and 2) the ventilation rate per person recommended [45,46]

(10 L/s/person and 1080 m3/h in total), with an assumption of 30 student occupancy. MAC: mobile air cleaner; S: setting;

C: configuration.
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Discussion

4.41

Assessment of aerosol removal rate and CADR

The results of the aerosol decay test clearly showed that the selected MACs were
able to remove respiratory aerosols evenly at different locations in the room.
However, since great differences were observed amongst the MACs, certain factors
were indicated to be more important than others regarding the aerosol removal rate
and CADR.

For aerosol removal, MAC1, MAC6 and MAC7 used HEPA filters, MAC3, MAC4 and
MACS5 used ES filters, while MAC2 had both HEPA and ES filters (Table 4.1). As
presented in Figures 4.9-4.10, MAC2 to MAC6 showed similar results, while

MAC1 and MAC7 were the lowest and highest, respectively, which indicates that the
air cleaning technologies used by the MACs had little influence on the differences in
aerosol removal and CADR.

On the other hand, such results indicate that the aerosol removal rate and CADR of
the MACs were related to the airflow patterns induced by the MACs, especially the
air outlet. As shown in Table 4.1, MAC2 to MACG6 all supplied the clean air vertically
from the top (MAC4 also horizontally from the front), while for MAC1 the airflow was
supplied horizontally from the top, and for MAC7 radially at an angle of 45° above
the horizontal plane. Therefore, for small- and medium-sized floor-standing MACs
(standing at a height of 0.5-1 m), an air supply at a higher angle or vertically up can
promote clean air to travel further and reach a wider area in the room. MAC7 was the
only one equipped with a centrifugal fan while the other six all used axial fans, which
might be the reason that MAC7 has a higher CADR than the others.

The aerosol removal rate and CADR of some MACs were also found to be associated
with their in-room location. For instance, MAC5 showed a higher CADR of 100-

150 m3/h under C2 than C1, which might be because, with only one device used,

the location closer to the center could better distribute the clean air throughout

the room, giving the type of air supply it had. For MAC6, the CADR was higher

by 100 m3/h with C1 than C2 configurations, which could be due to that the

middle position in the room allowed better distribution of clean air delivered
horizontally from the front. For MAC7, the CADR was 130 m3/h higher with C2 than
C1 configuration under S1, yet the difference became negligible under S2. A possible
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explanation could be that with C2 configuration, the airflow of MAC7 was more
towards the occupied zone (where the sensors were located), yet such difference was
compensated by the high airflow rate under S2.

Since the tested MACs did not achieve the nominal CADR mentioned in the
specifications even in the mock-up classroom, the number of devices adopted in this
study (or more) should be considered necessary for practical use in real classrooms.
In addition, for MAC4, MAC6 and MAC7, although the CADR of only using one device
at S2 was found to be comparable with that of two devices operating under S1, such
levels of CADR did not fulfil the requirements. For MAC2, the CADR of only using two
devices under S2 was not better than using four devices under S1.

In summary, when adopting high efficiency (= H13) MACs in classrooms, it is more
important to consider the induced airflow pattern generated by the devices and the air
distribution in the room, which are mostly dependent on the configuration of the clean
air supply and the location of the MACs. To achieve a better understanding of this, a
more detailed investigation, such as computational fluid dynamics (CFD) modelling, is
needed. Moreover, the aerosol removal rates can readily be used to do a risk analysis
in case the aerosols contain airborne virus particles such as SARS-CoV-2 [60].

Assessment of sound and air movement

4421

Assessment of sound

166

Overall, the SPL and perceived sound intensity of the MACs mainly increased with
the settings, and higher SPLs and sound intensities often resulted in a worse sound
assessment and a higher percentage of unacceptability (Figure 4.14 and Table 4.5).
The fact that most of the MACs need to operate at the maximum fan capacity to
achieve a desired CADR inevitably led to SPLs always exceeding the prescribed limit.
Still, in some cases, with maximum setting more than half of the panel subjects
considered the sound to be acceptable. Similar results were found in studies
conducted by Curtuis et al. [31] and Granzin et al. [38] Another factor that showed
moderate influence on the sound was the air cleaning technology used. The MACs
using only ES filters showed a lower SPL compared to the ones using HEPA filters at
S1. This could be because of the lower resistance of ES filters for air to pass through
than HEPA filters. However, such a difference became negligible when the MACs were
operated under S2. Similar results were observed in the panel tests (Table 4.5).
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Under S1, the MACs using ES filters, the panel sensed a lower sound intensity and

a better sound assessment, while under S2, the votes of the panel varied a lot, and
no difference was found amongst the air cleaning technologies, which might be
related to the distribution of SPL amongst different frequencies. On the other hand,
the airflow pattern induced by the MACs did not show any clear relationship with the
sound they generated. For MAC5, MAC6 and MAC7, the SPL was similar between the
two configurations, while the votes from the subjects were significantly different,
which could be due to the differences in individual sensitivity and preference of the
subjects who were seated closer to the devices. Furthermore, the MACs tested with
multiple devices did not show a higher SPL or a worse panel assessment than the
MAC tested with one device.

Assessment of air movement

167

Similar to SPL, the air velocity measured for the MACs mainly varied with the
settings (Figure 4.15). It was also partially related to the induced airflow pattern.

As discussed in the previous section, for MAC1, the supplied air might be hindered
by the furniture in the room, and thus resulted in a low air velocity at the sampling
points. For MAC7, on the other hand, because of the centrifugal fan and the

narrow design of the outlet, the air was leaving the device as a concentrated jet

at a high speed, which then led to a high air velocity near the occupants. The air
cleaning technology and configuration of the MACs did not have any significant
effect on the measured air velocities. Nonetheless, the panel’s perception of the air
movement caused by the MACs was not always in accordance with the air velocity
measurements (Table 4.5). There were fewer subjects who sensed air movement
from the MACs only using ES filters, yet it did not differ amongst the induced airflow
patterns or configurations. The air movement intensity and assessment, however,
were more dependent on these two factors. In general, the air movement caused

by the MACs was mild and was assessed as acceptable by the panel, except when
MAC5 was operating in front of the room, which might be due to individual sensitivity
and preferences. It is thus concluded that the air movement created by the MACs
had no negative effect on occupants’ comfort, which agrees with the findings of
Curtuis et al. [31]and Bluyssen et al. [37]. Yet, the panel tests were conducted in the
summer season, and during the tests, the mean (standard deviation) air temperature
and relative humidity were 24.1°C (1.1°C) and 52.2% (8.2%), respectively. Tests
should be repeated in the heating season to investigate whether such air movement
is still acceptable.
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Applicability in a real classroom

The results in the real classroom (Figures 4.16-4.17) demonstrated the applicability
of using MACs with the selected settings and configurations in classrooms for
aerosol removal. In the classroom twice the volume of the Experience room, Koy .
of the MACs was decreased by 30% to 60%. However, a higher CADR was observed
for all MACs, except for MAC1. This leads to an important finding of this study, which
is that the mechanical ventilation in the classroom helped to mix the room air during
the decay phase, and most likely accelerated the aerosol removal, where kPM’n was
increased by 1.36 times compared to kpy of the Experience room. Such a finding
indicates the potential of combining mechanical ventilation and MACs in classrooms
for a better IAQ, for which, nonetheless, the air distribution in the room needs to be
well organized, which requires further investigation (e.g., CFD modelling). Another
important observation is that, as the room size was increased, the number of devices
used in the room became more crucial for aerosol removal. The MACs tested with
four devices (MAC2 and MAC3) showed the lowest decrease in kpy ... and the
highest CADR, followed by the ones tested with two devices (MAC4, MAC6), and

then the one with a single device (MAC5). This outcome shows that multiple devices
(= 2) are necessary for applications to real classrooms to achieve a better clean

Firstly, in this study, only the removal rate of particles (aerosols) was tested for the
MACs. However, to determine whether MACs can be used as a sufficient substitute
for ventilation, their removal of other indoor air contaminants (e.g., microbial and
gaseous contaminants) should also be investigated [20]. Furthermore, the method
used in this study for assessing aerosol removal performance, i.e., the aerosols
decay tests, is only suitable for MACs using air cleaning technologies that physically
reduce the number of aerosols. Hence, MACs using other air cleaning technologies,
such as UV-C to inactivate microbes, were not investigated. Future study is needed
to obtain a more comprehensive comparison.

Secondly, the lab tests were conducted without any background ventilation, while the
tests in the university classroom showed that mechanical ventilation can have certain
influences on the performance of the MACs. Considering that in real classrooms
there can be various ventilation conditions (natural and/or mechanical ventilation),
further investigation should be performed to better understand the interactive
effects between ventilation and MACs.

4.43
air delivery.
4.4.4 Limitations
168
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Thirdly, the tests were performed during summer time, while in real life, the MACs are
most likely more often needed during the heating season, when natural ventilation

in classrooms is limited, and the incidence of respiratory infectious diseases is, in
general, higher [61-63]. Since the change in outdoor air temperature and relative
humidity can affect indoor air conditions, whether the MACs can maintain steady
performance during different seasons remains unclear. Moreover, the change in
indoor and outdoor air temperature and relative humidity can also affect occupants’
perception of the MACs.

Fourthly, the panel recruited for the perception test only contained eight adults,
which was a rather small sample, and the subjects’ psychological and physiological
responses to the indoor environment may differ from pupils. Thus, the results may
not be sufficiently representative. Moreover, for the test in the real classroom, the
perception test was not included. To comprehensively evaluate the performance

of MACs in practical use, further research on their sound together with other
background sound sources (e.g., HVAC installation), the sound perception and
acceptability during actual teaching and learning activities, as well as the air
movement and draught discomfort (possibly with background ventilation and/or
infiltration), is needed.

Finally, investigations on the cost and difficulty of maintenance and a possible

efficiency degradation over time of the MACs were not included, which are also
important factors to be considered for real-life usage.

Conclusions and recommendations

169

For reducing respiratory aerosols in school classrooms, a large number of MACs were
found available on the market. Several criteria, including the air cleaning technology
used, the filter efficiency level, the fan capacity and the noise level, etc., can be set
for preliminary selection. In this study, seven small- and medium-sized commercial
floor-standing MACs were selected and tested to investigate proper strategies for
practical use. The following conclusions and recommendations can be drawn:

Overall, the MACs with high-efficiency filters (filter class = H13) all have the ability

to remove aerosols in the room besides the natural decay. However, the primary
criterion for using MACs in classrooms is to provide an adequate amount of clean air,
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which not all the tested MACs could achieve. A key factor to this is the airflow pattern
induced by the device, especially the air outlet. In general, the MACs with an upward
(either vertical or angled) air supply can better distribute the clean air throughout
the room compared to the ones with a horizontal air supply. Meanwhile, the location
of the devices is also crucial, as it can greatly influence the air distribution in the
room, which thus needs to be well configured. Briefly, the supply airflow should be
towards the occupied zone as much as possible. On the other hand, the main air
cleaning technology for aerosol filtration used by the MACs, namely HEPA or ES, did
not play an important role. Furthermore, with the room size increasing, higher CADRs
were observed with multiple devices compared to a single device, which suggests
that two or more devices should be adopted for real-life usage. The test in the real
classroom also indicated the advantage of using both mechanical ventilation and
MAC for better aerosol removal, which, nonetheless, requires careful configuring.

Two other critical factors of the applicability of MACs in classrooms are noise and
draft, which could vary mainly with the setting of the MACs. For sound, although at
the maximum setting, the SPL always exceeded the prescribed limit, the assessment
of the panel varied amongst different conditions. For the draught, the air velocities
in general fulfilled the requirements, and the panel also provided positive feedback
for the air movement. It is thus important to involve the evaluation by a panel of
subjects to optimize the use of MACs in classrooms with minimum compromise of
both the devices’ performance and occupants’ comfort.
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Part II: Feasibility and efficiency of
using mobile air cleaners in school
classrooms to remove respiratory

aerosols

This study is the Activity B of the project “Airias Fase 1 (Clean-Air Device Trial in Schools, Phase 1)” funded
by the Dutch Ministry of Education, Culture and Science (case number: 1371922).

First published as: Ding, E., & Bluyssen, P.M. (2024). Feasibility of using mobile air cleaners in school
classrooms to remove respiratory aerosols. Proceedings of RoomVent 2024 Conference, Paper 528.

To investigate the feasibility of using mobile air cleaners (MACs) in real-world
classrooms for reducing respiratory aerosols, a follow-up field study was conducted
based on previous tests at Delft University of Technology. Three MACs were selected
and tested across 45 classrooms in five Dutch primary schools. The classrooms were
divided into three groups, each assigned one of the MAC types with two devices. The
placement of the MACs was adjusted based on the available space and power supply
locations, yet still ensuring that one device was placed at the front and one at the
back, with the air supply facing the occupied area. User instructions were provided
for each device. In each school, one classroom from each group was monitored for
indoor air quality (IAQ) parameters — PM, ., PM, ;, CO,, and VOC - over six weeks,
alternating between three weeks with the MACs on and three weeks off. The results
showed that the MACs proved to work well at the pre-determined settings and
(adjusted) locations. All MACs significantly reduced the concentrations of PM, . and
PM,, in the classrooms when turned on compared to the off state. Recommendations
are provided for conducting more comprehensive studies in the future.

mobile air cleaners, respiratory aerosol, indoor air quality, classroom, children
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Airborne pathogen-laden respiratory particles, also known as respiratory aerosols,
are the primary transmission route for respiratory infectious diseases such as
COVID-19 [1]. These aerosols are expelled when individuals breathe, speak, cough,
or sneeze. School classrooms, with their high occupancy and long hours of use,
present a heightened risk for cross-infection [2]. To address this issue, mobile air
cleaners (MACs) have been proposed as a supplementary solution for classrooms
with limited ventilation [3].

In our prior study [4] (Part I of Chapter 4), a comprehensive assessment was
conducted on different types of mobile air cleaners (MACs) to provide a reference
for practical use in classrooms. Initially, 152 products were pre-selected from

over 300 market options, followed by categorization and comparison based on
technical specifications, feasibility, and affordability. Seven MAC models (MAC1 to
MAC7) were then selected for further assessment, representing a variety of air
cleaning technologies, airflow patterns, fan capacities, and dimensions. These MACs
were tested under different fan settings and configurations (location and number of
devices) in the Experience Room of the SenseLab at Delft University of Technology,
which is half the size of a typical classroom (70 m3) and mimics a classroom interior.

The assessments included two key tests: 1) an aerosol decay test, which monitored
aerosol concentration over time after filling the room with aerosols generated

by a specific spraying technique, to calculate the aerosol removal rate and clean
air delivery rate (CADR); and 2) a panel perception test: a panel of subjects was
recruited to assess noise and air movement generated by the MACs, combined

with measurements of sound pressure level and air velocity. Based on the results,
the optimal condition of each type of MAC was determined, balancing adequate air
cleaning with acceptable noise levels.

The outcome of the experimental study was further validated by repeating the
aerosol decay test in a real classroom (139 m3) within the Faculty of Architecture
and the Built Environment at Delft University of Technology. The MACs were operated
under the pre-determined optimal conditions from the initial study. The results
showed that MACs with multiple devices achieved better CADR in the larger room
compared to the Experience room. Moreover, the background mechanical ventilation
further enhanced aerosol removal. Therefore, as a continuation of the previous study
[4], this research aims to investigate the feasibility of using the selected mobile air
cleaners (MACs) in real classroom settings.
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Selection of schools and classrooms

4.7.2

Following the studies conducted in the lab and the university classroom, a field
study was carried out in November and December 2023. Five Dutch primary schools
(designated as School 1 to School 5) voluntarily participated in the research.
School 1 has eight classrooms, and School 3 has ten classrooms, while the other
schools each have more than ten. Thus, all classrooms from Schools 1 and 3 were
included in the study, whereas nine classrooms were selected from each of the
remaining schools, resulting in a total of 45 classrooms. The selected classrooms
spanned all age groups (5-12 years old) and were coded numerically based on
their school. These classrooms were similar in size, with floor areas ranging

from 40 to 50 m?, typically accommodating 20 to 25 individuals. All classrooms
had multiple openable windows and doors for natural ventilation, except for
those in School 1, which were additionally equipped with a balanced mechanical
ventilation system.

Installation and operation of the mobile air cleaners

177

Based on the results of prior tests [4], three MACs — MAC4, MAC6, and MAC7 -

were selected for use in the classrooms and are referred to as MAC-A, MAC-B, and
MAC-C, respectively. Detailed information on these MACs is provided in Table 4.6. In
School 1, two classrooms were assigned MAC-C, three classrooms received MAC-A,
and another three were assigned MAC-B. In School 3, four classrooms were equipped
with MAC-C, three with MAC-A, and three with MAC-B. For the remaining schools, the
three MAC types were evenly distributed across the nine selected classrooms. The
allocation of the MACs was determined randomly, with each classroom having two
devices, as recommended by the prior tests [4].

Developing strategy



TABLE 4.6 Information on the selected mobile air cleaners.

Device? Air Airflow Fan Settings | Efficien- | Noise Num- Price (in-
cleaning | pattern | capacity cy? level? ber of cluding
technolo- (CADR)® [dB(A)] devices | VAT)P
gy” [m3/h]
MAC-A ES + AC No.12 735 1-3 H13 27-55 34.0 x 2 1100
34.0 x
85.5

MAC-B HEPA No.11 565 1-8 H13 18-51 33.2x 2 500
33.6 x
60.6

MAC-C HEPA No.15 750 1-8 H13 26-65 68.8(0) |2 1500
x 25.4

a MAC: mobile air cleaner.
b As specified by the brand.
¢ The numbers refer to the airflow patterns numbered in Figure 4.2.
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The schools were visited during the first week of November 2023, and the MACs were
delivered to the classrooms. Although the ideal placement of the MACs was outlined
in Table 4.4, it was found that many classrooms were crowded and cluttered,

limiting available space for the devices. As a result, the MACs’ placement had to be
adjusted for each classroom. Despite these challenges, it was ensured that in every
classroom, one MAC was positioned at the front and one at the back, with the air
supply directed toward the occupied area. Additionally, many classrooms lacked
sufficient power outlets, requiring the use of extension cords and splitters to plug in
all necessary devices.

For MAC-A and MAC-B, it was recommended to operate them at their maximum
settings, while MAC-C was advised to be used on its low setting, as specified in
Table 4.4. Clear instructions were provided on each device, guiding users on how
to switch the devices on and off and adjust them to the suggested settings. These
instructions were placed by the researchers to ensure ease of use and proper
operation throughout the study.

Starting from the second week of November 2023, the field study spanned six weeks,
divided into two three-week periods where the MACs were alternately turned ON

and OFF(referred to as “ON period” and “OFF period”, respectively). In Schools 1, 4,
and 5, the study began with the ON period. During this period, school directors

and teachers were instructed to switch the MACs on at the start of each school day
and off at the end. After the first three weeks, the MACs were turned OFF for the
subsequent three weeks. Conversely, in Schools 2 and 3, the first three weeks were
OFF, followed by three weeks with the MACs turned ON.
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The main indoor air quality (IAQ) parameters investigated in this study were
aerosols, CO,, and volatile organic compounds (VOCs). Aerosols, either liquid
droplets or solid particles, can originate from various indoor and outdoor
sources. Indoor sources include: 1) respiratory droplets generated by humans
when breathing, speaking, coughing, or sneezing, which are responsible for the
transmission of respiratory diseases; 2) dust, such as human dander and textile
fibers, which become aerosolized through activities like sweeping or rubbing
clothes; and 3) mould. Outdoor sources include pollution particles from car traffic
and nearby industries, which can enter the room via natural (window opening) or
mechanical ventilation.

CO, is often used as a proxy for the presence of humans since human breath is the
only source of CO, which, when doors and windows are closed, accumulates in the
air without escaping. VOCs are chemical gases that may or may not be smelled such
as benzene, ethylene glycol, formaldehyde, methylene chloride, tetrachloroethylene,
toluene, xylene, and 1,3-butadiene. Indoor sources include perfume, flatulence as
well as cleaning products. They may also be released from building materials such as
paint, varnishes, caulks, adhesives, carpets and vinyl flooring.

In each school, IAQ was monitored in three classrooms, each equipped with a
different type of MAC (one with MAC-A, one with MAC-B, and one with MAC-C). The
following parameters were monitored:

CO, (carbon dioxide) concentration [ppm].

PM, . (airborne particles of diameter < 2.5 ym) concentration [ug/m?3]
PM,, (airborne particles of diameter < 10 ym) concentration [ug/m?3]
TVOC (total volatile organic compounds) concentration [ppb].

CO, concentration was measured using the MH-Z19B sensor, with a range

of 0-2000 ppm and an accuracy of £50 ppm. For measuring PM, . and

PM,, concentrations, different sensors were used in the schools: Schools 1, 2,

and 4 employed the SDS011 sensor (range: 0-999.9 pg/ms3, accuracy: £10%) [5],
while Schools 3 and 5 used the PMS5003 sensor (range: 0-5000 pg/m3, accuracy:
+109% for concentrations < 100 ug/m?3) [6]. Total VOC (TVOC) concentration

was measured using the SGP30 sensor, which had a range of 0-60000 ppb and
varying accuracy levels: 1 ppb (0-2008 ppb), 6 ppb (2008-11110 ppb), and 32 ppb
(11110-60000 ppb).
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In the monitored classrooms, the sensors were integrated on one panel (hereafter
referred to as the “IAQ sensor”) and were all connected to a central unit from which
data is saved on a SD card, with a logging interval of 5 minutes. The IAQ sensors
were mostly placed on the teachers’ desk for data collection.

Data analysis

4.8

During data cleaning, it was found that although the IAQ sensors functioned
properly for most of the six-week period, some devices occasionally had gaps in
data collection. These interruptions, which lasted up to two days, were likely caused
by teachers accidentally unplugging the sensors and then reconnecting them later.
Additionally, the IAQ sensor in Classroom 504 of School 5 (equipped with MAC-A)
malfunctioned shortly after installation and could not be repaired, resulting in

no data for that room. Moreover, certain days were excluded from the analysis,
such as during the Sinterklaas break on December 6t, 2023, and instances when
teachers forgot to turn the MACs on. This resulted in the exclusion of 30 out of a
possible 420 classroom days of data, or 7% of the total expected dataset.

Further data trimming was performed based on the classroom schedules, removing
unoccupied hours from the analysis. The IAQ parameter concentrations were
compared between the ON and OFF periods for each classroom using Mann-Whitney
U-tests. Additionally, the average concentrations across all classrooms were compared
between the ON and OFF periods using Wilcoxon signed-rank tests. All analyses were
conducted using IBM SPSS 28.0, with a significance level set at P < 0.05.

Results and discussion
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The median and interquartile range of the daily average concentrations of the four
IAQ parameters of each classroom during the ON and OFF periods are presented

in Table 4.7. For PM, ., the mean concentration in each classroom ranged

from 0.87 to 3.76 pg/m?3 during the ON period, and from 2.22 to 10.36 pg/m? during
the OFF period, representing an approximate twofold reduction when the MACs were
turned on. Similarly, for PM, ;, mean concentrations ranged from 1.88 to 8.45 pg/
m?3 during the ON period and from 3.48 to 16.20 pg/m?3 during the OFF period,
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also indicating a twofold decrease. In contrast, CO, concentrations remained

fairly consistent, ranging from 777.2 to 1277.9 ppm during the ON period and

from 786.6 to 1302.8 ppm during the OFF period. Likewise, TVOC concentrations
were similar between the two periods, ranging from 544.5 to 7105.9 ppb during the
ON period and from 537.5 to 5758.8 ppb during the OFF period. Overall, PM, . and
PM,, concentrations were consistently lower during the ON period across all
classrooms, while CO, and TVOC levels showed no clear trend, fluctuating between
the ON and OFF periods depending on the classroom. Additionally, the range of daily
average PM, . and PM,, concentrations was narrower during the ON period, unlike
C0, and TVOC, which had similar ranges in both periods.

The results of the Mann-Whitney U-tests, as presented in Table 4.7, indicate

that PM, . and PM, ; concentrations were significantly lower during the ON

period compared to the OFF period across all monitored classrooms, except for
classroom 203. This significant reduction was observed regardless of the type of
MAC used or whether the classroom began with the ON or OFF period. Such results
indicate good aerosol removal performance of the selected MACs to remove aerosols
in primary school classrooms, which align with the findings of the previous tests
conducted in the lab and the university classroom [4]. However, the differences in
CO, and TVOC concentrations between the ON and OFF periods are also found to be
significant in most of the classrooms. Yet unlike PM, . and PM,,, for CO, and TVOC,
the concentrations can be both higher or lower during the ON period compared to
the OFF period, varying among the classrooms.

Hence, to further confirm that the reduction of PM, . and PM, , during the ON
period was primarily due to the operation of MACs instead of other factors (e.g.,
variations in classroom conditions), a Wilcoxon signed rank test was performed.
This test compared the classroom-averaged concentrations of each IAQ parameter
between the ON and OFF periods, using the data from Table 4.7 as paired

samples. The results, presented in Table 4.8, clearly show that the differences
between the ON and OFF periods are statistically significant only for PM, . and
PM, . reinforcing the conclusion that the MACs were effective in reducing aerosol
concentrations. Furthermore, the Wilcoxon test results indicate that the MACs had
no significant impact on CO, concentrations, as expected, given that CO, levels are
primarily influenced by human respiration and ventilation, not air cleaning devices.
Interestingly, there was also no significant reduction in TVOC concentrations, even
though MAC-A includes an activated carbon filter, which is typically designed to
capture VOCs.
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TABLE 4.7 Median and interquartile range of the daily average concentrations of the IAQ parameters in the classrooms and the
comparison between the ON and OFF periods.

School A PM, . [ug/m?3] PM,, [Mg/m?3] CO, [ppm] TVOC [ppb]
ON? ON OFF P ON OFF P ON OFF P

OFF? | pb
1 MAC-B | 06 18 <0001 |45 7.1 <0001 | 1100 | 1199 | <0.001 1047 | 1241 | <0.001
(04-08) | (1.0-3.1) (34-5.7) | (57-9.1) (940- | (1069- (487- | (685-
1273) | 1379) 1976) | 2293)
MAC-C | 1.1 33 <0001 |53 96 <0001 | 1033 | 1102 | <0001 | 898 1060 | <0.001
(0.9-156) | (2.1-4.7) (4.0-69) | (73- (893- | (941- (558- | (595-
13.1) 1241) | 1243) 1240) | 1652)
MAC-A | 12 29 <0001 |47 86 <0001 | 890 1040 | <0.001 | 953 1071 | <0.001
(09-1.9) | (1.8-4.5) (34-6.7) | (68- (783- | (909- (469- | (634-
11.8) 1073) | 1235) 1281) | 1861)
2 MAC-B | 20 25 <0001 | 60 10.7 <0.001 | 839 776 <0.001 | 659 445 <0.001
(1.1-38) | (1.9-38) (43-83) | (86- (728- | (698 (391- | (255
14.8) 923) 843) 1534) | 676)
MAC-C | 1.4 25 <0001 | 7.0 153 <0001 | 1242 | 988 <0001 | 2254 | 1519 | <0.001
(08-2.2) | (20-32) (5.5-9.1) | (12.1- (946- | (830- (1237- | (794-
18.9) 1525) | 1189) 3705) | 2646)
MAC-A | 23 23 0040 |59 9.1 <0.001 | 752 757 0518 |37 442 <0.001
(1.1-4.0) | (1.7-33) B35 | (69- (686- | (680- (244- | (257-
100) | 116) 823) 837) 557) | 745)
3 MACB | 1.0 40 <0001 | 20 40 <0001 | 850 834 0024 3630 | 219 | <0.001
(0.0-3.0) | (20-70) (0.0-4.0) | (2.0-8.0) (735 (733 (1563- | (1309-
955) 923) 7043) | 3369)
MAC-C | 20 30 <0.001 |30 50 <0001 | 937 896 <0001 | 1792 | 941 <0001
(1.0-4.0) | (2.0-5.0) (1.0-5.0) | (3.0-7.0) (830- | (654- (863- | (346-
1189) | 1072) 3327)  2127)
MAC-A | 13 32 <0001 |55 98 <0001 | 1135 | 1327 | <0001 | 1812 3123 | <0001
(1.0-24) | (2.1-5.1) (4.1-74) | (74- (961- | (1050- (770- | (2096-
13.1) 135) | 1548) 2717) | 6060)
a4 MACB | 12 25 <0001 | 76 86 <0.001 | 873 896 0460 | 807 764 0.002
(09-22) | (1.6-4.0) 53| (65 (748- | (748- (493- | (354-
102) | 116) 985) 984) 1513) | 1427)
MAC-C | 09 18 <0001 |35 53 <0001 | 1144 | 1136 0660 | 1633 | 2323 | <0.001
(06-1.5) | (1.1-2.8) (23-5.1) | (38-75) (903- | (937- (800- | (1010-
1373) | 1326) 2995) | 4417)
MAC-A | 13 32 <0001 |55 98 <0001 | 1135 1327 | <0001 | 1812 |3123 | <0.001
(1.0-24) | (2.1-5.1) (4.1-74) | (74- (961- | (1050- (770- | (2097-
13.1) 1356) | 1548) 2717) | 6060)
5 MAC-B | 1.0 8.0 <0001 | 20 10.0 <0001 | 720 830 <0.001 | 923 630 0.648
(0.0-3.0) | (3.0- (1.0-4.0) | (5.0- (569- | (648- @77- | (287-
16.0) 17.0) 954) 1010) 1584) | 1343)
MACC |10 6.0 <0001 | 1.0 6.0 <0001 | 1047 | 1159 | <0001 | 547 683 <0.001
(0.0-20) | (3.0- (0.0-3.0) | (3.0- (909- | (967- (386- | (470-
10.8) 11.0) 1207) | 1324) 824) 1044)
MAC-A | - - - - - - - - - - - -

a Concentration: median (interquartile range). / b P-value of Mann-Whitney U-tests. /¢ No data due to sensor error.
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TABLE 4.8 Comparison of IAQ parameters between ON and OFF periods with Wilcoxon signed rank tests.

PM, . (ug/m?) 1.2 (1.0-1.55) 3.0 (2.5-3.5) 0.001
PM,, (Mg/m?) 5.0 (2.8-5.9) 8.9 (5.8-9.9) < 0.001
€O, (ppm) 985 (847-1135) 1014 (833-1169) 0.158
TVOC (ppb) 1000 (770-1812) 1066 (670-2228) 0.925

a Concentration: median (interquartile range).
b P-value of Wilcoxon signed rank tests.

Nonetheless, due to the fact that no other filtration was adopted for the outdoor
air coming into the monitored classrooms (via either natural ventilation or
mechanical ventilation), as well as that the IAQ sensor used in this study was not
able to differentiate the source of the aerosols detected, how good the selected
MACs were at reducing respiratory aerosols cannot be determined. Still, a general
conclusion can be drawn that the MACs effectively removed all kinds of aerosols
in the classrooms. Moreover, the significant differences found in CO, and TVOC for
individual classrooms might be due to the great variation of the concentrations
throughout the day.

Conclusions and recommendations
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In this study, a field investigation was conducted in five Dutch primary schools,
building on the findings of a prior experimental study that determined the types

of mobile air cleaners (MACs) to be used, as well as their optimal settings and
placements within classrooms. A total of 45 classrooms were equipped with MACs,
and 15 of these classrooms were monitored over a six-week period. During this time,
the MACs were alternately turned on for three weeks and off for another three weeks,
allowing for a comparison of indoor air quality under both conditions.

The results showed that, despite the limited space in many classrooms preventing
the MACs from being placed exactly as determined in the experimental study [4],
they still performed effectively. By maintaining one key rule — placing one MAC in the
front and one in the back, with the air supply directed towards the occupied zone

- the devices successfully reduced PM, . and PM,; concentrations when turned on
compared to the off state.
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Although measuring indoor air quality (IAQ) at only one point in the classroom (near
the teacher) is not fully representative of the whole space [ 7], it was sufficient for
this pilot study to demonstrate the MACs’ effectiveness. However, to assess whether
MACs can clean the air uniformly throughout the classroom, future studies should
include more sampling points.

For better determining the cleaning effect of the MACs on respiratory aerosols
rather than all aerosols in the air, it is recommended to also monitor the outdoor
PM concentrations at each school close to the school buildings, simultaneously
with the indoor measurements. In addition, since respiratory aerosols that linger
in the air can be as small as 0.3-0.5 um, future studies should consider monitoring
PM, , concentrations.
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ABSTRACT
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Personalized air cleaners as an
individual localized exhaust

Feasibility of a personalized air
cleaner as a localized exhaust for
short-range respiratory aerosol
removal in classroom settings:

A pilot study

First published as: Ding, E., Giri, A., Garcia-Sanchez, C., & Bluyssen, P.M. (2024). Feasibility of a personalized
air cleaner as a localized exhaust for short-range respiratory aerosol removal in classroom settings: A pilot
study. (under review)

In this study, the feasibility of a personalized air cleaner (PAC) as a localized
exhaust for short-range respiratory aerosol removal in a classroom setting was
explored, aiming to combining the strengths of personalized exhaust systems and
mobile air cleaners. The PAC'’s respiratory aerosol removal efficiency, along with
noise and draft acceptability, was experimentally evaluated using human subjects,
while computational fluid dynamics (CFD) simulations were employed to assess the
impact of PAC positioning on suction efficacy. Experimental results showed that
the PAC significantly reduced aerosol concentrations by 40%-51%, especially for
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5.1

particles under 1.0 pm, attributed to strong air recirculation in a confined setup.
CFD simulations identified vertical positioning as the most promising; however,

the PAC’s suction effect was highly localized and diminished rapidly with distance,
hardly reaching the occupant’s breathing zone at full-room scale. Compared to
other PE systems, the PAC operates at a lower airflow rate, yet increasing airflow
may lead to unacceptable noise levels, as observed in the perception tests. Other
modifications, such as a larger suction surface or closer placement to occupants,
warrant consideration but require careful planning and design optimization. Overall,
the PAC demonstrated potential as a localized air cleaning solution, while further
comprehensive studies are needed to better understand the performance of PAC in
real-world situations, as well as to optimize its design.

personalized air cleaner, localized exhaust, classroom, respiratory aerosol removal,
suction effect, perception evaluation

Introduction

188

The COVID-19 pandemic has highlighted the critical role of proper ventilation and
air cleaning in maintaining healthy indoor air quality (IAQ). In densely populated
school classrooms, the proximity of students and prolonged contact increases the
risk of cross-infections through the spread of pathogen-laden respiratory particles
[1-3]. Studies suggest that implementing proper ventilation and air-cleaning
strategies in school classrooms can significantly mitigate the airborne transmission
of respiratory particles (also called respiratory aerosols), thereby reducing the risk
of infection among students and teachers [4,5]. Given the current situation in school
classrooms, further improvements are needed not only to better prepare for future
crises but also to provide a safe indoor environment daily [6-8].

Respiratory aerosols can transmit via both long-range and short-range routes, each
with distinct characteristics and implications for infection control [9]. Short-range
transmission of respiratory aerosols often occurs during close contact (within 1-2 m)
between indoor occupants, involving direct inhalation of particles, normally with a
size smaller than 50 um [ 10-12]. Long-range transmission of respiratory aerosols,
on the other hand, involves the spread of smaller particles (typically less than 5 um)
over greater distances, often carried by indoor airflows [ 13,14]. Previous studies
have shown that conventional room-based ventilation or air-cleaning methods can
effectively control the long-range transmission of respiratory aerosols, which are
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often treated as steady-state conditions [9,15,16]. The short-range transmission of
respiratory aerosols, conversely, is a highly dynamic process that is more affected
by the human microenvironment and the interaction of breathing flows [13,17,18].
Hence, different manners of ventilation or air-cleaning are needed, especially for
indoor spaces like school classrooms, where close contact is common and short-
range transmission may prevail [19,20,21].

Personalized ventilation (PV) and personalized exhaust (PE) systems have been
widely proposed for addressing the short-range transmission of respiratory aerosols
[12,18,22]. While both aim to improve IAQ and reduce airborne infection risks, they
function differently and offer distinct advantages. PV systems provide clean, cool,
and controlled air directly to the occupants’ breathing zone, enhancing inhaled

air quality and thermal comfort while reducing energy consumption [23,24,25].
Extensive studies have demonstrated their significant reduction in the inhalation
fraction of respiratory aerosols, thereby lowering the infection risk [26-29]. However,
the effectiveness of PV systems can be influenced by pollution source locations

and airflow rates, with higher flow rates sometimes leading to increased mixing

of pollutants [9,30]. In contrast, PE systems focus on directly removing exhaled
contaminants from the vicinity of the infected individuals, thereby reducing the intake
fraction of pollutants for the healthy ones, and their efficacy has also been well-
proven [31-34]. Additionally, PE systems can be particularly beneficial in high-risk
environments, such as hospital wards and aircraft cabins, by creating a microclimate
with cleaner air around each occupant [32,35]. To date, PV systems have garnered
the most research interest, while PE systems are much less discussed. However,
based on the existing evidence, PE systems have already shown a better ability

to remove respiratory aerosol and reduce infection risk, sometimes even at lower
airflow rates, when compared with PV systems under the same conditions [9,34].

In addition, unlike PV systems that require equal airflow rates for every occupant to
ensure safe IAQ conditions, PE systems are more flexible as they quickly remove the
exhaled air, which is of great significance when the infected status of individuals is
unknown [27].

Although the performance of PV and PE systems has long been acknowledged, they
are not yet widely implemented in practice. One reason for this is the necessity

to integrate these systems with existing room ventilation systems, which may not
be feasible in many buildings with ceiling-mounted ventilation installations [36].
School classrooms, often relying on natural ventilation and characterized by limited
free space, pose additional challenges for implementing PV or PE systems [2,37].
This also explains why previous studies have primarily focused on specialized
indoor environments such as hospital wards or aircraft cabins, where the demand
for contaminant removal is high, and integrated ventilation system designs are
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more viable. The outcome of such studies, however, is hardly applicable to school
classrooms due to the significant differences in indoor settings and occupants’
activities. Moreover, while studies in offices can serve as a closer reference, the
typically discussed desk-based PV systems [23,24] may obstruct students’ sightlines,
making them unsuitable for teaching and learning activities [38]. Therefore, specific
design is needed for school classrooms, yet relevant studies are limited. Conceigdo et
al. [39] designed a desk-type PV system for duo-student desks, with two air terminal
devices (ATDs) above the desk facing the trunk area, and two ATDs below the desk
facing the leg area. The PV system was first evaluated with a single occupant [39],
and then double occupants with a specific location near a window with solar radiation
[40], via both computational fluid dynamics (CFD) simulations and experimental
tests. It was also assessed numerically for a full-scale classroom with multiple
occupants [41]. However, such evaluations focused on the thermal aspects, namely
thermal comfort, and draft risk, while for IAQ, only CO, concentration was included.
Overall, the results have indicated that the desk-type PV system can help maintain
acceptable thermal comfort levels, while the relative position of the airflow to the
body and the air velocity at the ATDs are important for the distribution of clean

air and local draft discomfort. Katramiz et al. [38], on the other hand, developed a
chair-based PV-PE system with clean air supplied from an upward outlet located on
the front-row seatback, and exhaled air extracted from the top of the own seatback.
The inlet of the PV-PE system was integrated with the air supply of the background
displacement ventilation on the floor, while the extracted exhaled air was exhausted
towards the ceiling. It is revealed that the directing effect of the PV flow and the
shielding effect of the PE flow together resulted in an air-curtain effect, which
significantly decreased the occupants’ exposure to respiratory aerosols. Furthermore,
the strength of such an effect was dominated by the PE airflow rate, underscoring the
crucial role of PE systems in aerosol control.

Nonetheless, the proposed designs were developed based on existing background
mechanical ventilation systems, making them impractical for many schools soon.
Meanwhile, driven by the COVID-19 pandemic, a new type of personalized device for
IAQ control has emerged: the personalized air cleaner (PAC). For instance, Guiot et
al. [42] developed a stand-alone PAC using UV-C to deliver clean air to individual
occupants. Tested numerically in an office setting, the PAC was positioned on

the desk, directing air upward toward the occupant’s breathing zone at a velocity

of 0.65 m/s. The results have proven the effectiveness of the PAC in shielding
occupants from indoor air contaminants, particularly under conditions of natural
ventilation (opening window) or no ventilation. It thus sheds insights into potential
applications in school classrooms, where alternative utilization of PACs, such as
locally exhausting exhaled aerosols, akin to a PE system rather than a PV system, can
be further explored.
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Therefore, this study aims at exploring: 1) as a localized exhaust, the PAC’s efficiency
for removing short-range respiratory aerosol, as well as its acceptability regarding
noise and draft for the occupants, in a classroom setting; and 2) the impact of the
PAC’s positioning on its suction effect.

Methods

5.2.1

Study design

191

It should be noted that the present study is a pilot study to first explore the
feasibility of a novel device, i.e., a PAC. Hence, the research methods were selected
accordingly to serve such a purpose. This study consisted of two components: 1)
experimental tests: a group of human subjects was recruited to first assess the noise
and draft caused by a pre-selected PAC to determine suitable settings for practical
use, and then to be the source of respiratory aerosols to evaluate the aerosol
removal efficiency of the PAC; and 2) CFD simulations: based on the results of the
experimental tests, the suitable settings were modelled under various conditions to
identify the PAC’s suction effect under different positioning.
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Experimental tests

5.2.2.1

Experimental setup

192

Experimental facilities

The experiments were performed within a test chamber of the SenseLab at the

Delft University of Technology [43]. The test chamber measures 3.74 (I) x 2.24 (b)
x 2.11 (h) = 17.68 m3, with one door and no windows. Ventilation is provided by an
air handling unit equipped with an H14 HEPA filter, typically operating at an airflow
rate of 160 m3/h. The air supply grille (0.4 m x 0.2 m) is located at the bottom of
the back wall, while the air exhaust grille (0.4 m x 0.2 m) is at the top of the front
wall, functioning based on overflow. The test chamber’s interior was arranged to

simulate a study environment, with a desk and chair placed at the center of the room.

The experiment setup is illustrated in Figure 5.1.
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FIG. 5.1 Experiment setup in one of the test chambers of the SenseLab: (a) perception test; (b) aerosol

removal test.
Note: 1 - ventilation air inlet grille; 2 — ventilation air outlet grille; 3 — personalized air cleaner; 4 - CO,/

temperature/RH data logger; 5 — particle counter; 6 — cardboard box.
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Subjects

In total, 16 undergraduate and graduate students (seven female and nine male)
from the Faculty of Architecture and the Built Environment at the Delft University
of Technology were recruited as subjects, all in good health. The power level

(1-B error probability) was calculated to be 0.6, via a post-hoc analysis giving

an effect size of 0.5, a significance level of 0.05, and a sample size of 16. The
average age of the subjects was 22.1 years (standard deviation 3.1 years). All

the subjects were informed in advance not to smoke or use strong perfume/skin
care products on the days of the experiments. This study was approved by the
Human Research Ethics Committee (HREC) of the Delft University of Technology on
November 15t 2023 (Case ID: 3555).

Selection of personalized air cleaner

Same to the selection procedure taken in our prior study on mobile air cleaners [16],
to identify a PAC suitable for individual use in a school classroom, over 300 relevant
products available on the market were evaluated. As a result, only seven air cleaners
were classified to be desk-based. Although claimed desk-based, many of these

air cleaners presented a size exceeded the practical dimensions for placement on

a student desk. After excluding air cleaners with dimensions larger than 30 cm
(deemed to be impractical for individual student desk placement), only two products
remained. Subsequently, the more suitable one, considering factors such as air
cleaning technology (not using UV-C), noise level, cost, etc., was selected. The PAC
tested in this study is cylindrical, with a size of 7 cm (diameter) x 15 cm (length).

It uses an electrostatic filter for aerosol removal, with dirty air being drawn in from
one end and clean air being expelled from the other end via an axial fan. The PAC has
two settings, level 1 and level 2, corresponding to different fan speeds. Its nominal
maximum clean air delivery rate (CADR) is 18 m3/h. The PAC has a stand and was
always positioned in reverse during the experiments, with the suction side facing the
subjects to immediately exhaust exhaled air in the vicinity.

Perception test

In our previous study [ 16], it was found that the noise generated by mobile air
cleaners was the most significant factor negatively impacting user perception
of these devices. During a pre-test, the sound pressure levels of the empty test
chamber, the PAC operating at level 1, and the PAC operating at level 2, were
measured using a Norsonic sound analyzer (model: Nor140) for a duration

of 2 minutes each. During the pre-test, the PAC and sound analyzer were placed
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on the desk, at 20 cm. The results were 30.6 dB(A), 48.8 dB(A), and 70.4 dB(A),
respectively. Subsequently, a perception test was first performed to assess the
subjects’ perception of noise and draft caused by the PAC, based on which an aerosol
removal test was then conducted, with the more suitable setting of the device.

It should be noted that the experimental tests are solely to test the functionality
of the PAC as a localized exhaust without considering extra configurations.

Hence, during the tests, a desk-based positioning was chosen for the PAC. For the
perception test, the PAC was placed on the top-left corner of the desk, and one
subject was seated in the chair, as shown in Figure 5.1(a). Subjects were asked

to rate their perception of noise, temperature, and draft on two scales: intensity
and acceptability, assuming they had to study under such indoor environmental
conditions. The points on the scales were determined based on the questionnaires
used in a prior study also conducted in the test chambers in the SenselLab [44],
which were adopted from international standards such as ISO 7730 [45] and were
proven to be suitable for subjects’ perceptual assessments on indoor environmental
quality. The scales are described in detail as follows:

Intensity:

For noise and draft, a 5-point scale was used, ranging from “no noise” to “very loud
noise” and from “no draft” to “very strong draft,” respectively.

For temperature, a 4-point scale was used: “cold,” “slightly cold”, “slightly warm,”
and “warm.”

Acceptability:
A 4-point scale was used for all three parameters: “clearly unacceptable,” “just

[T

unacceptable”, “just acceptable,” and “clearly acceptable.”

Aerosol removal test

For the aerosol removal test, the PCE-PCO 1 particle counter [46] was employed,
which measures the particle counts of six size channels: <0.3 pm, 0.3-0.5 pm, 0.5-
1.0 ym, 1.0-2.5 pm, 2.5-5.0 ym, and 5.0-10.0 ym. The counting efficiency is 50%
for the <0.3 um channel and 100% for all other channels. While working, the
particle counter actively draws air in and uses light scattering to measure both
liquid and solid particles. During the test, the ventilation in the test chamber was
continuously on to exclude the particles from other sources with the H14 HEPA filter.
Consequently, to assure that the particle counter only measures particles generated
from human respiration and not intervened by the room airflow caused by the
ventilation, the particle counter was put inside a cardboard box on top of the desk,
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5.2.2.2

against the ventilation inlet, as shown in Figure 5.1(b). The particle counter was
placed 20 cm from the edge, in the direction of the exhaled air stream, to capture

as many particles as possible. Such a setup was adapted from a prior study using
the PCE-PCO 1 particle counter to measure respiratory particles in the test chamber
[47], and was shown to be rational.

The PAC was also placed in the box, 15 cm from the edge, as shown in Figure 5.1(b).
Subjects were instructed to put their faces into the box and breathe normally. They
could also use the lever of the chair to adjust the height. In addition, during both the
perception test and the aerosol removal test, the CO, concentration, air temperature,
and relative humidity were measured, using a HOBO data logger (model: MX1102A).
For the perception test, the HOBO data logger was placed on the top-right corner of
the desk, while for the aerosol removal test, it was positioned inside the box, behind
the particle counter (Figure 5.1). The results showed that the during the tests,

the air temperature and the relative humidity in the test chamber remained rather
stable, with a mean temperature of 20.1 °C (+ 0.8 °C) and a mean relative humidity
of 43.5% (* 5.8%).

Test conditions and procedures

196

For the experimental tests, three conditions were designed:

Condition 0 (C0O): PAC turned off (baseline condition)
Condition 1 (C1): PAC operating at level 1
Condition 2 (C2): PAC operating at level 2

For the perception test, all three conditions were tested. Upon arrival at the lab,
each subject was asked to rest for 10 minutes in the waiting area and complete the
informed consent form. The subject then entered the test chamber and received
instructions regarding the perception questionnaire. During the test, the subject
was exposed to each condition for 2 minutes in the order of CO, C1, and C2,

with a 1-minute break between each condition. The subject could complete the
questionnaire at any time during each condition. After completing the test, subjects
were requested not to discuss their results with others.

For the aerosol removal test, two conditions were tested: CO and C1. C1 was chosen
over C2 because it showed better results in the perception test, as presented in
Section 3.1. Like the perception test, each subject was asked to rest for 10 minutes
before entering the test chamber. Then the subject was instructed on how to breathe
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inside the box. Each test started with CO, followed by C1, and each condition lasted
for 1 minute. During each condition, the subject was asked to breathe normally

for 1 minute inside the cardboard box as the maximum single-measurement interval
of the particle counter, with the aerosol concentration being continuously monitored.
A 2-minute break was provided between the two conditions, during which the subject
moved away from the box.

The above mentioned time intervals in the tests were chosen according to previous

studies carried out in the test chambers, such as [44][47], and have been tested in
several pre-tests.

Data analysis

523

The normality and the homogeneity of variances of the data were first examined. For
the perception test, differences among the three conditions were assessed using one-
way analysis of variance (ANOVA), followed by the Games-Howell test for post-hoc
comparisons between each pair of conditions. For the aerosol removal test, the difference
between CO and C1 was assessed using a paired-samples t test. All data analyses were
performed in IBM SPSS 28.0. The significance level was set at 0.05 (P < 0.05).

CFD simulations

5.2.3.1

Computational domain and geometry

197

The computational domain of the CFD simulations replicated the same test chamber
where the previous experimental tests were performed, with dimensions of 3.74 m
(length, defined as the x-direction) x 2.24 m (width, defined as the y-direction)

x 2.11 m (height, defined as the z-direction). The ventilation inlet grille is on the
back wall, 0.5 m to the left edge and 0.2 m from the bottom; the outlet grille is on
the front wall, 0.5 m to the right edge and 0.2 m from the top; both measure 0.4 m
(width) x 0.2 m (height). As the first exploration, in this study, the background
ventilation was not considered in the simulations, with the intention to investigate
the effect of the PAC on the room airflow individually. Although the ventilation
system was not employed, infiltration through the grilles was considered. A sitting
female manikin was placed in the center of the room, with a height of 1.26 m.
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The female was sitting behind a student desk, of which only the surface was included
in the model, with dimensions of 0.65 m (length) x 0.45 m (width) x 0.025 m
(height), and 0.74 m above the floor. The PAC was simplified as a cylinder of 0.07 m
(diameter) x 0.15 m (length). The geometry of the model is shown in Figure 5.2.

211m

1.26m

0.40 m | 0.50 m

FIG. 5.2 Geometry of the model for CFD simulations (PAC at position P1): left — view of the x-z plane; right — view of the
y-z plane.

To investigate the effects of the PAC’s position — including relative distances
and angles between the PAC and the occupant — on its range of suction within
the proximity of the occupant, six position combinations were determined for
the simulation:

1 x-direction: one position aligned with the edge of the desk, 0.2 m from the occupant.

2 y-direction: two positions within the desk’s length: 1) center: aligned with the
occupant on the central line, 2) side: 0.325 m from the central line of the desk, on
the left end.

3 z-direction: one position above the occupant’s head, 0.5 m from the desk (1.26 m
from the floor).

4 Angles: three orientations: 1) vertical, 2) horizontal, and 3) 45°.
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It is worth noting that the selection of the positions was based on the feasibility of
deploying such a device in a real classroom: the height of the PAC was determined
to not block the sightline of the student, and the horizontal positions were within

the dimensions of the desk. Moreover, previous studies have also indicated the
advantage of top-PE over other types of systems, such as shoulder-PE and chair-PE
[31,33]. In addition, the setup was assumed to be symmetrical on the left and right
sides of the occupant, and thus only one side was included. The detailed positions of
the PAC are specified in Table 5.1, and are illustrated in Figure 5.3.

TABLE 5.1 Description of the PAC’s positions for simulation.

Position x-direction y-direction z-direction

(distance from (distance above

occupant) [m] desk) [m]
P1 center 0.5 vertical
P2 center 0.5 horizontal
P3 0.2 center 0.5 45°
P4 0.2 side 0.5 vertical
P5 0.2 side 0.5 horizontal
P6 0.2 side 0.5 45°

P3  P1 . it
FIG. 5.3 Illustration of the PAC’s positions

for simulation.
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5.2.3.2 Governing equations

The simulation utilized the incompressible Reynolds-Averaged Navier-Stokes (RANS)
equations to model the airflow, and the standard k-¢ turbulence model was used for
turbulence closure. An enhanced wall treatment was applied in all geometries within
the domain [48][49]. According to the measurements of air temperature in the test
chamber during the experimental tests, it was assumed that the room temperature
stayed constant and thus its variation was assumed negligible. As mentioned in
previous sections, as a pilot study, the present CFD simulations were to first identify
the suction effect of the PAC at different positioning, and thus only the air velocity
was focused on. Accordingly, the governing equations included:
Continuity
oU,

=0 (5.1)
6xj
Momentum
—oU, 10P o |(u+y)oU
G20 L, 0 () D]

Ox; p Ox, Ox; p  Ox;
where U, and U; are the time-averaged velocity components, p is the density, P is the
time-averaged pressure, p is the dynamic viscosity, y, is the turbulent viscosity.
Turbulent viscosity
k2
u, = pC# — (5.3)
€
where p, is the turbulent viscosity, with C, a constant equal to 0.09. The turbulence
kinetic energy k and the turbulence dissipation rate € are obtained from solving their
respective transport equations:
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Turbulent kinetic energy (k)

Fa/;_ 0 (,u+/,t,)%

= +P —¢ (5.4)
"ox; Ox;| po, Ox,

Dissipation rate (g)

— O + 2

g% _9 (nu) oz +c tp-c, & (5.5)
"ox; ox,| po, Ox, k k

with P, the turbulent production term, and g, g, C
equal to 1.0, 1.3, 1.44, and 1.92, respectively.

¢1» Cep model constants, which are

Boundary conditions

5234

According to the results of the experimental test, level 1 of the PAC was chosen for
the CFD simulations. The supply surface of the PAC was defined as a velocity inlet
with a measured velocity (level 1) of 0.8 m/s, while the suction surface was defined
as a pressure outlet with a gauge pressure of 0.15 Pa, determined based on the
measured velocity of 0.4 m/s. Both ventilation grilles were selected as pressure
outlets, with a gauge pressure of 1x1073 Pa, based on the measured velocity

of 0.05 m/s. The measurements were conducted using a Trotec hotwire anemometer
(model: BA3OWP). The body of the PAC was defined as solid. Surfaces such as room
walls, ceiling, floor, and the manikin were set as walls. The turbulent intensity was set
as 5% [50].

Solution schemes and convergence criteria

201

ANSYS Fluent 2023R2 [51] was used to solve the CFD model. The velocity field

and the pressure field were coupled by SIMPLEC algorithm. Convection terms are
discretized via the Second Order Upwind scheme. The convergence criteria were
reached when scaled residuals did not drop with further iterations or residuals of
equations of continuity, momentum, and turbulence dropped to 1x 1073, respectively.
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Grid independence test

202

For the grid independence test, a simplified setup was adopted, since this setup
was also used for model validation and better facilitates measurements at multiple
points across the room. The PAC was mounted at the center of the back wall of the
test chamber, blowing air continuously towards the interior without the manikin.

In addition, to better observe the decay in velocity, the PAC was set to operate at
level 2. Accordingly, the velocity at the supply surface of the PAC (velocity inlet)
increased to 1.2 m/s, and the gauge pressure at the suction surface of the PAC and
the grilles (pressure outlets) increased to 0.29 Pa and 2x 1073 Pa, respectively, with
all the other settings remained the same.

For this simulation, unstructured meshes were created using ANSYS Fluent Meshing.
To eliminate the impacts of grids on the simulated results, three meshes were
tested, namely the coarse mesh, the nominal mesh, and the fine mesh. Refinements
were made in the regions of interest. The details of the three meshes are listed in
Table 5.2. The dimensionless wall distances (y*) of the meshes were around 1 to
account for the viscous effects of the flow [52][53]. Velocity magnitude (u),
turbulent kinetic energy (k), and dissipation rate (¢) were compared at the points
shown in Figure 5.4, with the results displayed in Figure 5.5. It can be observed
that the differences between the nominal and fine meshes are significantly smaller
than those between the coarse and nominal meshes. Hence, the nominal mesh

was selected.

TABLE 5.2 Information on the different meshes.

_ Number of cells Height of the first cell (y*)

Coarse 15048639 1.43

Nominal 23673562 1.39

Fine 37647436 1.36
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FIG. 5.4 Points for
mesh comparison.

FIG. 5.5 Grid independence
test: velocity magnitude (u),
turbulent kinetic energy (k), and
dissipation rate (g).



5.2.3.6

Model validation

204

The setup of the model validation was the same as the grid independence test,

as mentioned in Section 5.2.3.5. The CFD model was validated by comparing the
simulated velocity magnitude with the velocity measured in the test chamber using
Dantec anemometers (model: 54T033), at the following positions:

Seven positions along the x-direction: 0.14 m (equal to two times the diameter of the
PAC, hereafter referred to as 2d), 0.28 m (4d), 0.42 m (6d), 0.70 m (10d), 1.05 m
(15d), 1.40 m (20d), and 2.10 m (30d).

Three positions along the y-direction: the central position aligned with the PAC, the
left position 0.21 m (3d) to the left of the PAC, and the right position 0.21 m (3d) to
the right of the PAC.

Three positions along the z-direction: the middle position aligned with the PAC, the
bottom position 0.28 m (4d) below the PAC, and the top position 0.28 m (4d) above
the PAC.

This arrangement resulted in a total of 63 measurement points, as illustrated in
Figure 5.6. The results are presented across three planes along the z-direction:
the bottom, middle, and top planes. As shown in Figure 5.7, the simulation results
showed good agreement with the measurements. On the bottom plane, the mean
difference between the measurements and the simulations is 0.029 m/s, with a
standard deviation of 0.016 m/s and a maximum deviation of 0.037 m/s. On the
middle plane, the mean difference between the measurements and the simulations
is 0.046 m/s, with a standard deviation of 0.046 m/s and a maximum deviation

of 0.150 m/s. On the top plane, the mean difference between the measurements
and the simulations is 0.020 m/s, with a standard deviation of 0.013 m/s and

a maximum deviation of 0.025 m/s. The slight discrepancies observed can be
explained by the fact that the PAC used an axial fan, where the radial velocity does
not distribute evenly, but rises from low at the hub, peaks near the blade tips, and
then drops sharply beyond the tips [54]. In contrast, the CFD model simulated the
velocity as uniform across the radius of the fan.
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Results

5.3.1

Experimental tests

53.1.1

Subjects’ perceptions of the personalized air cleaner

206

The subjects’ perceptions of noise, temperature, and draft are shown in Figure 5.8.

For noise, when the PAC was turned off, all ratings of intensity ranged from

“no noise” to “slight noise”, and all subjects found it acceptable. When the

PAC was operating at level 1, the intensity ranged from “slight noise” to “loud
noise,” with 81% of the subjects perceiving the noise as between “slight noise”
and “moderate noise,” and 63% considered it acceptable. At level 2, the noise
intensity increased, with 88% of the subjects finding it between “loud noise” and
“very loud noise,” and all subjects rated it as unacceptable. For temperature, the
subjects’ thermal sensation was slightly warm, and most of the time, it was clearly
acceptable. For draft, the intensity ranged from “no draft” to “slight draft,” with an
increase in the average rating from CO to C2. Still, it remained acceptable for the
subjects throughout.
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FIG. 5.8 Subjects’ perception of noise, temperature, and draft.
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Note: CO - personalized air cleaner off; C1 — personalized air cleaner operating at level 1; C2 — personalized air cleaner
operating at level 2.
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Such results are also reflected in the statistical analyses. The results of the one-way
ANOVA tests and the post-hoc Games-Howell tests are presented in Table 5.3. For
noise, both the differences in intensity and acceptability among the three conditions
were significant. Moreover, the noise intensity increased significantly from PAC off
to PAC operating at level 1, and from level 1 to level 2, while for noise acceptability,
the trend was the opposite. For temperature, no significant difference was found
among the conditions for both sensation and acceptability. For draft, the intensity
varied significantly, due to the significant difference between CO and C2, while for
acceptability, no significant difference was observed.

TABLE 5.3 Differences in subjects’ perceptions of noise, temperature, and draft.

Perception Parameter
aspect

COvs C1

COvs C2

C1vsC2

Noise Intensity 202.68 (< 0.01) -1.91 (< 0.001) -3.24 (< 0.001) -1.33 (< 0.001)
Acceptability 81.33 (< 0.01) 0.75 (< 0.001) 1.58 (< 0.001) 0.83 (< 0.001)

Temperature Sensation 0.16 (0.850) 0.02 (0.976) 0.05 (0.816) 0.03 (0.940)
Acceptability 0.67 (0.518) 0.03(0.923) 0.09 (0.527) 0.06 (0.756)

Draft Intensity 4.14 (0.022) -0.19 (0.308) -0.39 (0.023) -0.21(0.342)
Acceptability 0.82 (0.447) 0.03(0.771) 0.06 (0.351) 0.03 (0.844)

a F: the F-statistic from the one-way ANOVA test. P-values less than 0.05 are marked in bold.
b t: the test statistic from the Games-Howell test (post-hoc). P-values less than 0.05 are marked in bold.

53.1.2

Aerosol removal performance of the personalized air cleaner

208

The result of the particle counts of distinct size bins are shown in Figure 5.9. It was
observed that during breathing, most of the respiratory aerosols are small, with a
size less than 1.0 um, and notably, particles with a size of <0.3 pm predominated.
Conversely, particles with a size of 2.5-5.0 pym exhibited the lowest concentration.
Moreover, when the PAC was operating at level 1, the concentrations of respiratory
aerosols were consistently lower compared to when the PAC was off, with a much
narrower range. Table 5.4 presents the results of the paired-samples t tests, along
with the reduction percentages of particle counts from CO to C1. The reduction
percentage was calculated using the formula: (particle count at CO - particle count
at C1)/particle count at CO. Accordingly, the differences between CO and C1 were all
significant, showing the efficacy of the PAC. In general, the reduction of respiratory
aerosols ranged from 40% to 50%, when the PAC was operating at level 1, with
size 0.5-1.0 ym showing the highest reduction and size 1.0-2.5 pym the lowest.
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TABLE 5.4 Differences in the particle counts of respiratory aerosols between the personalized air cleaner on
and off.

<0.3 42 (25) 3.76 0.002
0.3-0.5 44 (28) 4.20 <0.001
0.5-1.0 51 (26) 4.45 <0.001
1.0-2.5 38 (39) 3.87 0.001
2.5-5.0 45 (76) 3.98 0.001
5.0-10.0 42 (43) 3.43 0.004

a Mean (standard deviation).
b t: t-statistic from the paired-samples t test.
¢ P-values less than 0.05 are marked in bold.

CFD simulations

210

The simulation results are presented as contour plots depicting the velocity magnitude
distribution of the PAC at positions P1-P6, as presented in Figure 5.10. The blue
plane in each geometry represents the cross section corresponding to the contour
shown in the next column. The highlighted areas of the contours represent regions
where the velocity magnitude exceeds the threshold of 0.02 m/s. The results illustrate
that, across all positions, the suction effect of the PAC was quite limited, with the low
threshold of 0.02 m/s being rarely reached in the breathing zone of the manikin.

For P1 (vertical, central), as shown in Figure 5.10(a), the suction effect is strong and
localized directly in front of the PAC. High-velocity contours are evident close to the
device, but the velocity decreases sharply, failing to reach the 0.02 m/s threshold

at the breathing zone. This position offers the most concentrated suction flow but

is still insufficient for effective aerosol capture from the manikin. For P2 (horizontal,
central), as shown in Figure 5.10(b), the suction zone in this position is wider but
less intense. While air is drawn horizontally, the rapid decrease in velocity means the
suction effect does not extend to the manikin’s breathing zone, resulting in a lower
efficacy compared to P1. For P3 (45° angle, central), as shown in Figure 5.10(c),

the angled configuration provides an asymmetric suction pattern that draws air

both downward and horizontally. Although this creates a broader capture area,

the 0.02 m/s threshold is still not reached at the manikin’s breathing zone, indicating
limited effectiveness. For P4-P6 (Side), as shown in Figure 5.10(d)(e)(f), when

the PAC is positioned to the side, the suction zone shifts laterally. However, the
distance between the PAC and the breathing zone of the manikin further reduces the
suction effect.

Healthy Air for Children



211

In addition, the supply side of the PAC plays a crucial role in shaping the overall air
distribution within the room. In all positions, the air expelled from the PAC creates
high-velocity zones close to the supply outlet, leading to a more pronounced
airflow in those regions. The expelled air spreads out across the room, establishing
a broader airflow pattern that can affect general air quality. However, despite

this wider distribution, the supply airflow does not impact the suction effect at

the manikin’s breathing zone, as the suction velocity remains below the 0.02 m/s
threshold across all configurations.

b)

FIG. 5.10 Geometries and contours of velocity magnitude of the PAC at different positions: (a) P1, (b) P2, (c)
P3, (d) P4, (e) P5, and (f) P6.

Note: the blue planes represent the cross section corresponding to the contours. The highlighted parts
represent the region where the velocity magnitude is higher than 0.02 m/s.
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FIG. 5.10 Geometries and contours of velocity magnitude of the PAC at different positions: (a) P1, (b) P2, (c)
P3, (d) P4, (e) P5, and (f) P6.

Note: the blue planes represent the cross section corresponding to the contours. The highlighted parts
represent the region where the velocity magnitude is higher than 0.02 m/s.
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f)

FIG. 5.10 Geometries and contours of velocity magnitude of the PAC at different positions: (a) P1, (b) P2, (c)
P3, (d) P4, (e) P5, and (f) P6.

Note: the blue planes represent the cross section corresponding to the contours. The highlighted parts
represent the region where the velocity magnitude is higher than 0.02 m/s.

Discussion

541

Comparison of experimental and simulation results

213

The experimental and simulation results provided contrasting views on the
performance of the PAC in aerosol removal. The experiment showed significant
aerosol reduction, with the PAC achieving particle removal efficiencies ranging

from 38% to 51% depending on particle size. Specifically, the highest reduction was
observed for 0.5-1.0 pm particles (51%), and the lowest for 1.0-2.5 ym particles
(38%) (Table 5.4). This substantial aerosol removal is due to the confined nature of
the experiment, where the PAC and the subject’s respiration were enclosed within a
cardboard box. As shown in Figure 5.10, it can be inferred from the velocity contours
of the PAC’s supply side that it can lead to stronger air recirculation and higher
airflow velocities in a limited space, thus effectively enhancing the PAC’s aerosol
removal performance.
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In contrast, the CFD simulations were conducted in a much larger domain — the entire test
chamber, where the airflow dispersion occurred more freely compared to the box, leading
to a much weaker recirculation effect (Figure 5.10). Consequently, the suction effect of
the PAC in the simulation did not match the high removal rates seen experimentally, as
the velocity magnitudes in the manikin’s breathing zone remained below the 0.02 m/s
threshold in most configurations. While such results may suggest that the PAC could
struggle to exhaust exhaled aerosols effectively at an actual classroom scale, it is
important to recognize that the simulations did not account for human breathing. Studies
have shown that exhaled aerosols tend to follow the upward stream caused by the
thermal plume of human body [55][56], making them more likely to be captured by the
PAC, potentially leading to better performance than simulated. Additionally, factors like
room temperature, relative humidity, breathing mode, and human activity can significantly
influence aerosol dispersion [18][57], indicating the need for more comprehensive
studies to fully assess the PAC’s performance in real-world scenarios.

Influence of PAC positioning on suction effect

214

The positioning of the PAC also showed certain impact on its suction effect. Through
the CFD simulations conducted in this study, six different PAC positions were
examined, varying in height, lateral distance, and angle relative to the occupant. These
positions were selected based on practical classroom constraints, ensuring the PAC
did not obstruct the student’s sightline while remaining within the desk’s dimensions.

Among the central configurations, as illustrated in Figure 5.10, the vertical
positioning (P1) directly above the occupant’s head proved to be the most effective
in terms of creating a concentrated suction zone, compared to the horizontal

and angles positions (P2 and P3). The simulations showed that when the PAC is
vertically aligned, it produced a stronger, more focused suction flow directed toward
the manikin. This finding is significant when considering real-world scenarios, as
discussed previously, where the thermal plume generated by the human body can
cause exhaled aerosols to rise [55][56]. In such cases, a PAC positioned vertically
could potentially leverage this upward flow to enhance aerosol capture. With proper
distance to the occupant, the removal efficiency might increase considerably.
Comparable results have been observed in previous studies on PE systems [31][33].

Meanwhile, the side positions (P4-P6), as presented in Figure 5.10, with further
distance from the manikin, showed even weaker suction effect, regardless of the
angles of the PAC. Hence, for applications in real-world classrooms, such positioning
is less feasible than the central configurations, given the current setup of the PAC.
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Design implications
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The PAC'’s limited suction effect can be attributed to the rapid decay in airflow
velocity at the suction side. Previous studies on localized air exhaust systems

have shown that their velocity fields follow the inverse square law: uociz, where u
represents the velocity magnitude and d is the distance from the suction surface
[58][59]. Moreover, the velocity decay rate is also inversely proportional to the area
of the suction surface [58][59]. This explains why suction velocities drop sharply
beyond the immediate vicinity of the device, making it difficult to extract air in the
breathing zone, even at short distances (20 cm from the manikin).

Therefore, to achieve effective exhaust for respiratory aerosols with devices like

the PAC, several design modifications can be explored. First, increasing the airflow
rate would enhance the suction effect and allow the PAC to cover a larger area.

To make an estimation, based on the equation in Ref. [60], for the PAC to be
approximately 20 cm from the occupant’s breathing zone, the suction velocity needs
to reach at least 2.31 m/s to achieve the 0.02 m/s threshold in the breathing zone.
To reach such suction velocity, the supply velocity would need to be even higher.
However, as observed in the experiment, increasing the velocity from 0.8 m/s

(level 1) to 1.2 m/s (level 2) already resulted in unacceptably high noise levels,
making further increases impractical. Second, expanding the surface area of suction
intake would allow the device to draw in more air from the surrounding space. Again,
according to Ref. [607, for the 0.02 m/s threshold to reach the breathing zone, the
PAC’s diameter would need to be at least 16.8 cm — more than double its current
size. Correspondingly, such a design would require more space, which might be
impractical in densely occupied classrooms. Third, reducing the distance between
the device and the occupant could enhance the PAC’s suction effect towards the
breathing zone with the current setup. Based on Ref. [60], the distance would need
to be less than 8.6 cm to achieve the 0.02 m/s threshold. Yet, placing the device too
close to students may disrupt learning activities.

In summary, while these modifications could improve the performance of PAC
devices, they introduce new challenges, such as noise, space constraints, and
potential interference with classroom dynamics. As such, alternative solutions for
personalized exhaust systems of respiratory aerosols need to be explored to balance
effectiveness and practicality in real-world classroom settings.
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Comparison with PE systems
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In contrast to the findings of the present study, several existing studies have
demonstrated the efficacy of PE systems for removing respiratory aerosols. To
facilitate a more detailed comparison, Table 5.5 summarizes key information from
relevant studies. It is evident that the PAC used in this study shares similarities with
the top-PE system investigated in other works, particularly in terms of the suction
surface area and distance from the occupant. Previous studies reported maximum
airflow rates ranging from 10 L/s to 29 L/s, significantly higher than the capacity of
the PAC (3-5 L/s). An exception to this is Ref. [32], where a wearable headset with a
small exhaust nozzle exhibited lower airflow rates, but this is an outlier compared to
the other setups.

The higher airflow rates reported in previous studies may explain their more
promising results in aerosol removal. However, given the moderate size of PE
systems, such high airflow rates are likely to produce unacceptably high noise
levels — a factor that has not been thoroughly investigated in prior research. This

is understandable, as many previous studies were focused on environments such

as healthcare consulting rooms or aircraft cabins, where noise control may not

be a top priority. However, low noise levels are critical in school classrooms to
maintain conducive conditions for teaching and learning, as researchers have
already highlighted that noise is a significant distraction for children in school, often
affecting their learning and comfort [61].

Furthermore, previous studies typically incorporated total-volume mechanical
ventilation systems, often using mixing ventilation. In several cases, including Refs.
[31],[35], and [38], the PE system was combined with a PV system. Such setups
can significantly influence airflow patterns throughout the room and within the
occupants’ breathing zones, leading to results that differ from setups using a single
PAC in an unventilated room. Therefore, further exploration is needed to investigate
the combined effects of PACs with other ventilation systems to optimize their
performance in real classroom environments.
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TABLE 5.5 Comparison of studies on personalized exhaust (PE) systems.

Ref. Type of PE Suction surface | Airflow rate Distance from | Background Indoor setting
occupant [m] ventilation
regime
present study top-PE d=7cm 3-5 0.20 none classroom
[31] top-PE/ ®=12cm/ 13-29 0.15/ mixing healthcare
shoulder-PE/ 8cmx 8cm/ not specified/ consulting
chair-PE 8cm x 8cm not specified room
(both shoulder-
PE and chair-PE
are chair-
based)
[32] wearable ®=3cm 0.24-0.5 0.02-0.06 mixing hospital ward
headset
[33][34] top-PE/ ®=10cm/ 10-20 0.12/ mixing/ healthcare
shoulder-PE ®=10cm 0.06 displacement consulting
room
[35] side-PE (on 8cmx 13 cm 6-10 not specified mixing aircraft cabin
both sides of (seat-based)
head)
[38] shoulder-PE 30cm x 1 cm 4-10 not specified displacement classroom
(chair-based)
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Limitations
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Several limitations of this study should be acknowledged:

Firstly, the sample size of the experimental tests was relatively small, with a power level
(1-B) of 0.6. For future research, a power level of 0.8 would be recommended, which
leads to at least 26 subjects. Secondly, the aerosol removal tests were conducted in

a confined space (the cardboard box), which likely enhanced the PAC’s performance
through increased air recirculation. These results may not fully translate to larger,
more open environments like school classrooms, where airflow dispersion is much less
constrained. Thirdly, the CFD simulations focused on the velocity fields and did not
account for other factors such as human breathing, particle dispersion, thermal plume,
etc. As a result, the simulation results did not thoroughly depict the performance of
aerosol removal for the PAC. Fourthly, only one PAC model with specific airflow and
suction characteristics was tested in this study. Future research should explore other PAC
designs with different airflow rates, suction areas, and filtration technologies to determine
if they can offer improved performance under similar conditions. Lastly, this study did not
investigate how the PAC might perform in conjunction with other ventilation strategies,
such as mechanical or natural ventilation systems. These combined approaches may
enhance overall aerosol removal in real-world classroom settings.
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Conclusions
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Previous studies have demonstrated that personalized exhaust (PE) systems are
highly effective in mitigating the short-range transmission of respiratory aerosols.
Meanwhile, mobile air cleaners (MACs) have proven effective at controlling respiratory
aerosols in classroom settings, offering a flexible and cost-effective solution without
the need for extensive installations. In this paper, a pilot study was conducted to
explore the feasibility of combining the strengths of both the PE system and MAC,
specifically by using a personalized air cleaner (PAC) as a localized exhaust for short-
range respiratory aerosol removal in a classroom setting. The PAC’s efficiency for
aerosol removal, as well as its perceptual acceptability for the occupants, were tested
experimentally, while the impact of the PAC’s positioning on its suction effect was
investigated via CFD simulations. The conclusions are drawn as follows:

The experimental results first showed that when the PAC operated at its maximum
fan speed, the resulting noise level was deemed unacceptable by the subjects,
highlighting the importance of sound considerations for the real-world application of
PACs. Consequently, only the moderate fan speed was used in the subsequent tests
and simulations. The results of the aerosol removal tests demonstrated that the PAC
significantly reduced aerosol concentrations, achieving reductions of 40% to 51%,
particularly for smaller particles (less than 1.0 ym). This high performance, however,
was attributed to the strong air recirculation within the confined test setup.

In CFD simulations, the vertical positioning of the PAC showed better suction effect
compared to horizontal or angled placements. However, the PAC’s suction effect was
highly localized and diminished rapidly with distance. Even at optimal positioning,
the velocity of air drawn by the PAC did not reach the occupant’s breathing zone,
indicating limited efficacy in a larger, classroom-sized environment. Nonetheless,
given the multiple factors that can influence the dispersion of respiratory aerosols,
further investigations are needed to better understand the performance of the PAC in
real-world scenarios.

Compared to other PE systems showing high efficiency, the key difference in the
tested PAC lies in its airflow rate, as the PAC operates at a relatively lower level.
However, simply increasing the airflow rate to achieve better suction effect is not

a feasible solution, as this will increase the noise level, which was observed to be
unacceptable for the occupants in the experimental test. Other modifications include
a larger suction surface or a short distance from the occupant. However, they may
also lead to new problems, and hence new ways of design or optimization are needed.
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In addition, exploring the integration of PACs with other types of ventilation systems
may provide a more comprehensive approach to aerosol removal, optimizing their
effectiveness in real-world classroom settings.
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FIG. 6.1 Research framework and key steps of this PhD research.
Note: red dots represent infectious respiratory particles.
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In response to the WHO and UN’s call to uphold children’s right to breathe “clean”
air in their daily environments, and considering the challenges posed by the
COVID-19 pandemic on maintaining healthy indoor air quality (IAQ) conditions, this
PhD research was carried out to address the following research question:

Which ventilation and air cleaning strategies can be used to effectively control the
spread of infectious respiratory particles in school classrooms?

This research question was further divided into four sub-research questions,

which were addressed individually by the studies presented in Chapters 2-5.

Figure 6.1 shows the field of focus and the key steps of this PhD research. In

the beginning, the research context and background were established, and the
research gaps were defined, via a literature review. This literature review mapped the
knowledge on the features and control of the spread of IRPs, identified the existing
design paradigms and actual performance of ventilation and IAQ conditions in
school classrooms, as well as sought possible solutions among advanced ventilation
systems. Following this, the current conditions in Dutch schools during the pandemic
were investigated through a field study. This field study examined not only the
sufficiency of ventilation as pandemic control and prevention measures evolved,

but also the associated thermal conditions in classrooms. Based on the outcome of
the field study, different ventilation and air cleaning strategies were developed. At
the room scale, mobile air cleaners (MACs) were chosen to be a solution for long-
range IRP control. Given the wide variety of products available, certain criteria were
established to guide the selection process. The selected MACs were then evaluated
in an experimental study assessing both aerosol removal efficiency and user
perception. Subsequently, several recommendations were made for effectively using
MACs in classroom settings for IRP removal, which were further tested in a field
study to assess their feasibility in real-world environments. At the individual level,
personalized air cleaners (PACs) were determined to be a solution for short-range
IRP control. Since a novel application of the PAC was proposed, namely as a localized
exhaust, its potential was first examined via an experimental study, assessing first
the occupant acceptability, followed by the actual respiratory aerosol removal
ability. Subsequently, the impact of the PAC’s positioning on its suction efficacy

was assessed via a computational study, leading to recommendations for further
modifications to improve the PAC’s performance.

In this chapter, the key findings from each step are summarized to provide detailed
answers to the sub-research questions. This leads to a comprehensive response

to the main research question, followed by a discussion of the study’s limitations.
Finally, this chapter concludes with practical implications and recommendations for
future research.
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Answers to research questions

6.2.1

Answers to sub-research questions
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Sub-research question 1: What do we know about the ventilation regimes in school

classrooms and the control of infectious respiratory particles?

In summary, as illustrated in Figure 6.2, airborne transmission of IRPs can

occur over both long-range and short-range, each requiring distinct ventilation
methods for effective control. Long-range airborne transmission can be managed
with conventional room-scale ventilation systems, although evidence on optimal
configurations is limited. Schools often rely on natural or mixing ventilation, which
often falls short of requirements that are primarily based on occupant comfort.
Short-range transmission, however, calls for innovative ventilation solutions within
occupants’ immediate proximity, such as personalized ventilation systems. The
details are demonstrated as follows.

FIG. 6.2 Main focus of Chapter 2: existing
knowledge on 1) airborne transmission of
infectious respiratory particles, 2) ventilation
regimes and IAQ conditions in school classrooms,
and 3) advanced ventilation methods such as
personalized ventilation.

Note: red dots represent infectious

. 5:_ : E:_ .. : : - respiratory particles.

|

First, it is important to recognize that airborne transmission of IRPs is one of the
dominant routes for cross-infection of respiratory diseases like COVID-19 [ 1-
4]. IRPs typically consist of small particles (< 100 pm) produced during human
respiratory activities, including breathing, speaking, sneezing, and coughing
[1-4]. These particles can directly reach the breathing zone of another person
within close contact (< 1-2 m), or remain suspended and travel further through
the air, resulting in two distinct ways of airborne transmission, i.e., short-range
and long-range airborne transmission, respectively [5-7]. Previous studies have
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demonstrated that conventional room-scale ventilation systems can effectively
control long-range transmission airborne transmission of IRPs. However, the optimal
ventilation rates and air distribution patterns are still unclear, especially for non-
nosocomial environments [8-11]. Natural ventilation through openable windows and
mixing (mechanical) ventilation, commonly used in school classrooms, fall into this
category. However, such ventilation regimes are in general based on assumptions like
steady-state conditions and the well-mixing model, which do not accurately reflect
the nature of short-range airborne transmission [5,12]. Short-range transmission
should be treated as a transient and dynamic process, which requires more precise
control and responsive measures [5,6,13].

Second, current standards and guidelines for ventilation in school classrooms
primarily focus on perceived air quality and are often shaped by energy-saving
demands [14-17]. CO, concentration is frequently used as an indicator of human-
generated pollution, yet it is not a reliable proxy for IRPs [18-20]. As a result,
existing ventilation designs may fall short of effectively reducing the spread of
IRPs in classrooms. Meanwhile, with the required minimum ventilation rates set
relatively low, many school classrooms in practice fail to meet even these standards,
leading to widespread reports of IAQ-related issues affecting health, comfort, and
student performance [21-23]. Therefore, it is suggested that ventilation design in
classrooms should shift from a comfort-based approach to one focused on health
and infection control. A more flexible and adaptable ventilation strategy is required
to address IRP pollution effectively at both the occupant and room levels.

Third, to better tackle the short-range airborne transmission of IRPs, personalized
ventilation, including personalized air supply (PS) systems and personalized air
exhaust (PE) systems, has been proposed in prior research [24-27]. These systems
can provide localized protection by ensuring healthy IAQ conditions within proximity
for each occupant [5,28]. Furthermore, previous studies have also revealed the
advantages and disadvantages of PS and PE systems. PS systems aim at providing
clean and cool air to the occupants to enhance both IAQ and thermal comfort, while
PE systems focus on directly and efficiently removing exhaled contaminants [29].
However, existing designs are often developed for high-risk indoor environments,
such as hospital wards or aircraft cabins. They cannot be directly applied to school
classrooms due to significant differences in spatial layout and function, occupant
types, and activities. Therefore, further investigation is necessary to determine the
appropriate ways to implement personalized systems and devices for children in
classroom settings.
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Sub-research question 2: What is the ventilation sufficiency of existing ventilation
regimes and the current IAQ conditions in school classrooms?

In short, as shown in Figure 6.3, during the COVID-19 pandemic, classroom
windows and doors were kept open for maximum outdoor air supply. Before the
national lockdown, the classrooms were used with full occupancy, where the

CO, concentrations were high, with insufficient ventilation rates per person. After the
lockdown, student occupancy was reduced by half to maintain safe social distancing,
where significant decreases in CO, concentrations and increases in ventilation rates
per person were observed. Nonetheless, such improvement was solely due to the
reduction in occupancy. Besides, thermal conditions in the classrooms were also
found to be unsatisfactory. The details are outlined as follows.

fm— fm—
S S
— —
=

FIG. 6.3 Main focus of Chapter 3: ventilation (and thermal) conditions in school classrooms before and after
the pandemic lockdown.

As mentioned in Chapter 3, the selection of schools considered diversity across
several factors, including types of secondary education, urban or rural locations,
and year of construction. Meanwhile, within each school, classrooms were chosen
to represent a variety of ventilation regimes. However, during the field study, most
schools opted to keep classroom windows and doors open throughout school hours
to ensure maximum outdoor air supply, since it was recommended in the media as
an important pandemic control and prevention measure. Such practice, exposing the
indoor environments to uncontrollable outdoor conditions, resulted in mechanical
ventilation systems equipped in a few classrooms — especially mechanical air supply
and balanced mixing ventilation — not operating as designed, making them no
different from using natural ventilation alone.
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Before the lockdown, the classrooms were allowed to operate at normal student
occupancy levels. Results showed that they struggled to achieve the required level
of ventilation rate per person prescribed in standards and guidelines [19,30],

as evidenced by unacceptably high indoor CO, concentrations observed during
occupied hours [19]. After the lockdown, due to social distancing requirements,
student occupancy was reduced to about half of its previous level in the classrooms,
where significantly lower indoor CO, concentrations and higher ventilation rates

per person were achieved. Nonetheless, analyses showed that such difference
between pre- and post-lockdown periods was mainly associated with the decrease in
occupancy, rather than other factors such as ventilation practices.

Moreover, thermal conditions in the classrooms were unsatisfactory during both the
pre- and post-lockdown periods, failing to meet the desired level [ 19]. Before the
lockdown, the school visits were mainly conducted during the heating season, and
classroom temperatures were generally cold, likely due to the constant practice of
keeping windows and doors open. After the lockdown, indoor temperatures increased
with the seasons, yet unacceptably low and high levels were observed in several
classrooms. Such thermal conditions are likely to cause discomfort for students.

To conclude, with maximized natural ventilation being ensured (and mechanical
ventilation being hindered where available), ventilation remained insufficient in most
of the studied classrooms according to standards and guidelines [ 19,30], often
accompanied by challenges in maintaining desirable thermal conditions. While other
non-ventilation related pandemic control measures, such as reduced occupancy, did
improve the ventilation rate per person, this is not a sustainable long-term solution due
to the limited space and staff available in schools. Therefore, more controllable and
flexible strategies are needed to improve IAQ and thermal comfort in school classrooms.

Sub-research question 3: How to use mobile air cleaners to effectively control
infectious respiratory particles in school classrooms at a room scale?

To summarize, as presented in Figure 6.4, a comprehensive strategy was developed
for the effective use of MACs in classrooms to control long-range airborne
transmission of IRPs. This strategy begins with selecting appropriate devices,

with attention to technical specifications such as nominal efficiency, CADR, airflow
patterns, and noise levels, as well as affordability. Key factors for achieving optimal
CADR include an upward air supply from the MACs and a placement oriented toward
the occupied zone within the room. It is also important to employ at least two
devices to ensuring efficient clean air delivery throughout the space, especially in
large rooms. In addition, combining MACs with mechanical ventilation is likely to
enhance IRP removal. Nonetheless, aiming for higher CADR often results in increased
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noise levels, which can exceed acceptable limits and disrupt occupant comfort.
Therefore, finding a balance between device efficiency and occupant comfort is
essential. When implemented in real-world settings, adjustments are often needed
due to limited space and available power outlets. However, following certain general
guidelines can still ensure effective MAC performance.

FIG. 6.4 Main focus of Chapter 4: a comprehensive
strategy for using mobile air cleaners to control
long-range airborne transmission of infectious
respiratory particles in school classrooms, from
selection to operation.

Note: red dots represent infectious

respiratory particles.
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a Which strategies are recommended for mobile air cleaners in classroom settings
to ensure both efficient IRP removal and acceptable perception by occupants?

As mentioned in Chapter 1, this sub-research question is further divided into two
questions. Hence, detailed answers to each are provided as follows.

First, due to the wide variety of MACs available on the market, it is necessary to
establish a set of criteria to guide the selection process. After reviewing all available
products, it is concluded that for small- and medium-sized floor-standing MACs: 1)
HEPA and electrostatic filters are the recommended air cleaning technologies; 2)
filter efficiency should be H13 and higher; 3) a total CADR (nominal) of 1000 m3/s
is necessary for a classroom with 30 students, to achieve a desirable clean airflow
rate of 8.5-10 L/s per person, as suggested in Ref. [30-32]; 4) noise levels should
be minimized, with the lowest level below the threshold specified in Ref. [19] for
classrooms. Based on these criteria, eight MACs were selected, of which seven

were tested.

The results of the aerosol removal test indicated that the MACs equipped with high-
efficiency filters (H13) were all capable of removing IRPs in a classroom setting
homogeneously, regardless of the air cleaning technology used (either HEPA or
electrostatic). The most important factor for achieving a satisfying CADR is the
airflow pattern induced by the MAC, i.e., how contaminated air is drawn in and
clean air is expelled. MACs with an upward (either vertical or angled) air supply can
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distribute clean air more effectively throughout the room compared to those with
a horizontal air supply. Additionally, the placement of the devices is crucial, as it
significantly affects air distribution. Ideally, the supply airflow should be directed
toward the occupied zone as much as possible for optimal results.

The laboratory test findings mentioned above were further validated in a real-world
test conducted in a university classroom. This classroom test also revealed that as
room size increases, using multiple (i.e., at least two) MACs became necessary to
ensure effective clean air delivery throughout the entire space. Furthermore, the
results demonstrated the benefits of combining MACs with mechanical ventilation,
which achieved a higher CADR compared to the laboratory tests, where no
background ventilation was used. However, further research is needed to determine
the optimal configuration for integrating ventilation systems and air cleaning devices
to maximize their effectiveness.

Furthermore, noise and draft are two important factors that can hinder the feasibility
of using MACs in classrooms, as they can cause discomfort for students or even
impair academic performance. According to the panel perception test participated by
PhD students, at the higher settings necessary to achieve adequate CADR, the noise
levels often exceeded the prescribed threshold [ 19]. However, panel assessments
varied across different MACs and conditions. In contrast, air velocities generally met
the requirements for avoiding draft discomfort [33], with positive feedback from the
panel. This highlights the importance of involving user feedback to optimize MAC
usage in classrooms, minimizing compromises between device performance and
occupant comfort.

b What is the feasibility of applying these strategies in real school classrooms?

As a follow-up to the experimental study, a field study was carried out in real-world
primary school classrooms to assess the feasibility of implementing the pre-
determined strategies.

Challenges arose during the installation of MACs in the classrooms, as many were
crowded and cluttered, leaving limited space for the devices. Additionally, a common
issue was the lack of sufficient power outlets. As a result, the placement of the
MACs had to be adjusted in each classroom, and extension cords and splitters were
required to connect all the necessary devices. Nonetheless, it was ensured that in
each classroom, one MAC was positioned at the front and one at the back, with the
air supply directed toward the occupied area.
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Despite the challenges in placing the MACs exactly as planned in the experimental
study and potential errors from incorrect operation by teachers or students, the

MACs managed to significantly reduce the particle concentrations in the classrooms.

Indeed, a more comprehensive investigation with a larger sample size is needed to
fully understand the feasibility of using MACs in school classrooms for IRP removal,
yet as a pilot study, the findings can prove their effectiveness in real-world settings.

Sub-research question 4: What is the potential of personalized air cleaners
to control infectious respiratory particles in school classrooms within
individual proximity?

In brief, as illustrated in Figure 6.5, a novel way of using the PAC was proposed,
namely, as a localized air exhaust to capture the exhaled particles within the
proximity of each occupant. The PAC demonstrated efficient removal of respiratory
particles in confined spaces, which was attributed to the air circulation caused by
its supply airflow. In a larger space, the vertical position showed better performance
than the others. However, the PAC’s suction effect was generally limited, diminishing
rapidly with distance. Moreover, only the lower PAC setting was suitable for real-

life classroom use, as the higher setting produced unacceptably high noise levels,
as reported by participants. Hence, modifications are needed to improve the
performance of the PAC. The details are given as follows.

FIG. 6.5 Main focus of Chapter 5: possibility
of using a personalized air cleaner to locally
exhaust infectious respiratory particles in a

classroom setting.

. Note: red dots represent infectious

D respiratory particles.

Lol

To date, PACs are not yet commonly available. Even the smallest MACs are often
still too large to be considered feasible for personalized use by each student in
classrooms. The PAC tested in this study was selected after a market screening and
is appropriately sized, featuring an electrostatic filter of high efficiency for particles
(H13). Normally, as an air cleaning device, the PAC is used to supply filtered air to
the breathing zone of the occupant, i.e., with the air supply side facing the user.
However, as discussed in Chapters 1 and 5, previous studies on personalized
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ventilation have indicated that compared to personalized air supply systems,
personalized air exhaust systems have the strength to efficiently remove exhaled
contaminants, with their performance being unaffected by the airflow rates of nearby
devices. Accordingly, in this study, the PAC was determined to be used as a localized
air exhaust, meaning with its suction side facing the user.

As observed in the studies presented in Chapter 4, user perception plays a crucial
role in the feasibility of using air cleaning devices in a study environment. Therefore,
the acceptability of the PAC regarding noise and draft was first tested, with a panel of
university students. Like the test on MACs, when the PAC was operating at a higher
level, the noise was found to be unacceptably high. Hence, only the lower level was
suitable for further evaluation. The aerosol removal test was performed with the
suction side of the PAC facing the subjects, and all instruments were housed within

a refined box to minimize the influence of ambient air. The results showed that at

the lower level, the PAC was able to reduce the number of particles exhaled by the
subjects by 40% to 51%, with higher efficiency for smaller particles.

Such promising results, however, were likely attributed to the air recirculation caused
by the supply air flow of the PAC within the box, as the CFD simulations yielded less
favorable outcomes. As a preliminary exploration, the simulations primarily focused
on the velocity profile at the suction side of the PAC. Six different positions of the PAC
were examined, all of which were carefully selected to ensure applicability in real-
world classrooms. However, it was noted that with a lower setting, such positioning
was too far from the occupant to let the PAC’s suction effect reach the breathing
zone. Nevertheless, the central position with a vertical placement demonstrated
better results compared to the other positions. In real-life scenarios, this position
would also have a greater potential to leverage the rise of exhaled particles caused
by the thermal plume of the human body, leading to enhanced capture of IRPs.

Indeed, further modifications are necessary to achieve optimal performance for
personalized air cleaning devices like the PAC. When compared to other designs of
personalized exhaust systems, which demonstrated high efficiency, the PAC exhibited
a significantly lower airflow rate. However, as concluded from the perception test,
simply increasing the airflow rate would lead to unacceptable noise levels. While
alternative solutions, such as increasing the suction surface area or reducing

the distance from the occupant, may enhance removal efficiency, they could also
introduce new challenges. Therefore, careful configurations are essential.

To conclude, the concept of using the PAC as a localized exhaust for IRP removal in a

classroom setting showed good potential, yet new designs focused on both efficiency
and user acceptability are needed to ensure its feasibility for real-world applications.
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Which ventilation and air cleaning strategies can be used to effectively control the
spread of infectious respiratory particles in school classrooms?

To sum up, from the literature review, it was understood that for controlling long-
range and short-range airborne transmission of IRPs, distinct ways of ventilation,
namely at both room-scale and individual level, are required (Chapter 2). From the
field study, it was observed that existing ventilation regimes in school classrooms
were insufficient, necessitating both room-scale and individual-level solutions
(Chapter 3). Consequently, MACs were selected to address long-range IRP
transmission, leading to the establishment of a systematic strategy, from selection
to operation, for classroom usage (Chapter 4). Meanwhile, PACs were proposed

to minimize short-range IRP transmission as a localized exhaust, for which the
feasibility was examined, and further modifications were suggested (Chapter 5). The
detailed ventilation and air cleaning strategies for IRP control in school classrooms,
based on key findings from the previous chapters, are summarized in Table 6.1.
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TABLE 6.1 Summary of different ventilation and air cleaning methods in school classrooms.

Solution for long-range IRPs Solution for

short-range

IRPs
Ventilat Mobile air Personalized air
regime cleaner cleaner
Natural No No * Used in most classrooms
ventilation » Largely dependent on outdoor conditions, normally not
controllable
« Difficult to provide sufficient ventilation when the classroom is
fully occupied
+ Can cause thermal discomfort due to warm or cold outdoor
temperature
Mechanical No No * Used in certain newly built classrooms
ventilation » Common types are mechanical supply, mechanical exhaust, and
mixing ventilation
* Was not able to be assessed independently due to the commonly
opened windows and doors during the pandemic
Natural No No * Same as natural ventilation alone
ventilation + * Mechanical systems not functioning as designed as they were
mechanical overpowered by natural ventilation
ventilation
No Small- and No * Alarge variety available
medium-sized + Selection criteria including air cleaning technology, induced
floor-standing airflow pattern, CADR, noise level, etc.
MACs + Can effectively remove IRPs
+ Important to have an upward air supply
» Important to configure the distribution of clean air across the
occupied area through strategic placement
« Multiple devices should be adopted, especially for large spaces, to
achieve adequate CARD level
* High noise levels are a major problem that is hard to avoid; hence
users’ perception should be studied in advance
Mixing Small- and No « Combining mixing ventilation can help MACs reach higher CADR
ventilation medium-sized + Strategic configuration of airflow pattern is required to maximize
floor-standing the effectiveness of both
MACs
No No Used as a * Not yet a mature product
localized » Can potentially be used to locally capture IRPs with a setting
exhaust acceptable for users
« Design modifications are needed to improve the performance to a
satisfactory level

When the COVID-19 pandemic first broke out, it posed immense challenges to
society. One of the most pressing challenges was how to keep schools safe for
children and protect them from the risk of cross-infection. Children are vulnerable
to their surroundings, yet they spend long hours each day in crowded classrooms
with peers who are exposed to various people and environments outside of school.
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During the pandemic, no effective solution was available, leading to school closures
and a shift to remote learning, which negatively impacted students’ mental and
physical health [34,35]. Hence, this PhD research was initiated to seek solutions to
improve the ways of ventilation and air cleaning in school classrooms. Responding to
the urgency of the situation, the study focused on practical strategies that could be
implemented immediately or in the near future. Although the pandemic is no longer
a major threat, the findings of this research still stand meaningful. The knowledge
and experience gained during the hard times can offer important insights, not

only for improving IAQ under normal conditions but also for better preparation for
future challenges.

In fact, as addressed in the literature study (Chapter 2), prior research has
extensively demonstrated that airborne respiratory particles are one of the
dominating routes for cross-infection of not only COVID-19 but many other severe
diseases [36-39]. Therefore, minimizing the spread of IRP should not only be
prioritized during pandemic outbreaks but should also be carefully considered daily
to ensure occupant health, particularly in densely occupied school classrooms

with vulnerable individuals. Over the years, researchers have devoted significant
efforts to understanding the mechanisms and features of IRPs and the critical role
of ventilation in their control, providing valuable insights for this study. The key
knowledge learned is that airborne transmission of IRPs occurs both in proximity
between occupants during close contact and over longer distances throughout the
entire indoor space. Correspondingly, different ventilation strategies are required to
address the distinct characteristics of each transmission type [1-4].

In the Netherlands, it has been observed that most classrooms rely solely on
openable windows for ventilation [40,41]. Some newer buildings are equipped
with mechanical ventilation systems, which typically include mechanical air supply
(exhaust via infiltration), mechanical air exhaust (using windows or passive grilles
for outdoor air supply), and a combination of both mechanical air supply and
exhaust (usually in the form of mixing ventilation). During the pandemic, a common
recommendation for schools was to keep all windows and doors open [42].

While this ensured maximum ventilation capacity, it disrupted the balance of the
designed airflow rates for the mechanical systems, particularly in classrooms using
mechanical supply and mixing ventilation. Consequently, it was observed in the field
study (Chapter 3) that in these classrooms, the mechanical ventilation systems
were overpowered by natural ventilation, resulting in conditions indistinguishable
from classrooms relying solely on natural ventilation (Table 6.1). This made it
infeasible to assess the performance of the mechanical systems independently.
However, the necessity of opening windows somehow implied the inadequacy

of existing mechanical systems to meet ventilation needs during the pandemic.
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This is likely because current design paradigms are comfort-based, and often use
recirculation for energy saving [ 14]. In fact, such an issue is not new, as insufficient
ventilation and poor IAQ conditions have long been documented in school
classrooms worldwide prior to the COVID-19 pandemic, even when mechanical
ventilation systems were used independently [22,43-46].

From the field study (Chapter 3) it was also concluded that, under the existing
ventilation regimes in classrooms during the pandemic — primarily natural ventilation
- the ventilation rate was insufficient to meet current standards and guidelines
[19,30], let alone effectively control IRPs. Such ventilation practice, relying solely
on outdoor conditions, can also lead to discomfort issues [33]. Consequently, there
is a pressing need for more controllable methods of managing indoor environments
in classrooms. Given the urgency for improvements, it is not feasible to immediately
install or renovate the entire system due to the time and costs involved. Therefore,
more flexible and affordable solutions are considered.

Based on the findings of the literature review (Chapters 2) and the field study
(Chapter 3), strategies for controlling the spread of IRPs and improving IAQ in
school classrooms have been developed, beginning with the long-range airborne
transmission, for which the proposed solution is air cleaning devices. Among all sorts
of air cleaning devices, MACs were considered for their flexibility and affordability.
Although MACs are already widely available and highly developed, their use in
school classrooms remains uncommon. Based on the experimental and field studies
presented in Chapter 4, a comprehensive strategy was developed for utilizing MACs
in classrooms to effectively remove IRPs and enhance IAQ, detailing everything from
selection to operation, as summarized in Table 6.1. This strategy is not limited to
specific brands or scenarios, providing guidance for a variety of users and indoor
settings. In the meantime, the noise generated by MACs can pose a significant issue
that hinders their practical usage, which is hard to mitigate unless the fan level can
be reduced. Therefore, combinations of MACs with other types of ventilation or air
cleaning methods should be further explored.

Following Chapter 4, the solution proposed for controlling short-range IRP
transmission is a PAC, which is not yet widely available. Given the promising
performance of personalized exhaust systems in removing exhaled contaminants,
as demonstrated in previous studies [26,27,47], and the advantages of air cleaners
being flexible for implementation [48], the PAC was proposed to leverage the
strengths of both. Hence, the potential of using the PAC as a localized exhaust for
IRPs in a classroom setting was explored, as addressed in Chapter 5. As shown

in Table 6.1, it was found through the experiment that the noise and draft at a
moderate setting of the PAC were acceptable to the subjects, alongside decent
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results of respiratory aerosol removal within a refined space. However, the simulation
results revealed the limited effectiveness of the PAC in a room-scale environment,
with a more realistic distance to the occupant. Thus, for the PAC to be feasible

for practical use in classrooms, further modifications are needed. This requires a
comprehensive design that considers the PAC’s efficiency, user comfort, and the
overall functionality (e.g., teaching and learning) of the space.

Limitations
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Due to the constraints of time and resources, this PhD research has the following
limitations which need to be acknowledged.

When addressing the main research question, the initial step was to understand
the mechanisms and features of IRP dispersion and examine the characteristics
of ventilation in school classrooms during the pandemic. This was accomplished
through a literature review (Chapter 2) and a field study (Chapter 3), respectively.

For the literature review, it needs to be noted that it was conducted at the early stage
of the pandemic, limiting its inclusion of the rapidly emerging studies in recent years.
Nevertheless, it covered essential information on relevant topics to guide the follow-

up studies, which, in the meantime, have reflected the updates in knowledge.

For the field study, first, although the schools selected represented a degree of
diversity in Dutch secondary education, they lacked samples from specific groups,
such as private schools and special education institutions, where characteristics of
indoor settings, systems, and occupancy may differ significantly. Second, the school
visits were conducted only during the heating and intermediate seasons, leaving

out conditions during the summer months. Although the incidence of infectious
respiratory diseases is generally higher during the heating season [49-51], warmer
temperatures in summer could significantly affect indoor environmental conditions,
as well as occupants’ perceptions and behavior. Including data from warmer seasons
would provide a more comprehensive, year-round profile of ventilation and IEQ in
classrooms. Third, the study did not include subjective assessments from children
(and teachers), which could have offered valuable insights into occupant preferences
and needs, complementing the physical measurements for developing solutions
[23,52,53]. Fourth, the initial selection of classrooms was based on the diversity

of ventilation regimes they were equipped with. However, the practice of keeping
windows and doors open strongly hindered the operation of mechanical ventilation

Conclusions and recommendations



238

systems. As a result, this study was unable to fully address the features and
performance of the various ventilation regimes used in school classrooms.

The next step in answering the main research question was to develop effective
strategies for ventilation and air cleaning to control IRPs in classrooms. Accordingly,
a room-scale solution was proposed in the form of MACs (Chapter 4), and an
individual-level solution in the form of the PAC (Chapter 5). A limitation shared by
both studies is that they focused mainly on using the MACs or PAC individually,
without exploring their combination with other ventilation or air cleaning methods.
However, this study design choice was intentional, as the aim was to assess the
feasibility of using these devices alone for IRP removal in classrooms with limited
ventilation, as observed in Chapter 3. Future research could follow to explore

the advantages and disadvantages of various combinations of ventilation and air
cleaning methods, helping to expand the strategies outlined in Table 6.1.

For the study on MACs (Chapter 4), additional limitations were identified. First,

the panel perception assessment conducted in the laboratory setting involved only
eight adults, which is a small sample size and may not accurately reflect children’s
perceptions of indoor environmental conditions, rendering the results potentially
unrepresentative [54]. This limitation was partially addressed in the follow-up field
study, where subjective evaluations from different stakeholders were collected;
however, since this part was conducted by other research teams as part of a joint
project, it is not included in the current study. Second, the investigation of MACs was
conducted over a short duration, whereas real-life use may last for years. Factors
such as maintenance costs and efficiency degradation over time are also crucial for
assessing the feasibility of MACs in school classrooms, and thus should be addressed
in future research. Third, in the field study, the particles measured could not be
distinguished as originating from human respiration or other sources (e.g., outdoor
air), preventing a conclusive evaluation of IRP removal for the MACs. Therefore,
specific methods should be considered for further investigation into the performance
of MACs in removing IRPs in real-life settings.

For the study on the PAC (Chapter 5), only one type of PAC was investigated, as it
was the only suitable model available. First, it was determined based on previous
research that the PAC was used as a localized air exhaust; hence, the performance
of using the PAC in the normal way — as a localized air supply, was not explored.
Second, aerosol removal tests were conducted in a confined space (a cardboard
box), which likely enhanced the PAC’s performance due to increased air recirculation;
thus, these results may not accurately reflect performance in larger, more open
environments like school classrooms, where airflow dispersion is less constrained.
Third, the CFD simulations primarily focused on velocity fields and did not consider
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other important factors, such as human breathing, particle dispersion, and thermal
plumes, leading to an incomplete understanding of the PAC’s aerosol removal
performance. Nonetheless, as an initial exploration of using the PAC as a localized
exhaust, this study highlights the potential of this type of device, with future research
aimed at optimizing its design and enhancing its feasibility.

Beyond the above-mentioned limitations, it should also be pointed out that,
although the aim of this PhD research is to provide healthy IAQ conditions for
children in school classrooms, it did not examine whether the proposed strategies
can actually reduce the infection risk of COVID-19 or other respiratory diseases.
Therefore, further investigations over extended periods in real-world classrooms on
the incidence of respiratory infectious diseases among children and teachers should
be carried out to validate the ventilation and air cleaning strategies developed in a
laboratory setting or via computational approaches.

Practical implications
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The key outcomes of this PhD research are:

Highlighting the inadequacies of current ventilation systems in school classrooms,
particularly during pandemic conditions, for IRP control.

Creating a flexible, evidence-based strategy for selecting, placing, and operating
MACs in school classrooms for long-range IRP removal.

Investigating the potential of PACs as a localized solution for controlling short-range
IRP transmission.

Suggesting combining air cleaning technologies like MACs and PACs with mechanical
ventilation systems can provide a more holistic approach to managing IAQ.
Emphasizing the need for updated school ventilation and IAQ guidelines, advocating
for a shift from comfort-based to health-focused ventilation designs.

Accordingly, the practical implications of this PhD research are provided as follows.
School managers are offered actionable strategies to improve IAQ in classrooms. The
findings show that relying solely on natural ventilation is inadequate for controlling

IRPs, especially in crowded classrooms. School managers can consider integrating
MACs as a flexible and cost-effective solution to enhance air quality without
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significant infrastructural changes. Practical guidance on selecting and operating
these devices is provided in the study, helping to ensure effective use while balancing
noise levels and airflow. Additionally, school managers are encouraged to plan for
ventilation upgrades where feasible, ensuring long-term resilience against the risk of
airborne diseases.

Facility managers, tasked with the maintenance and operation of school ventilation
systems, will benefit from the detailed insights provided in this research. The study
reveals that during pandemic conditions, proper operation of mechanical ventilation
systems can be affected by the continuous opening of windows, reducing their
effectiveness. Facility managers should explore strategies to optimize mechanical
systems to ensure they perform as intended, even under such constraints. The
research also outlines best practices for deploying MACs, emphasizing factors like
filter efficiency, clean air delivery rate, and device positioning. PACs offer another
potential solution, and facility managers should keep an eye on further developments
in this area for future classroom implementations.

Policymakers and public health officials can use the findings of this study to revise
and update ventilation guidelines for schools, particularly considering the lessons
learned during the COVID-19 pandemic. Current standards, which focus primarily on
comfort and energy efficiency, should be expanded to include the control of airborne
infectious particles. A recent example of this shift is the newly released ASHRAE
standard, Control of Infectious Aerosols (ASHRAE 241-2023) [55]. The study
supports the need for more robust IAQ monitoring protocols and the integration of
air cleaning technologies like MACs as a standard practice in schools. Public health
officials could also advocate for funding initiatives to help schools acquire and
maintain air cleaning devices, ensuring that schools are better equipped to manage
both everyday IAQ and future health crises.

For product developers in the air cleaning industry, this research points to

several opportunities for innovation and refinement. The study demonstrates the
effectiveness of MACs in removing IRPs, yet existing products are mostly designed
for household use, which in some cases need to be adjusted for classroom use.
Moreover, user interfaces tailored for home users can sometimes create challenges
for school users. Hence, there is a continued need for MACs to be specifically
designed for classroom environments. Additionally, the limited availability of PACs
presents a market opportunity. Developers should focus on creating quieter, more
efficient, and user-friendly PAC designs that can be easily implemented in school
environments. The research encourages the exploration of hybrid solutions, where
MACs and PACs work in conjunction with existing ventilation systems, offering an
untapped potential for product development.
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Students and teachers, although not directly involved in the decision-making
process, are the primary occupants of classrooms and are at the frontline of
experiencing indoor air quality. The outcomes of this study provide valuable insights
for both groups, helping them understand the importance of IAQ and its impact
on health and learning. Teachers can learn how to properly operate and manage
ventilation and air cleaning devices, ensuring a safe and comfortable classroom
environment throughout the day. The study also emphasizes the importance of
feedback from teachers and students regarding device performance — educating
them on how their input can shape the implementation of IAQ solutions. For
students, a better understanding of the importance of IAQ can encourage healthy
behaviors and improve awareness of how environmental factors affect their well-
being and academic performance.

Recommendations for future research

6.4.1

As previously laid out, this PhD research serves as a pathfinder to seek solutions for
effectively controlling IRPs in school classrooms. Future research can build on these
findings to develop more comprehensive strategies. The recommended directions
address individual solutions for long-range and short-range airborne transmission
of IRPs, combinations of the two approaches, and validation for real-world cross-
infection mitigation, which are further addressed in the following sections.

Investigating different room-scale mechanical
ventilation regimes

241

The mechanical ventilation system (fully controlled, with both airflow inlet and
outlet) most commonly used in school classrooms is mixing ventilation (MV). It is

a traditional way of ventilating, designed to introduce supply air at high velocity

to thoroughly mix with the indoor air, ensuring even distribution of temperature

and contaminants throughout the space [56]. MV systems are commonly used

in classrooms due to their simplicity and effectiveness in maintaining consistent
indoor conditions [57]. The problem often observed in mixing ventilation systems is
inadequate ventilation rates. However, achieving a level sufficient for effective IRP
control may significantly increase energy consumption or even exceed the maximum
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capacity of existing systems. Additionally, it has been observed that increasing

the ventilation rate in MV does not necessarily result in a proportional reduction in
particle concentrations [58]. Hence, other types of mechanical ventilation systems
should be considered for improving IAQ in school classrooms, such as displacement
and stratum ventilation.

Displacement ventilation (DV) works by supplying cool, fresh air at a low velocity
near the floor. As this air gets heated by the thermal plume of occupants, it rises to
displace warmer, contaminated air, which is then exhausted from the ceiling. This
process promotes improved air quality and thermal comfort in the occupied zone
[56]. Stratum ventilation (SV), on the other hand, operates by using multiple levels
or strata of air, typically with cooler air supplied at lower levels and warmer air
naturally stratifying above. This method facilitates targeted temperature control and
improved air quality by maintaining distinct thermal layers in a space [56]. Extensive
studies have shown that DV and SV systems are more effective than MV systems

in reducing indoor air contaminants, especially for DV systems, which have the
advantage of maintaining better air quality in the breathing zone [58-60]. Moreover,
both DV and SV systems have demonstrated a strong ability to enhance thermal

comfort while reducing energy consumption compared to mixing ventilation [61-63].

Although studies have examined the performance of DV and SV systems in school
classrooms, they represent only a few examples from modern educational settings
[61-63]. Besides, these studies primarily focused on thermal comfort and energy
savings rather than IRP control. Therefore, future research is needed to investigate
the capability of DV and SV systems for IRP removal in classroom environments,
with particular attention to airflow configurations (such as the placement of airflow
inlets and outlets) and airflow rates. This can be done first through CFD simulations
to address enough trials, then through testing in a laboratory environment, and
eventually being validated in the field.

Optimizing design of personalized air cleaning devices

242

As demonstrated in Chapter 5, the setup of using the PAC as a localized exhaust

for efficiently removing IRP and maintaining good IAQ for each individual has

its strength over other personalized systems such as PV and PE. Hence, future
research should first aim to establish a more comprehensive understanding of the
performance of PACs. First, more realistic CFD simulations should be performed,
incorporating important factors such as dispersion of particles from human
breathing and room temperature and relative humidity. Potential modifications could
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then be explored, for instance, an increase in the suction surface area or a shorter
distance from the occupant, together with an increase in the airflow rate. From there,
a prototype can be developed and examined for both efficiency and acceptability.
Ultimately, the prototype should be evaluated in real-world environments.

Furthermore, in recent years, personalized environmental control systems (PECS)
have gained increased interest. The concept of PECS emphasizes individual control
over not only IAQ but also other IEQ aspects, such as thermal comfort, visual
comfort, and acoustics, within the immediate surroundings of each occupant. It is
indeed important to treat the IEQ condition holistically, for their interaction effects on
health and comfort. Hence, the potential for combining different personalized systems
should be explored. For example, Shinoda et al. [64 ] developed a PECS prototype
that provided personalized control over heating, cooling, and ventilation, and ensured
good thermal comfort and ventilation effectiveness for the occupants. However,
acoustics and visual comfort were not considered. Moreover, noise and odors from
the system were found to pose a problem for the users. Zhang et al. [65,66] created
an individually controlled noise-reducing device (ICND) which achieved significant
improvement in overall acoustics in a classroom setting. This device, with a canopy-
like design, could potentially be integrated with personalized air cleaning systems and
other types of PECS to enhance overall IEQ in school classrooms.

Exploring combinations of different ventilation and air
cleaning methods

243

As summarized in Table 6.1, in this PhD research, the proposed solutions were
examined individually. However, great potential lies in the combination of both room-
scale and individual-level solutions. For instance, previous studies on PV and PE
systems were often conducted in indoor settings with ambient mechanical ventilation
(including both MV and DV). The promising performance in reducing infection risk
well indicated the potential of such a combination [25,27,67]. Furthermore, aligned
with the findings in Chapter 4, studies have demonstrated that combining MACs

with mechanical ventilation can further improve IAQ in school classrooms, which

can sometimes even benefit from energy saving [68,69]. Nonetheless, further
investigations are needed to establish proper strategies for such combined solutions.
Specifically, for different types of ventilation systems and air cleaning devices, the
control of integrated airflow should be carefully considered. Additionally, the effects
of corresponding noise and drafts need to be evaluated to ensure occupant comfort.
Other combinations, such as MACs with PACs, or mechanical ventilation systems with
both MACs and PACs, also remain to be explored.
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Validating effects of ventilation and air cleaning strategies on
real-world cross-infection

244

In response to the last point in Section 6.2.3, investigation over extended periods
on the effects of ventilation and air cleaning interventions on real-world cross-
infection of respiratory diseases among children and teachers is crucial to validate
their efficacy. To date, few studies have addressed this, likely due to the lack of

data because of worldwide school closures and the limited incidence of infected
children after school reopening [70]. One example is the retrospective cohort

study conducted by Buonanno et al. [71] in Italian schools (from pre-schools

to high schools) to identify the association between ventilation and SARS-

CoV-2 transmission. The results showed that in classrooms with mechanical
ventilation systems, the infection risk among students was significantly lower than

in those with only natural ventilation. In addition, increased ventilation rates per
person is associated with reduction in infection risk. This study serves as a pioneer
validation for the importance of adopting mechanical ventilation systems with higher
ventilation rates for minimizing the spread of IRPs and reducing infection risk in
school classrooms. With more systems and devices being examined and further
strategies proposed, future research is needed to better understand their application
on actual mitigation of cross-infection among occupants in real-world classrooms.
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materials for
Chapter 3

A.1

Technical questionnaire of the school
building(s)

© N

Oooooooaoo

How many different ventilation regimes does the school consist of?

Describe the building (part) in which the first ventilation regime is located (if your
school consists of several building parts/buildings, only fill in the data for the
first building part, on the following pages you can enter the data about the other
building parts).

What is the year of construction of the building?

Which school years are (mainly) taught in this building?
y

2
3
4
5
6
All grades

What is the total area of the building?
What is the total floor area of the building?
How many floors does the building have?

What is the height of the building in meters?
How many classrooms are there in the building?
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11.
12.
13.
14.

15.

16.

16.1.

16.2.

Ooo0o0ooo

16.2.1.

16.3.

Ooooo
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How many canteens and/or other sitting areas are there in the building?
How many teachers’ rooms and / or offices are there in the building?
How many kitchens are there in the building?

How many libraries and / or media libraries are there in the building?
How many toilets and showers are there in the building?

How is the building ventilated?

Natural ventilation - open windows

Natural ventilation - open windows and doors
Mechanical - exhaust air only

Mechanical - both exhaust and air supply
Mechanical - displacement ventilation

Is there mechanical ventilation in the building?
Yes, the whole building

Yes, in some areas of the building

No

If the answer of “Is there mechanical ventilation in the building?” is not “No”,
then please answer this question: What is the date of the last maintenance of the
mechanical ventilation system?

If the answer of “Is there mechanical ventilation in the building?” is not “No”, then
please answer this question: How is the mechanical ventilation system controlled?

Manual (on / off) - centralized
Manual (on / off) - local
Automatically

CO, controlled

Other

If the answer of “How is the mechanical ventilation system controlled?” is “Other”,
then please answer this question: Specify how the mechanical ventilation system
is controlled.

If the answer of “Is there mechanical ventilation in the building?” is not “No”,
then please answer this question: Where does the supply of the ventilation system
take place?

Roof

Front

Ground

Other
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18.
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19.

19.1.

20.1.
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If the answer of “Where does the supply of the ventilation system take place?” is
“Other”, then please answer this question: Specify where the supply of the ventilation
system takes place.

If the answer of “Is there mechanical ventilation in the building?” is not “No”, then
please answer this question: What is the height of the ventilation system measured in
meters from the ground?

Are the doors between the different areas generally open?
Yes

No

Partly

What type of air handling unit is present in the building?
100% fresh air

Recirculation

Passive cooling with outside air

Two-duct system with recirculation

Other

If the answer of “What type of air handling unit is present in the building?” is “Other”,
then please answer this question: Specify the type of air handling unit.

Is the toilets exhaust system running continuously to provide basic ventilation in
the building?

Yes

No

No exhaust system in toilets

Is there a heating system in the building?
Yes, throughout the building

Yes, in some areas of the building

No

If the answer of “Is there a heating system in the building?” is not “No”, then please
answer this question: What type of heating system is available in the classrooms?
(multiple answers possible)

Radiator and / or convector

Floor heating

Ceiling heating

Wall heating

Air conditioner cabinets
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22.1.

253

Ooad

Oooo0oooano

Oooooooaod

Air supply through ceiling
Air supply through wall
Ventilation floor

Which heat recovery systems are used? (Multiple answers possible)
Plate heat exchanger

Rotating heat exchanger

Evaporation-condensation pipe

Twin coil unit

Others

No

If the answer of “Which heat recovery systems are used?” is “Other”, then please
answer this question: Specify which heat recovery systems are used.

Is there a cooling system in the building?
Yes, throughout the building

Yes, in some areas of the building

No

If the answer of “Is there a cooling system in the building?” is not “No”, then
please answer this question: What type of cooling system is available? (multiple
answers possible)

Floor cooling

Ceiling cooling

Wall cooling

Air conditioning cabinets

Air supply from ceiling

Air supply through wall

Ventilation floor
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A.2

Interview with school facility manager

1)
2)

3)
4)

5)

6)
7)

8)

9)

1)
2)

3)
4)

5)

6)
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15t school visit (October to December 2020):

What are the available ventilation regimes in the school building(s)?

If applicable, are the mechanical ventilation system still operating? If so, at what
capacity? If not, why?

In particular, how are the classrooms ventilated?

At the school level, how are the windows and doors inside the classrooms operated,
regarding the COVID-19 pandemic control and prevention?

Is there any other action taken insides the school buildings in order to enhance
ventilation in the classrooms?

What is the maximum occupancy of students in the classrooms?

Are there any COVID-19 pandemic control and prevention measures implemented in
the classrooms? (e.g., 1.5 m distance between the students)

What is the timetable of the classrooms? How long are the lessons? How long are the
breaks and how are the breaks arranged? (e.g., Are students required to leave/stay
in the classroom during the break?)

How often are the classrooms cleaned?

2"d school visit (March to June 2021):

Comparing to the pre-lockdown period, has anything been changed regarding the
ventilation of the classrooms?

Comparing to the pre-lockdown period, has anything been changed regarding the
operation of windows and doors in the classrooms?

What is the maximum occupancy of students in the classrooms?

Comparing to the pre-lockdown period, are there any different COVID-19 pandemic
control and prevention measures implemented in the classrooms?

Comparing to the pre-lockdown period, has anything been changed with the
timetable (regarding both the lessons and the breaks)?

Compared to the pre-lockdown period, has anything been changed for cleaning?

Healthy Air for Children



A.3

Classroom checklist

1.2.

1.3.

Ooooo

1.4.

Ooo0oooo

1.5.

Oo0o0oooo

1.6.

Ooooaod
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Indoor Characterization

On which floor is the classroom location (0= ground floor):

Basic information:

Total floor area: m?2
Total volume: m3
Ceiling height: m

Contrast of window frames

Light-colored window frames with light-colored wall
Light-colored window frames with dark-colored wall
Dark-colored window frames with light-colored wall
Dark-colored window frames with dark-colored wall

Windows frames
Metal

Wood

pvC

Aluminum
Other (specify)

Can the windows be open?

No

Yes

If yes, can they be adjusted?

All

Some (estimate % of openable windows)
But occupants are not allowed to open them

Type of glazing
Single glazing
Double glazing
Triple glazing
Other (specify)
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Type of lighting
Natural
Artificial
Mixture

Type of artificial lighting
Fluorescent

Compact fluorescent
Incandescent
Halogen

Other (specify)

Is the artificial light turned on at this moment?
Yes
No

Is there any reflection on the surface of the desks?
Yes
No

Solar shading devices
None

External

Internal

Both

Do solar shading devices hamper the use of windows or decrease the

ventilation capacity?
Yes
No

Control of the shading devices

No control (fixed)

Individual

Automatic

Automatic with individual by-pass
Other (specify)
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Room ceiling surface
Concrete

Paint

Wallpaper

Synthetic material
Mineral fiber tiles

Wood fiber tiles; cork tiles
Wood

Gypsum/plaster

Other (specify)

Room wall covering

Concrete

Paint

Wallpaper

Porous fabrics including textiles
Stone/ceramic tiles

Wood/cork

Gypsum/plaster

Other (specify)

Room floor covering

Concrete

Carpet

Synthetic smooth (linoleum, vinyl, ...)
Laminate parquetry

Stone/ceramic tiles

Wood/cork
Other (specify)

Are there any major indoor sources of noise?

No indoor sources of noise

Occupants (distracting conversations)

Neighbors

Machines (photocopiers, computers, printers)
Vibration from fans, ducts, supply grilles or vents
Elevators
Other (specify)
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2.1

2.2

2.3

2.4

2.5
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oooooo

Can you hear outdoor noise sources?
No outdoor noise sources

Traffic

Train
Airplane
People

Yes (specify)

Humidity Problems

Visible mould growth in the room

No

Yes

— Where

— Extent (diameter) (m)

Other damp/mould symptoms

No

Yes

1 Water leakage

[ Noticeable mould odor

[ Visible damp spots on walls, ceiling or floor

[] Bubbles or yellow discoloration of plastic floors
] Blackened wood floor

Visible leak / crack in the room
No

Yes

— Where

— Extent (number, length, width)

Tendency for formation of condensation on windows
No

Yes

[] Inside

[] Outside

1 In- between the glazing

Others (Please specify)
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3.2

3.3

3.4

3.5
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Ooooogoaod

oo

Ooooaod

Ooooaod

Indoor Climate Characterization

Heating terminal units

Hot water radiators or convectors
Electrical radiators or convectors
Floor heating
Warm air flow
Other (specify)

Are heaters located below windows?
No
Yes

Is there noise absorption present?
No

Yes

[J Ceiling tiles

[ Wall panels

1 Baffles

1 Other:

How is the classroom ventilated?

Operable windows

Other natural ventilation (e.g., passive stack)
Hybrid/mixed model (natural + mechanical)
Local ventilation unit (i.e., ClimaRad)

Location of grilles (passive ventilation)
Ceiling

Walls
Windows
Other (specify)

Mechanical Ventilation

Designed air distribution principle
Mixing
Displacement
Other (specify)
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Location of air supply devices
None

Floor
Windowsill
Ceiling

High on wall
Low on wall
Other (specify)

Location of air exhaust grilles
None

High

Low

Classroom Indoor Pollution Sources
Board

Black board with chalk

White board with markers
Electronic interactive board

Flip over chart
Other (specify)

Electronic equipment (specify the number)
Computers/printers/photocopiers
Projector/TV
Other (specify)

Other appliances (specify the number)
Air cleaners (specify type)

Space heaters

Humidifiers

Dehumidifiers

Air fresheners

Permanent (passive or electric plugged)
Occasionally (spray or other)

Furniture materials
Wood

Plywood

Textiles

Metal
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5.9
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Plastic laminate or composite
MDF furniture of less than 1 year old
Other (specify)

Are there any curtains?
No
Yes
Other (specify)

Are there any rugs?
No
Yes
Other (specify)

Are there any cushions?
No
Yes
Other (specify)

Closet or shelves with gouaches, inks, etc. for graphic arts
No
Yes
Other (specify)

Animals/Pets
No

Yes, stuffed
Yes, living
Fish/Turtle (aquariums)
Birds

Rodents

Other (specify)

Number of potted plants in the room:
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Observation form

1)
2)
3)
4)
5)
6)
7)

8)

1)
2)
3)

4)

5)
6)

262

Teacher’s observation form

Time of the lesson: from : to

Number of students in the classroom:

There are _____ windows in this classroom, and
There are ____doors in this classroom.

Before the course, ___ window(s) is/are open, ___ door(s) is/are open.
During the course, ___ window(s) is/are open, ___door(s) is/are open.
Is there any mechanical ventilation operating in this classroom?

Yes

No

Idon’t know

among them can be opened.

Did you or the students open or close any window during the course? If so, please fill
in the following table:

S T S 7

o opened _window(s) ____ door(s)
o student o closed
At ol o opened ____window(s) ____door(s)
o student o closed
At ol o opened ____window(s) ____door(s)
o student o closed
Researcher’s observation form
Time of the lesson: from to
Number of students in the classroom:
There are ___ windows and ___ doors, and windows and doors can
be opened.

Before the course, __ window(s) and ___ door(s) is/are opened.

During the course, ___ window(s) and ___ door(s) is/are opened.

Did the teacher or the students open or close any windows/doors during the lesson?
If so, please answer the following questions:

At : , the teacher/students open/close ___ window(s)/ ___ door(s).
At : , the teacher/students open/close ___ window(s)/ ___ door(s).
At : , the teacher/students open/close ___ window(s)/ ___ door(s).

Healthy Air for Children



. SUPpPlementary
materials for
Chapter 4

B.1 Questionnaires for panel perception test

General Information

1. Age
2. Gender

years

[] male [[] female

3. Which of the 9 images best suits how you feel at this moment?

O

3

)

4. Please briefly describe the type of clothing you are wearing at this moment.

Top:

Bottom:

Shoes:
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Questionnaire of Sound and Air Movement Perception

Part 1. Assessment of sound

1.1 Can you hear any sound at the location where you are sitting?
[ ves ‘ [ No

(If the answer is Yes, please continue with question 1.2 and 1.3; If the answer is No, you can skip question
1.2 and 1.3)

1.2 How loud is the sound that you hear?
Quiet o O | O o Loud

1.3 What is your assessment of the sound that your hear?

y U U

Part 2. Assessment of air movement

2.1 Can you feel any air movement at the location where you are sitting?
[ ves ‘ [ No

(If the answer is Yes, please continue with question 2.2-2.4; If the answer is No, you can skip question
2.2-2.4)

2.2 At which part(s) of your body do you feel the air
movement? Please mark the body part(s) with “x”

2.3 How strong is the air movement that you feel?
Mild O O O O Strong

2.4 What is your assessment of the air movement that you feel?

o U U
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B.2 Results of the aerosol decay test in the
lab experiment

TABLE B.2.1 Total decay coefficient Kpy o1 OF PM, 5.

Device? Setting® Configuration® | Location PMtotaI [h"] 95% CI (lower, | R?
upper)¢

MAC1 C1 A 2.229 2.202,2.257 0.988
B 2.252 2.218,2.286 0.982

C 2.237 2.209, 2.265 0.988

D 2.205 2.181,2.228 0.991

E 2.170 2.151,2.189 0.994

F 2.200 2.182,2.218 0.994

Cc2 A 2.830 2.811,2.849 0.998
B 2.825 2.800, 2.849 0.996

C 2.853 2.825, 2.880 0.995

D 2.935 2.920, 2.950 0.999

E 2.869 2.851,2.887 0.998

F 2.862 2.843, 2.881 0.998

S2 C1 A 5.052 5.004, 5.099 0.996
B 5.193 5.151,5.234 0.997

c 5.026 4.984, 5.069 0.997

D 5.050 5.008, 5.091 0.997

E 4.965 4.919,5.010 0.996

F 5.077 5.035,5.118 0.997

Cc2 A 5217 5.187,5.247 0.999
B 5.387 5.358,5.416 0.999

C 5.205 5.173,5.237 0.999

D 5212 5.187,5.237 0.999

E 5.155 5.129,5.181 0.999

F 5.227 5.204, 5.251 0.999

>>>
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TABLE B.2.1 Total decay coefficient Kpy 1o OF PM, 5.

S1

95% CI (lower,
upper)?

MAC2 C1 A 8.656 8.462, 8.851 0.989
B 8.849 8.710, 8.988 0.995

C 8.705 8.538,8.873 0.992

D 8.473 8.316, 8.631 0.993

E 8.527 8.320,8.733 0.987

F 8.896 8.704,9.087 0.990

Cc2 A 5.280 5.140, 5.420 0.973

B 4.538 4.488, 4.588 0.995

C 4.372 4.335,4.410 0.997

D 4.480 4.443,4.518 0.997

E 4.605 4.553,4.658 0.995

F 4.499 4.453,4.544 0.996

S2 C1 A 13.213 13.012,13.415  0.996
B 14.672 14.426,14.918  0.996

c 13.312 13.112,13.513 | 0.996

D 12.886 12.675, 13.096 | 0.996

E 14.281 13.946, 14.616 | 0.991

F 13.008 12.801,13.214 | 0.996

Cc2 A 7.737 7.616, 7.857 0.994

B 7.773 7.667,7.879 0.995

C 7.420 7.308, 7.533 0.994

D 7.632 7.534,7.730 0.996

E 7.798 7.662, 7.934 0.992

F 7.820 7.726,7.915 0.996

MAC3 S1 C1 A 6.312 6.246, 6.378 0.997
B 6.526 6.458, 6.593 0.997

C 7.043 6.914,7.173 0.990

D 8.149 7.934,8.364 0.980

E 6.839 6.690, 6.989 0.985

F 7.713 7.557,7.869 0.988

S2 C1 A 15.107 14.949, 15.265 | 0.999
B 15.816 15.558, 16.075 | 0.997

C 16.149 15.789, 16.508 | 0.994

D 15.926 15.582, 16.271 | 0.994

E 15.478 15.232,15.724 | 0.997

F 15.816 15.610, 16.021 | 0.998
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TABLE B.2.1 Total decay coefficient Kpy 1o OF PM, 5.

S1

MAC4

95% CI (lower,

upper)?

c1 A 5.461 5.388,5534 | 0.994
B 5.773 5.726, 5.821 0.998

C 6.108 6.042,6.174 | 0.996

D 5.863 5.801,5.925 | 0.996

E 5977 5.899,6.054 | 0.995

F 6.426 6.377,6.475 | 0.998

c2 A 5.960 5.902,6.018 | 0.997
B 6.375 6.311,6.439 | 0.997

C 5.930 5.855,6.005 | 0.995

D 5.876 5.780,5.973 | 0.991

E 6.057 6.006,6.109 | 0.998

F 6.518 6.430,6.606 | 0.994

s2 ci A 13.908 13.703,14.113 | 0.996
B 14.725 14.491,14.958 | 0.996

c 14.468 14.216,14.719 | 0.995

D 14.666 14.413,14.920 | 0.995

E 14.095 13.880, 14.309 | 0.996

F 13.648 13.492,13.804 | 0.998

c2 A 14.119 13.741,14.496 | 0.990
B 14.866 14.615,15.118 | 0.996

c 13.777 13.473,14.080 | 0.993

D 14.181 14.002, 14.360 | 0.998

E 14.765 14.523,15.007 | 0.996

F 14.444 14.101,14.787 | 0.992

c3 A 7.296 7.225,7.367 | 0.997
B 6.811 6.730,6.892 | 0.996

C 6.866 6.818,6.915 | 0.999

D 7.221 7.162,7.281 | 0.998

E 7.402 7.308,7.496 | 0.995

F 6.757 6.803,6.811 | 0.998
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TABLE B.2.1 Total decay coefficient Kpy 1o OF PM, 5.

Device? Setting® Configuration® | Location PMmal [h"] 95% CI (lower, | R?
upper)?

MAC5 C1 A 6.461 6.390, 6.532 0.997
B 6.063 5.967,6.160 0.993

C 6.071 5.979,6.164 0.993

D 6.710 6.575, 6.844 0.989

E 6.418 6.353, 6.483 0.997

F 6.043 5.974,6.112 0.996

Cc2 A 6.870 6.794, 6.945 0.996
B 6.956 6.845, 7.068 0.993

C 6.764 6.667, 6.862 0.994

D 7.304 7.198,7.410 0.994

E 7.841 7.737,7.945 0.995

F 9.167 8.982,9.352 0.990

S2 C1 A 10.984 10.836, 11.132 | 0.997
B 10.836 10.726,10.947 | 0.998

c 10.462 10.317,10.608 | 0.996

D 11.182 11.010, 11.354 | 0.996

E 10.630 10.472,10.789 | 0.996

F 10.760 10.603,10.917 | 0.996

c2 A 12.297 12.130, 12.464  0.997
B 12.467 12.234,12.701 | 0.995

C 11.737 11.358,12.116 | 0.984

D 14.784 14.481, 15.088 | 0.994

E 13.993 13.819,14.167 | 0.998

F 13.862 13.720, 14.005 | 0.998

>>>
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TABLE B.2.1 Total decay coefficient Kpy 1o OF PM, 5.

S1

MAC6

95% CI (lower,

upper)?

c1 A 7.363 7.254,7.471 | 0.994
B 7.251 7.176,7.326 | 0.997

C 7.441 7.334,7.548 | 0.994

D 7.263 7.170,7.355 | 0.995

E 7.573 7.480,7.665 | 0.996

F 7.331 7.252,7.409 | 0.997

c2 A 5.961 5.864,6.059 | 0.990
B 5.830 5.764,5.896 | 0.995

C 5.645 5.576,5.715 | 0.994

D 6.097 6.015,6.179 | 0.993

E 6.027 5952,6.101 | 0.994

F 5.789 5.731,5.848 | 0.996

s2 ci A 14.212 14.014, 0.996

14.410

B 15.286 15.039, 15.533 | 0.995

c 14.350 14.101,14.598  0.994

D 13.837 13.654, 14.020 | 0.997

E 15.250 14.989,15.512 | 0.994

F 14.330 14.129,14.532 | 0.996

c2 A 13.064 12.904, 13.225 | 0.998
B 13.673 13.476,13.870 | 0.997

c 13.283 13.100, 13.467 | 0.997

D 13.502 13.340, 13.664 | 0.998

E 13.383 13.224,13.541 | 0.998

F 13313 13.121, 13.504 | 0.997

c3 A 7.973 7.862,8.085 | 0.995
B 8.290 8.182,8.397 | 0.996

c 8.022 7.909,8.135 | 0.995

D 8.315 8.182,8.450 | 0.993

E 8.373 8.239,8.506 | 0.994

F 8.332 8.214,8.450 | 0.995
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TABLE B.2.1 Total decay coefficient Kpy 1o OF PM, 5.

S1

MAC7

95% CI (lower,
upper)?

C1 A 9.525 9.428,9.622 0.998
B 9.752 9.664, 9.840 0.998

C 9.334 9.205, 9.462 0.996

D 9.514 9.423,9.606 0.998

E 9.650 9.552,9.749 0.998

F 9.387 9.293, 9.481 0.998

Cc2 A 11.076 10.936, 11.216 | 0.997
B 11.510 11.360, 11.660 | 0.997

C 10.835 10.692,10.979 | 0.996

D 10.986 10.845, 11.127 | 0.997

E 11.428 11.328,11.527 | 0.999

F 11.653 11.491,11.814 | 0.996

S2 C1 A 19.226 18.912,19.541 | 0.996
B 20.256 19.929, 20.583 | 0.996

c 19.209 18.817,19.600 | 0.993

D 19.450 19.163, 19.736 | 0.996

E 21.203 20.850, 21.557 | 0.996

F 18.864 18.548,19.181 | 0.995

c2 A 19.159 18.895,19.422 | 0.997
B 20.826 20.546, 21.106 | 0.997

C 18.475 18.070, 18.881 | 0.992

D 19.005 18.753,19.258 | 0.997

E 19.484 19.103, 19.864 | 0.994

F 18.755 18.525,18.986 | 0.998

C3 A 11.821 11.677,11.965 | 0.997
B 10.582 10.341,10.823 | 0.990

C 10.847 10.744,10.951 | 0.998

D 11.781 11.655,11.906 | 0.998

E 11.083 10.900, 11.266 | 0.995

F 11.385 11.272,11.498 | 0.998

Q O T o

MAC: mobile air cleaner.

S: setting.
C: configuration.
95% confidence
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TABLE B.2.2 Total decay coefficient Ky oa OF PMy.

Device? Setting® Configuration® | Location PMmal [h"] 95% CI (lower, | R?
upper)?

MAC1 C1 A 2135 2.101,2.169 0.979
B 2.290 2.258,2.322 0.984

C 2.262 2.234,2.289 0.988

D 2.229 2.205,2.254 0.990

E 2.190 2.169, 2.211 0.993

F 2.236 2.216, 2.255 0.994

c2 A 2.742 2.720,2.765 0.996
B 2.941 2.916, 2.966 0.996

C 2.943 2.917,2.969 0.996

D 3.007 2.989, 3.026 0.998

E 2.952 2.922,2.982 0.995

F 2.947 2.928, 2.966 0.998

S2 C1 A 5.052 4.598,4.777 0.983
B 5.257 5.214,5.300 0.997

c 5.100 5.054,5.147 0.997

D 5.066 5.012,5.121 0.997

E 4.977 4.924,5.031 0.995

F 5.143 5.094,5.193 0.996

c2 A 4.884 4.819, 4.949 0.993
B 5.370 5.342,5.397 0.999

C 5.282 5.250,5.314 0.999

D 5.225 5.193,5.258 0.999

E 5.142 5.113,5.171 0.999

F 5.296 5.266, 5.326 0.999

>>>
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TABLE B.2.2 Total decay coefficient Ky oa OF PMy.

S1

95% CI (lower,
upper)?

MAC2 C1 A 7.454 7.183,7.725 0.968
B 9.698 9.527,9.868 0.994

C 9.242 9.065,9.418 0.993

D 8.617 8.429, 8.806 0.990

E 8.889 8.643,9.136 0.984

F 9.051 8.829,9.273 0.998

Cc2 A 5.183 5.006, 5.359 0.953

B 4.809 4.747,4.871 0.993

C 4.617 4.572,4.662 0.996

D 4.682 4.634,4.730 0.996

E 4.908 4.840,4.977 0.992

F 4.691 4.640,4.742 0.995

S2 C1 A 12.114 11.721,12.506 | 0.981
B 15.379 15.124,15.634 | 0.996

c 13.827 13.597, 14.057 | 0.996

D 13.144 12.879, 13.409 | 0.993

E 14.341 14.000, 14.682 | 0.991

F 13.289 13.041,13.537 | 0.994

Cc2 A 7.470 7.272,7.668 0.980

B 8.333 8.212,8.454 0.995

C 7.947 7.820,8.074 0.993

D 7.944 7.826, 8.063 0.994

E 8.353 8.192,8.515 0.990

F 8.060 7.954, 8.165 0.996

MAC3 S1 C1 A 6.604 6.460, 6.748 0.985
B 7.150 7.054,7.247 0.995

C 7.847 7.669, 8.024 0.985

D 9.087 8.799,9.376 0.972

E 7.260 7.060, 7.459 0.977

F 8.568 8.354,8.781 0.983

S2 C1 A 15.091 14.641,15.541 | 0.988
B 17.028 16.651, 17.405 | 0.994

C 17.876 17.239,18.423 | 0.989

D 16.843 16.319,17.367 | 0.988

E 16.153 15.800, 16.505 | 0.994

F 17.044 16.657,17.431 | 0.994
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TABLE B.2.2 Total decay coefficient Ky oa OF PMy.

S1

MAC4

95% CI (lower,

upper)?

c1 A 4.870 4.793,4.948  0.991
B 5810 5.759,5.862 | 0.997

C 6.164 6.093,6.236 | 0.996

D 5.793 5.727,5.859 | 0.996

E 5.846 5.763,5.929 | 0.993

F 6.439 6.380,6.498 | 0.997

c2 A 5.942 5.884,6.000 | 0.997
B 6.568 6.491,6.644 | 0.996

C 5.360 5.265,5.454 | 0.989

D 5.840 5.747,5.933 | 0.992

E 6.002 5.943,6.061 | 0.998

F 6.733 6.631,6.836 | 0.993

s2 ci A 11.739 11.366,12.111 | 0.981
B 15.105 14.819,15.391  0.994

c 14.634 14.376,14.891 | 0.995

D 14.301 13.982, 14.619 | 0.992

E 13.773 13.534,14.012 | 0.995

F 13.514 13.335,13.693 | 0.997

c2 A 14.077 13.729,14.425 | 0.992
B 15.036 14.758, 15.314 | 0.995

c 12312 11.090, 12.716 | 0.983

D 14.281 14.041,14.520 | 0.996

E 14.474 14.209, 14.739 | 0.995

F 14.727 14.332,15.123 | 0.990

c3 A 7.200 7.125,7.276 | 0.997
B 6.903 6.818,6.987 | 0.996

C 6.258 6.169,6.348 | 0.993

D 7.103 7.032,7.174 | 0.997

E 7337 7.224,7.451 | 0.993

F 6.893 6.837,6.948 | 0.998
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TABLE B.2.2 Total decay coefficient Ky oa OF PMy.

Device? Setting® Configuration® | Location PMmal [h"] 95% CI (lower, | R?
upper)?

MAC5 C1 A 6.476 6.393, 6.558 0.995
B 6.053 5.955,6.150 0.992

C 5.457 5.355,5.559 0.989

D 6.481 6.323, 6.639 0.983

E 6.270 6.182, 6.359 0.994

F 6.078 6.021,6.136 0.997

Cc2 A 6.971 6.875,7.067 0.994
B 7.412 7.295,7.529 0.993

C 7.077 6.948, 7.205 0.991

D 7.602 7.479,7.725 0.993

E 8.318 8.190, 8.446 0.994

F 9.820 9.615,10.025 | 0.989

S2 C1 A 11.184 10.998, 11.369 | 0.995
B 11.193 11.055,11.331 | 0.997

c 9.062 8.806,9.317 0.983

D 11.165 10.932, 11.399 | 0.992

E 10.713 10.502,10.924 | 0.993

F 11.324 11.124,11.523 | 0.994

c2 A 13.038 12.790, 13.287 | 0.994
B 13.873 13.616, 14.129 | 0.995

C 12.985 12.510, 13.460 | 0.981

D 16.490 16.094, 16.885 | 0.992

E 15.279 15.052, 15.507 | 0.997

F 15.010 14.838,15.181 | 0.998
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TABLE B.2.2 Total decay coefficient Ky oa OF PMy.

S1

MAC6

95% CI (lower,

upper)?

c1 A 7.269 7.112,7.427  0.986
B 7.881 7.800,7.962 | 0.997

C 7.849 7.742,7.956 | 0.995

D 7.562 7.459,7.665 | 0.995

E 7.742 7.642,7.842 | 0.995

F 7.703 7.621,7.784 | 0.997

c2 A 6.053 5915,6.190 | 0.980
B 6.347 6.268,6.426 | 0.994

C 5.846 5.781,5.911 | 0.995

D 6.276 6.183,6.369 | 0.992

E 6.243 6.161,6.325 | 0.994

F 5.908 5.850,5.967 | 0.996

s2 ci A 14.225 13.853,14.598 | 0.986
B 16.565 16.278,16.852 | 0.994

c 15.471 15.237,15.706 | 0.996

D 14.669 14.454,14.884 | 0.996

E 16.214 15.899, 16.529 | 0.993

F 15.526 15.247,15.806  0.994

c2 A 13.242 12.960, 13.525 | 0.992
B 14.646 14.462,14.829 | 0.998

c 13.581 13.436,13.726 | 0.998

D 13.639 13.469, 13.810 | 0.998

E 14.185 13.987,14.383 | 0.997

F 13.578 13.413,13.742 | 0.998

c3 A 7.819 7.628,8.010 | 0.984
B 9.220 9.077,9.363 | 0.994

C 8.526 8.407,8.646 | 0.995

D 8.556 8.419,8.692 | 0.994

E 8.665 8.516,8.813 | 0.993

F 8.656 8.529,8.782 | 0.995
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TABLE B.2.2 Total decay coefficient Ky oa OF PMy.

S1

MAC7

95% CI (lower,
upper)?

C1 A 8.206 8.127,8.286 0.998
B 8.539 8.452,8.625 0.998

C 8.558 8.488, 8.629 0.998

D 8.674 8.631,8.717 0.999

E 8.422 8.358, 8.486 0.999

F 8.646 8.594, 8.699 0.999

Cc2 A 10.159 10.029, 10.289 | 0.997
B 10.660 10.567, 10.753 | 0.998

C 10.553 10.485, 10.622 | 0.999

D 10.642 10.559,10.725 | 0.999

E 10.361 10.223, 10.500 | 0.996

F 11.173 11.063,11.282 | 0.998

S2 C1 A 17.420 17.223,17.618 | 0.996
B 17.716 17.440,17.992  0.996

c 18.171 18.003, 18.340 | 0.998

D 18.380 18.202, 18.559 | 0.996

E 18.175 17.985, 18.364 | 0.996

F 18.077 17.895, 18.259 | 0.998

Cc2 A 19.392 19.165, 19.619 | 0.998
B 19.823 19.611,20.034  0.998

C 19.128 18.902, 19.354 | 0.998

D 18.931 18.749,19.113 | 0.999

E 18.436 18.051, 18.821 | 0.993

F 18.641 18.465, 18.817 | 0.999

C3 A 10.187 10.082,10.292 | 0.998
B 10.151 9.798,10.272 | 0.989

C 10.151 10.033,10.270 | 0.997

D 10.766 10.683, 10.849 | 0.999

E 9.849 9.665, 10.033 | 0.993

F 10.621 10.561, 10.680 | 0.999

Q O T o

MAC: mobile air cleaner.

S: setting.
C: configuration.
95% confidence
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TABLE B.2.3 Natural decay coefficient k

Time Location Kpm,o [7'] 95% CI (lower, T[°C]° RH [%]®
upper)?

PM,n of PMZ.S‘

2023-05-25 A 1.482 1.459,1.505 | 0.970 22.8(0.3) 43.5(0.5)
11:11-14:35 B 1.528 1.507,1.549 | 0.977 22.8(0.3) 42.4(0.5)
c 1.597 1.573,1.622  0.971 22.7(0.3) 43.1(0.5)
D 1.647 1.621,1.672 0972 23.0(0.3) 41.7 (0.4)
E 1.387 1.369,1.406  0.978 22.8(0.3) 42.6 (0.4)
F 1.533 1.517,1.548 | 0.988 23.0(0.3) 42.5(0.5)
2023-05-25 A 1.480 1.458,1.501  0.979 23.3(0.1) 40.5 (0.3)
14:55-17:32 B 1.580 1.563,1.596 | 0.990 23.2(0.1) 39.5(0.3)
c 1.580 1.567,1.593 | 0.993 23.1(0.1) 40.1 (0.3)
D 1.544 1.531,1.558 | 0.993 23.3(0.1) 39.0 (0.3)
E 1.529 1.515,1.543 | 0.992 23.2(0.1) 39.7 (0.3)
F 1.527 1.517,1.536 | 0.996 23.3(0.1) 39.5(0.3)
2023-05-25 A 0.803 0.796,0.811 | 0.984 22.8(0.1) 39.6 (0.2)
18:10-22:00 B 0.788 0.779,0.797  0.979 22.8(0.1) 38.7(0.2)
c 0.805 0.797,0.813 | 0.983 22.7 (0.1) 39.2(0.2)
D 0.813 0.804,0.822 | 0.980 22.7(0.2) 38.6 (0.2)
E 0.794 0.786,0.802 | 0.982 22.8(0.1) 38.9(0.2)
F 0.819 0.810,0.827 | 0.982 22.7(0.2) 39.0 (0.3)
2023-05-26 A 1372 1.356,1.389 | 0.995 23.3(0.2) 35.4(0.3)
10:20-12:55 B 1.498 14851511  0.993 23.3(0.2) 34.5(0.3)
c 1.489 1.475,1.504 | 0.990 23.2(0.2) 34.9(0.3)
D 1.528 1.515,1.542 | 0.992 23.5 (0.1) 34.0(0.3)
E 1.433 1.422,1.443 | 0.995 23.3(0.2) 34.7 (0.3)
F 1.367 1.355,1.379 | 0.993 23.4(0.1) 34.4(0.2)
2023-05-26 A 1.131 1.118,1.143 | 0.987 23.1(0.1) 33.9(0.2)
14:12-16:30 B 1.151 1.136,1.166 | 0.981 23.1 (0.1) 33.1(0.2)
c 1.154 1.139,1.169 | 0.981 23.0 (0.2) 33.4 (0.2)
D 1.151 1.136,1.166 | 0.981 23.0 (0.1) 33.0(0.1)
E 1.119 1.106,1.132 | 0.984 23.1(0.1) 33.4(0.2)
F 1.209 1.195,1.224 | 0.995 23.1(0.1) 33.2(0.2)
2023-05-26 A 1.039 1.024,1.054 | 0.975 23.1(0.1) 33.9(0.4)
17:15-20:00 B 1.044 1.030,1.059 | 0.977 23.0 (0.1) 33.1(0.4)
c 1.051 1.037,1.065 | 0.978 22.9(0.1) 33.5(0.4)
D 1.071 1.057,1.085 | 0.980 22.9(0.1) 33.1(0.4)
E 1.037 1.023,1.051 | 0.977 23.0 (0.1) 33.4 (0.4)
F 1.029 1.015,1.044 | 0.975 23.0 (0.1) 33.3(0.4)
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TABLE B.2.3 Natural decay coefficient kp,, , of PM, ;.

Time Location Kpm,o [7'] 95% CI (lower, | R? T[°C]° RH [%]®
upper)?

2023-07-07 A 1.643 1.625,1.661 | 0.987 23.6(0.3) 47.8(1.2)
10:28-13:30 B 1.560 1.549,1.571 | 0.995 22.3(0.4) 51.6 (2.6)
c 1.629 1.617,1.641 | 0.994 23.5(0.3) 47.0(1.1)
D 1.500 1.491,1.510  0.995 23.6(0.2) 45.8(1.0)
E 1.653 1.640,1.665 | 0.994 23.6(0.3) 46.5(1.2)
F 1.587 1.577,1.597 | 0.996 23.7(0.3) 46.8 (1.2)
a 95% confidence interval.
d mean (SD).
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TABLE B.2.4 Natural decay coefficient kyy, , of PM, .

Time Location Kpm,o [h7'] 95% CI (lower, T[°C]® RH [%]P
upper)?

2023-05-25 A 1.419 1.389,1.448 | 0.945 22.8(0.3) 43.5 (0.5)
11:11-14:35 B 1.630 1.604,1.656  0.970 22.8(0.3) 42.4 (0.5)
c 1.706 1.676,1.736 | 0.964 22.7(0.3) 43.1(0.5)
D 1.720 1.686,1.753 | 0.957 23.0(0.3) 41.7(0.4)
E 1.390 1.368,1.412 | 0.969 22.8(0.3) 426 (0.4)
F 1.579 1.560,1.599 | 0.982 23.0 (0.3) 42.5(0.5)
2023-05-25 A 1.399 1.373,1.425 | 0.965 23.3(0.1) 40.5(0.3)
14:55-17:32 B 1.601 1.581,1.621 | 0.985 23.2(0.1) 39.5(0.3)
c 1.609 1.591,1.627 | 0.988 23.1(0.1) 40.1 (0.3)
D 1.546 1.529,1.564 | 0.987 23.3(0.1) 39.0 (0.3)
E 1.496 1.479,1.512 | 0.987 23.2(0.1) 39.7 (0.3)
F 1.542 1.529,1.555 | 0.993 23.3(0.1) 39.5(0.3)
2023-05-25 A 0.761 0.754,0.768 | 0.985 22.8(0.1) 39.6 (0.2)
18:10-22:00 B 0.782 0.772,0.791 | 0.975 22.8(0.1) 38.7(0.2)
C 0.791 0.782,0.800 | 0.978 22.7 (0.1) 39.2 (0.2)
D 0.793 0.784,0.803 | 0.976 22.7(0.2) 38.6 (0.2)
E 0.771 0.762,0.781 | 0.975 22.8(0.1) 38.9(0.2)
F 0.799 0.790,0.808 | 0.979 22.7(0.2) 39.0 (0.3)
2023-05-26 A 1.261 1.246,1.276 | 0.985 23.3(0.2) 35.4 (0.3)
10:20-12:55 B 1.471 1.458,1.484 | 0.993 23.3(0.2) 34.5(0.3)
c 1.463 1.449,1.477 | 0.991 23.2(0.2) 34.9 (0.3)
D 1.487 1.472,1.502 | 0.990 23.5(0.1) 34.0 (0.3)
E 1377 1.364,1.390 | 0.991 23.3(0.2) 34.7 (0.3)
F 1.352 1.339,1.365 | 0.991 23.4 (0.1) 34.4(0.2)
2023-05-26 A 1.053 1.041,1.065 | 0.985 23.1(0.1) 33.9 (0.2)
14:12-16:30 B 1.137 1.123,1.150  0.984 23.1 (0.1) 33.1(0.2)
C 1134 1.120,1.148 | 0.983 23.0 (0.2) 33.4(0.2)
D 1114 1.100,1.128 | 0.982 23.0 (0.1) 33.0(0.1)
E 1.077 1.063,1.090 | 0.982 23.1(0.1) 33.4(0.2)
F 1.186 1172,1.201 | 0.984 23.1(0.1) 33.2(0.2)
2023-05-26 A 1.022 1.009,1.036  0.979 23.1(0.1) 33.9(0.4)
17:15-20:00 B 1.040 1.024,1.055 | 0.972 23.0(0.1) 33.1(0.4)
c 1.052 1.037,1.067 0975 22.9(0.1) 33.5(0.4)
D 1.072 1.058,1.086  0.979 22.9(0.1) 33.1(0.4)
E 1.029 1.014,1.045 0973 23.0 (0.1) 33.4 (0.4)
F 1.023 1.008,1.038 | 0.974 23.0 (0.1) 33.3(0.4)
>>>
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TABLE B.2.4 Natural decay coefficient k

PM,n of I:)M10‘

Time Location Kpm,o [h7'] 95% CI (lower, T[°C]® RH [%]P
upper)?

2023-07-07
10:28-13:30

A 1.504 1.497,1.512 | 0.997 23.6 (0.3) 47.8(1.2)
B 1.541 1.532,1.549 | 0.996 22.3(0.4) 51.6 (2.6)
c 1.596 1.591,1.602 | 0.999 23.5(0.3) 47.0(1.1)
D 1.468 1.460,1.477 | 0.996 23.6(0.2) 45.8(1.0)
E 1.572 1.562,1.582 | 0.996 23.6(0.3) 46.5(1.2)
F 1.541 1.530,1.553 | 0.994 23.7(0.3) 46.8(1.2)

a 95% confidence interval.

d mean (SD).
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TABLE B.2.5 Aerosol removal rate of the mobile air cleaner k;, ... based on the mean value of Ky oo @nd Koy .

Setting® Configuration® Kpmmac OF PM, 5 [h™'] Kpm,mac Of PM,o [h7']
St C1

MAC1 0.911 0.873
c2 1.557 1.568
S2 C1 3.758 3.693
Cc2 3.933 3.850
MAC2 S1 C1 7.379 7.462
c2 3.291 3.442
S2 C1 12.361 12.423
c2 6.391 6.645
MAC3 S1 C1 5.664 6.255
S2 C1 14.379 15.250
MAC4 S1 C1 4.612 4.430
Cc2 4.807 4.694
S2 C1 12.959 12.489
Cc2 13.079 12.776
C3 5.740 5.567
MAC5 S1 C1 4.960 4.732
Cc2 6.062 6.337
S2 C1 9.493 9.399
Cc2 11.758 12.897
MAC6 S1 C1 6.074 6.318
c2 4.589 4.745
S2 C1 13.286 14.068
Cc2 12.068 12.443
C3 6.913 7.202
MAC7 S1 C1 8.254 7.144
c2 9.976 9.204
S2 C1 18.774 16.609
Cc2 18.161 17.714
C3 9.870 8.876

a MAC: mobile air cleaner.
b S: setting.
¢ C:configuration.
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B.3 Results of the perception of air movement
caused by the mobile air cleaners

TABLE B.3.1 Body parts of the subjects for air movement perception.

Device? Setting® Configuration® Body parts sensed air
movementd-e

MAC1 face (1), neck (1)
S2 Cc2 face (1), neck (2)
S3 Cc2 face (2), neck (1), hands (1)
MAC2 S1 C1 face (2), hand (1), arms (1)
S2 C1 face (3), neck (1), hands (2)
MAC3 S1 C1 -
S2 C1 face (2), chest (1)
S3 C1 face (1), hands (1)
MAC4 S1 Cc2 -
S2 Cc2 face (2), chest (1), arms (1),
hands (2)
MAC5 S1 C1 face (1)
S2 C1 face (2), head (1), arms (1),
hands (3), thighs (1)
S3 C1 face (1), head (1), hands (3)
S1 c2 arms (1)
S2 Cc2 arms (1)
S3 C2 legs (1)
MAC6 S1 C1 face (1), neck (1), shoulders (1)
S2 C1 face (2), neck (1), shoulders (1),
hands (1)
S3 C1 face (2), neck (1), shoulders (1),
arms (1), hands (1), legs (1)
S1 C2 -
S2 C2 face (3), head (1), neck (1), hands
(2), thighs (1), ankles (1)
S3 Cc2 face (2), head (1), back (1),
hands (1)
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TABLE B.3.1 Body parts of the subjects for air movement perception.

Setting® Configuration®
S1 C1

Body parts sensed air
movementd-e

MAC7 face (2), head (1), neck (1), chest
(1), arms (1), legs (1)
S2 C1 face (2), neck (1), shoulders (1),
arms (1), legs (2)
S3 C1 face (3), arms (1), legs (1)
S1 c2 face (1), head (1), arms (3),
hands (1), legs (1)
S2 Cc2 face (2), head (1), neck (1), arms
(3), hands (1), legs (1)
S3 Cc2 face (2), head (1), neck (2), arms
(2), hands (1), legs (1)
a MAC: mobile air cleaner.
b S:setting.
¢ C:configuration.
d Numbers in the parentheses show the number of subjects reported.
e -:none of the subjects has sensed the sound or air movement caused by the mobile air cleaners.
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B.4 Results of the aerosol decay test in
the real classroom

TABLE B.4.1 Total decay coefficient Kpy 5 Of PM, 5.

Device? Setting® Configuration® | Location PMtotaI [h"] 95% CI (lower, | R?
upper)¢

MAC1 c2 A 4.623 4.549, 4.696 0.990
B 4.537 4.483, 4.591 0.994
C 4.520 4.462,4.578 0.993
D 4.563 4.505, 4.621 0.993
E 4.920 4.877,4.963 0.997
F 4.536 4.474,4.598 0.992
MAC2 S2 C1 A 11.382 11.276, 11.489 | 0.999
B 11.756 11.648, 11.864 | 0.999
C 11.122 10.980, 11.264 | 0.997
D 11.763 11.650, 11.876 | 0.998
E 11.494 11.321,11.668 | 0.996
F 11.458 11.323,11.593 | 0.998
MAC3 S2 C1 A 13.055 12.920, 13.190 | 0.998
B 12.472 12.360, 12.585 | 0.999
c 12.312 12.149,12.475  0.997
D 12.482 12.375,12.589 | 0.999
E 11.280 10.954, 11.606 | 0.987
F 13.205 13.051,13.359 | 0.998
MAC4 S1 C1 A 10.132 9.992,10.273 | 0.997
B 10.350 10.218,10.483 | 0.997
C 9.873 9.735,10.011 | 0.996
D 10.178 10.035,10.322 | 0.996
E 10.096 9.884,10.309 | 0.992
F 10.434 10.275,10.593 | 0.996
MAC5 S2 Cc2 A 9.422 9.283, 9.561 0.996
B 8.658 8.571,8.745 0.998
C 8.317 8.180, 8.453 0.994
D 9.403 9.199, 9.606 0.990
E 10.603 10.401,10.804 | 0.993
F 8.955 8.833,9.077 0.996
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TABLE B.4.1 Total decay coefficient Kpy ;5 Of PM, 5.

Device? Setting® Configuration® | Location PMmal [h"] 95% CI (lower, | R?
upper)?

MAC6 C1 A 11.060 10.920, 11.200 | 0.997
B 9.859 9.583,10.134 | 0.987
C 10.860 10.713,11.007 | 0.997
D 10.823 10.652, 10.994 | 0.996
E 9.551 9.213,9.889 0.978
F 10.891 10.742,11.041 1 0.997
MAC7 S1 c2 A 8.870 8.796, 8.943 0.999
B 8.889 8.809, 8.969 0.988
C 8.757 8.673,8.842 0.998
D 8.376 8.265, 8.486 0.996
E 8.658 8.526, 8.790 0.995
F 8.319 8.126,8.511 0.989
a MAC: mobile air cleaner.
b S: setting.
¢ C: configuration.
d 95% confidence interval.
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TABLE B.4.2 Total decay coefficient kpy oz Of PM; .

S2

95% CI (lower,
upper)?

MAC1 Cc2 A 5.761 5.700, 5.822 0.996
B 5.562 5512,5.611 0.997
C 5.180 5.144,5.215 0.998
D 5.249 5.209, 5.288 0.998
E 5.608 5.571,5.645 0.998
F 5.379 5.341,5.417 0.998
MAC2 S2 C1 A 12.471 12.342,12.601 | 0.998
B 12.943 12.808, 13.077 | 0.998
C 11.765 11.647,11.883 | 0.998
D 11.966 11.843,12.089 | 0.998
E 11.893 11.661,12.126 | 0.994
F 11.797 11.693,11.901 | 0.999
MAC3 S2 C1 A 13.891 13.775,14.008 | 0.999
B 13.206 13.045,13.368 | 0.998
c 12.522 12.384,12.659 | 0.998
D 12.543 12.417,12.670 | 0.999
E 11.334 10.953,11.715 | 0.982
F 13.142 13.028, 13.255 | 0.999
MAC4 S1 C1 A 11.803 11.664, 11.942  0.998
B 11.957 11.838,12.077 | 0.998
C 11.107 11.000, 11.215 | 0.998
D 11.293 11.157,11.429 | 0.998
E 10.878 10.640, 11.116 | 0.992
F 11.365 11.232,11.498  0.998
MAC5 S2 c2 A 10.722 10.548, 10.896 | 0.995
B 10.262 10.102, 10.421 | 0.995
C 9.958 9.800,10.117 | 0.995
D 11.008 10.747,11.269 | 0.990
E 12.388 12.112,12.664 | 0.991
F 10.300 10.074, 10.526 | 0.991
MAC6 S2 C1 A 12.657 12.478,12.835 | 0.997
B 11.186 10.794, 11.578 | 0.981
c 12.439 12.210, 12.667 | 0.995
D 12.282 11.939,12.431 | 0.994
E 10.325 9.919,10.732 | 0.975
F 12.739 12.465,13.013 | 0.993
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TABLE B.4.2 Total decay coefficient kpy oz Of PM; .

Device? Setting® Configuration® | Location PMtotaI [h"] 95% CI (lower, | R?
upper)?

MAC7 c2 A 9.334 9.173,9.495 0.994

B 9.444 9.322,9.565 0.997
C 9.303 9.181,9.425 0.997
D 8.975 8.822,9.128 0.994
E 9.078 8.903, 9.252 0.993
F 8.767 8.547,8.987 0.987

a MAC: mobile air cleaner.

b S: setting.

¢ C:configuration.

d 95% confidence interval.

TABLE B.4.3 Natural decay coefficient k, , of PM, 5.

Time Location Koy o [07'] 95% CI (lower, T[°C]® RH [%]P
upper)?

2023-07-20 A 3.151 3.129,3.172 | 0.997 22.9(0.1) 52.0 (1.0)
12:25-14:00 B 3.109 3.084,3.135 | 0.996 23.0(0.1) 50.3(0.8)
c 2.823 2.809,2.838 | 0.998 23.0 (0.1) 51.5(1.2)
D 2.925 2.911,2.940 | 0.998 23.3(0.1) 49.8(1.2)
E 3.157 3.142,3.171 | 0.999 23.3(0.0) 50.0 (1.1)
F 3.283 3.260,3.306 | 0.997 23.2(0.1) 50.3 (0.9)
a 95% confidence interval.
b mean (SD).

TABLE B.4.4 Natural decay coefficient ke, , of PM, .

Time Location Kpm,n [h7'] 95% CI (low T[°C]® RH [%]P
upper)?

2023-07-20 A 3.187 3.165,3.210 | 0.997 22.9(0.1) 52.0 (1.0)
12:25-14:00 B 3.325 3.302,3.348 | 0.997 23.0 (0.1) 50.3 (0.8)
c 2.931 2.912,2.949 | 0.998 23.0 (0.1) 51.5(1.2)
D 3.046 3.029,3.063 | 0.998 23.3(0.1) 49.8 (1.2)
E 3314 3.295,3.333 | 0.998 23.3(0.0) 50.0 (1.1)
F 3.394 3.377,3.411 | 0.999 23.2(0.1) 50.3 (0.9)

a 95% confidence interval.
b mean (SD).
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TABLE B.4.5 Aerosol removal rate of the mobile air cleaner ky, ... based on the mean value of kpy 1o, @nd Koy -

Setting® Configuration® Kom,mac Of PM, 5 [h™'] Kpm,mac Of PM,o [h7']

MAC1 S2 c2 1.570 2274
MAC2 S2 C1 8.426 8.941
MAC3 S2 C1 9.125 9.448
MAC4 S2 Cc2 7.091 8.197
MAC5 S2 Cc2 6.213 7.569
MAC6 S2 C1 7.233 8.600
MAC7 S1 Cc2 5.562 5.950

a MAC: mobile air cleaner.
b S: setting.
¢ C: configuration.
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