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Abstract:

The coronavirus disease 2019 (COVID-19) has led to significant global health emergencies in recent
years, prompting widespread recommendations across various regions for opening windows in
building codes. However, official guidelines have not adequately addressed the details of window
opening arrangements related to the supporting evidence from existing literature. This study
investigated the risk of disease outbreaks via respiratory transmission in large university studio
classrooms. It examined the effectiveness of window-door opening strategies combined with
mechanical ventilation in mitigating the infection risk of respiratory diseases in such spaces. A full-
scale school ventilation performance test bed was used to measure indoor airflow and CO;
distribution patterns. Comparisons were made with the numerical simulation of exhaled viral
emissions. A modified Wells-Riley equation was employed to calculate inhalation exposure and
disease infection risks at the room level. Measurements showed that fresh air ventilation from the
mechanical system was relatively low compared to existing standards, especially in pandemic
situations. The results show that opening windows can lead to a decrease to low probabilities (below
5%) of infection risk in 85.02% area of a classroom over an 8-hour period, which demonstrates that
window-opening behavior is an effective supplementary strategy for large educational spaces with
mechanically ventilated systems during emergencies when active measures are insufficient for
diluting diseases. Furthermore, the study reveals that maximizing outdoor air rates by opening all
windows may occasionally result in adverse indoor airflow redistribution, increasing virus load from

0.0382 to 0.8926 quanta/m* near the virus source locations.

Key Words: Classroom, Carbon Dioxide, Window Motion, Airflow, Airborne Transmission,

Infection Risk



30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

1. Introduction

1.1 Overview

COVID-19 is one of the most significant global public health events of the new century, resulting
in over 700 million infections by August 2023, according to WHO [1]. While many countries have
declared victory against the disease, the pandemic continues to influence social behaviors and daily
urban life, reshaping policymakers' perspectives on the built environment. Enclosed and crowded
spaces are more susceptible to airborne transmission, playing a crucial role in the spread of
respiratory infectious diseases, including COVID-19 [2,3,4], SARS [5], and ordinary flu [6]. Indoor
air conditions have gained attention in building codes and regulations worldwide with recommended
measures to ensure air freshness and reduce virus infection risk in mechanically ventilated
environments [7]. University classrooms, as typical crowded public indoor spaces, are frequently
occupied even during pandemics and flu seasons. Investigating strategies to mitigate infection risk

for various ventilation systems is essential for public buildings, particularly university classrooms.

Carbon dioxide (CO) is an initial parameter of indoor air quality [8,9,10]. It is non-toxic and can
be easily gathered, thereby being widely used as a tracer to investigate indoor airflow and ventilation
[11] and to evaluate air safety risks [12] as a surrogate method [13]. Specifically, Carbon dioxide
(CO») has been widely investigated in many research projects on classroom indoor ventilation
[14,15,16]. The existing literature [9] has concluded that additional natural ventilation systems were
necessary to maintain CO; concentrations below 1000 ppm within classrooms. Studies have shown
that the CO; concentration can effectively evaluate the indoor ventilation rates in both mechanically
[17] and naturally ventilated classrooms [18]. Dai and Zhao’s study [19] shows that the ventilation
rate is a key factor in reducing the probability of indoor airborne respiratory disease infection during
the pandemic; therefore, CO, concentrations can be monitored as a significant indicator of infection
risk in educational spaces [20]. In 2022, Fantozzi et al. [21] developed a cost-effective CO;
monitoring system. They presented a method to predict the probability of infection due to airborne
transmission by monitoring the CO; concentration in naturally ventilated classrooms. To summarize,
findings from the existing literature during the pandemic have proved the significant role of CO»

concentration in epidemic prevention and control.

Several studies have investigated indoor air quality (IAQ) by monitoring CO concentration in Hong
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Kong classrooms. Lee [22] found a maximum CO; concentration of 5,900 ppm in one classroom,
while Lee and Chang [23] and Lee et al. [24] revealed inadequate ventilation in mechanically
ventilated classrooms with CO; levels exceeding 1,000 ppm recommended by the HKIAQO level
11 standard. Jia et al. [25] found that CO> concentrations above 1,095 ppm caused discomfort among
students, and Che et al. [26] used CO, measurements as indicators of ventilation and occupancy in
32 schools. However, the existing literature on optimization strategies for maintaining good indoor
air quality, especially the mitigation measures for airborne disease in large educational spaces is
limited. Therefore, there is an urgent need to explore the mitigation strategy in Hong Kong, to reduce

the infection risks of indoor respiratory infectious diseases in this post-epidemic era.

1.2 The previous studies on the influence of window/door opening behaviors on indoor air quality

Existing studies of the behaviors of window and door opening and their impacts on indoor airflow
conditions were carried out using different methodologies, including real-time measurements
[27,28], theoretical methods of mathematics [29], and computational fluid dynamics (CFD)
simulation [30,31]. Villanueva et al. [32] continuously monitored the ventilated conditions in 19
classrooms in Spain, which proved that opening windows and doors minimized the risk of indoor
infections of COVID-19 but caused CO; concentration to exceed the recommended limit value.
Zhou et al. [33] investigated the impact of the opening and closing process of sliding doors on
airflow patterns in an operating room, and they observed contaminants accumulating in the upper
space of the room due to airflow and temperature. Tung et al. [34] found that an air velocity of about
0.2 m/s prevented airborne infection through an opening door with CFD models. Using CFD models,
Hang et al. [35] revealed that the opening door increased the infection risk of inter-cubicle

transmissions.

On the other hand, keeping windows and doors open has also been suggested for both naturally and
mechanically ventilated indoor spaces. The opening window is suggested as a measure for a safe
university [36] and for improving infection control in domestic rooms [37,38,39]. Ding et al. [40]
investigated 36 classrooms in 11 secondary schools in the Netherlands, with only 2 equipped with
centralized ventilation systems. They claimed that opening the windows and door protocol failed to
maintain the indoor air quality and thermal comfort always in line with standards. Even though it

should not be assumed that the HVAC system will always fail to ventilate a room with no opening
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windows [12], it is debatable whether opening windows can be an effective supplementary method
to dilute the virus accumulation and reduce the risk of infection in a classroom when the active

ventilation system is not efficient enough over a limited period.

ASHRAE recommends opening windows in commercial buildings to enhance outdoor air [41] and
disabling the interlock in the building automation system. Still, this strategy regarding detailed
window management and opening schedules is unclear. Fresh air ventilation standards for occupied
spaces are provided by ASHRAE and increased rates are recommended in pandemic situations.
However, it is often the case that standards are not met in some spaces, even with mechanical
ventilation, especially where occupant density may be high. Additional ventilation through window

openings, therefore, is crucial in diluting virus-infected spaces.

1.3 Research gaps and conclusions of literature review

Existing literature primarily focuses on airflow distribution patterns in mechanically or naturally
ventilated conditions [20,42], with insufficient evidence exploring the influence of opening
windows and doors on indoor airflow in combined mechanical and natural ventilation settings.
Specifically, no studies have investigated this behavior as an emergency strategy for large
educational spaces with mechanical ventilation systems when active measures are insufficient for
disease dilution. Building codes in many countries suggest increasing ventilation rates to mitigate
infection risks in schools and universities, such as ASHRAE's recommendation to maximize outdoor
air flow rates [43]. However, there is still no evidence on whether the maximum ventilation rates
achieved by opening all windows will lead to the lowest infection risk. In certain situations, opening
more windows may not consistently increase the ventilation rate in a room. It is essential to have a
better understanding of indoor airflow and its impact on ventilation performance, and this
understanding must be more extensively incorporated into current investigations of window opening
behaviors. In public health emergencies such as COVID-19 and seasonal flu, it is crucial to explore
the indoor airflow distribution pattern and its impact on CO; concentration in crowded and large-
scale indoor spaces. However, this important aspect of ventilation assessment has been less

investigated, especially in educational buildings.

This study aims to explore a double-ventilation strategy (a composite system with both mechanical

and natural ventilation) during the pandemic, examining how windows and doors opening can
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mitigate infection risks in large educational environments when mechanical ventilation systems fail
to control disease in a limited time. Through coupling field experiments and simulations, spatial
distribution patterns of air flowing within large classrooms were investigated to evaluate the impact
of airflows on CO; and viral particle concentration levels. The approach bridges the gap between
airflow distribution and window opening behaviors in crowded and large educational spaces by
providing data and evidence of the role of indoor airflow in CO; and viral particle distribution.
COVID-19 has been a particular focus recently, and this work also applies to other infectious

diseases, which will be an important issue for a long time in the future.

2. Methodology

2.1 Research methods

This study uses a combination of field experiment measurements and computational fluid dynamics
(CFD) simulation predictions. The research framework is illustrated in Fig. 1 and can be divided
into the following stages: Background Investigation, Construction of the CFD Simulation Model,
Field Measurements and model verification, Simulations of 5 Scenarios, and Ventilation Strategy

during the Pandemic.

Background information was collected during the investigation, and data on airflow and CO- levels
were gathered to create a three-dimensional model of initial boundary conditions. Computational
fluid dynamics (CFD) simulations were conducted to analyze the effectiveness of various ventilation
strategies, and field experiments were carried out to validate the model results. The study simulated
64 individuals, including one virus carrier, staying in a classroom on the eastern side of the U-shaped
Critic Room through five scenarios of different configurations of windows and doors. The ratio of
the classroom area occupied by various infection rates over three durations (1, 4, and 8 hours) in
different scenarios was computed. The study also conducted correlation analysis to demonstrate the
relationship between CO; levels and virus concentration, validating CO, as a valid tracer for
airborne respiratory disease aerosols. Furthermore, it investigated the most efficient ventilation
approaches to minimize viral transmission in classrooms equipped with mechanical ventilation

systems.
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Fig. 1. Research Framework and workflow.

2.2 Background

The subtropical local climate of Hong Kong Island is characterized by summer temperatures ranging
from 24°C to 30°C (June to September), with relative humidity consistently exceeding 80%, and
monthly precipitation levels reaching 490mm. Located on the 3rd floor of the Knowles Building at
the University of Hong Kong, the U-shaped Critic Room (Fig. 2) comprises three large classrooms,
namely, Eastern Studio, Southern Studio, and Western Studio, accommodating approximately 200
architectural design students. A spacious hallway occupies the central area, which is adjacent to the
classrooms and is connected to the surrounding office rooms by corridors that encompass five
elevators. Fig. 3 illustrates a plan of the classrooms, and Table 1 lists various features such as
architectural dimensions (floor area, room volume, window area, and door area) and student
occupancy. The classrooms' floor areas range from 222.0 to 437.1 m? and their volumes extend
from 714.9 to 1424.1 m’. Student occupancy varies between 60 and 80 individuals, resulting in a
density of 0.1533 to 0.2748 person/m®. These classrooms experience continuous occupancy

throughout the day due to the long-lasting design work, a common practice in university
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Table 1. Characteristics of the investigated classrooms on 3/F of Knowles Building.

Eastern Southern Western .
SPACES Studio Studio Studio Corridor
Ventilation Tvpe Central Central Central Central
yp Mechanical Mechanical Mechanical Mechanical
Floor Area (m?) 4423 222.0 437.1 110.5
Room Volume (m?) 1424.1 714.9 1407.5 273.6
Total Window Area 54.2 56.3 55.3 -
(m?)
Door Area (m?) 9.9 5.5 12.7 -
Total Opening Area* 75.0 61.7 78.8 -
(m?)
No. of Students 64 61 67 -
Density (P/m?) 0.1988 0.2748 0.1533 -

*10.9 m? of hallway door is accounted for in the total opening area of the Eastern Studio and the Southern
Studio, respectively.

Fig. 2 depicts the entire floor, excluding two staircases, ventilated by the mechanical HVAC system.
This system is a constant air volume (CAV) unit, which comprises distributed fresh air supply
registers (in blue in Fig. 2, 270 mm dimension rectangular shape, at 2.53 m height) and cylindrical
supply registers in the hallway room’s false ceiling (in green in Fig. 2, 260 mm diameter, at 2.42 m
height). The supply air speed and temperature are controlled as shown in Table A.2 and Table A.8
The rectangular registers in Eastern Studio and Western Studio draw and supply 100% fresh air
directly from outdoor spaces by passing a return air exchanger on the 4th Floor. Cylindrical supply
registers in the hallway room provide fresh air mixed with indoor return air at proportions of 70%
and 30%, respectively. In addition, there are ceiling-mounted fan coil units (in teal in Fig. 2, at 2.72
m height) in the classrooms (10 units in Eastern Studio, 12 units in Western Studio, and 7 units in
Southern Studio) with leaving water temperature at 12°C. The fan volume speed is at 135 m¥hour,
and the indoor temperature was set at 17.5°C As shown in Table A.1, the air temperature measured
from the outlets of fan coils varies from 11.1°C to 24.3°C due to different working conditions, which
remain constant throughout the experiment period. For the exhaust components, several exhaust
ducts/fans in each classroom (in orange in Fig. 2) serve as stale air extracts, driven by the positive
pressure generated by supply air. Table A.1, Table A.2, and Table A.3 provide a comprehensive
overview of the HVAC system's daily working conditions, as measured with a portable airspeed

meter (Kestrel 4500) (Fig. A.1) and an air volume hood (7esto 420 Series) (Fig. A.2).
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2.3 Full-scale measurements and experimental setups

2.3.1 Field Measurements of Airflow

Indoor movement and ventilation significantly influence air freshness and purification, impacting
on the cross-infection of respiratory infectious diseases [30,44]. Fig. 4(a) presents experimental
equipment for indoor airflow measurement in the Eastern Studio classroom, using anemometers,
including 1 unit of YOUNG Model 81000 and 2 units of YOUNG Model 86000 (specifications of
both types are shown in Table A.4). The Eastern Studio measures 32.40 m in length, 12.95 m in
width, and 3.32 m in height. On the experiment day, the outside conditions were 30.9°C air

temperature, 71% relative humidity, and no rainfall.

In the experiment, students were evacuated from classrooms with restricted access. The HVAC
system was set to a medium fan-switch and indoor temperature of 17.5°C. Anemometer monitoring
systems were positioned at a height of 1.5 meters in various locations (Fig. 4(b)), including the
Eastern Studio (at points S1-S4, S11-S14), the Hallway Room (at points HI and H2), the Corridor
(at points C1-C3), and the connecting space (at points M). During the experiment, the entrance doors
and windows of the Eastern Studio and Western Studio were closed, while the Hallway Room and

Southern Studio doors remained open.



204
205

206

207

208

209

210

211

. I B S

Om Sm 10m 15m 20m

| | | | |

Fig. 4. (a) Monitoring system of anemometers. (b) Positions of critical spots on the floor plan of the test
bed in areas around the Eastern Studio (positions of anemometers are marked with red circles).

2.3.2 Field measurements of CO;

CO; levels were measured at displays 24 positions in the Eastern Studio (Fig. 5(d) light blue dots)
by the Spatial Exposure Notification (SEN) devices (Fig. 5(a)) (integrated with CO; sensor module
(Fig. A.3)) attached to the lampshade at a height of 2.15 meters. Furthermore, considering the

impacts of air leakage in cracks of buildings on ventilation rates [45], CO: readings of the door
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cracks at the Eastern Studio's main entrance were obtained using a mobile detector (Fig. 5(b)).
Technical specifications of the CO; sensor and mobile CO> detector are presented in Table A.5 and

Table A.6, respectively.

The experiment restricted student access to classrooms as per Section 2.3.1, while one individual
remained in the Eastern Studio near Sensor No.13 (pink dot in Fig. 5(d)). A CO, generator,
simulating an adult exhaling 250 ml/min of carbon dioxide [46,47], was installed (Fig. 5(c)). CO>
levels of the HVAC systems (Table A.7) were measured using a mobile CO; detector (Fig. 5(b)) at
various locations, including door cracks. Notably, the outdoor reading was 397 ppm, and readings

below this value were considered sensor errors since fresh air supply registers draw air directly from

the outdoors.
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Fig. 5. (a) Monitoring system for CO, concentration. (b) Mobile CO, detector. (¢) CO, generator. (d)

Positions of the matrix of CO; sensors in the Eastern Studio at the height of 2.1m (top view).

2.4 Numerical modeling and comparison with measurements

This study included Computational Fluid Dynamics (CFD) analysis using AKL FlowDesigner 2020
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Update 2 [48] to investigate airflow patterns in the classrooms. The 3D simulation software
evaluates indoor and outdoor urban microclimates with a high-precision, high-performance
algorithm based on SIMPLE-C, automatic mesh generation, and visualization capabilities for airflow,
CO; concentrations, and contamination distribution [49]. AKL FlowDesigner offers rapid and
reliable calculations, performing well in comparison to other major CFD software such as Ansys
Fluent and PHOENICS, as demonstrated in several studies [50,51]. A three-dimensional numerical
analysis was conducted to assess indoor airflow and airborne disease transmission in large university

classrooms.

2.4.1 Computational geometry and CFD setups

Fig. 6 presents the computational domain and boundary conditions, based on the material properties
of classrooms and ventilation conditions provided by the HVAC systems on the 3rd floor of Knowles
Building. The total air supply rate of 579 m’/hour from all fresh air supply inlets in the Eastern
Studio was derived from measurements (Table A.8) at each HVAC device. The air is extracted
through the exhaust ducts/fans (fans were switched off). Detailed boundary conditions can be found
in the supplementary documents (Table 1 and Table A.1), indicating an overall fresh air ventilation
rate of 0.407 AC/hour. Air supply from each supply device is assumed to be constant and evenly
distributed on the inlet interface. An outdoor air temperature of 27°C was applied to this model,
corresponding to the monthly and daily average temperature in Hong Kong, and the initial condition
of the model domain was assumed at the standard atmospheric pressure. The computational domain
encompasses non-office areas such as three classrooms, a Hallway Room, a corridor, and all
ventilation system inlets and outlets (Fig. 6). AKL FlowDesigner's meshing program was used to
generate the computational grid based on this domain, employing a tetrahedral grid (Fig. A.4). All
walls maintain their real thickness, as derived from construction drawings. A 5,000,000-element

grid was created and utilized for the numerical simulations.
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2.4.2 Comparison with measurements and model validations

The CFD model's accuracy in predicting air speed is validated by comparing simulated and
measured values at 15 observation points on a 1.5-meter-high plane in the Eastern Studio. In this
test, the room was unoccupied, and the furniture was removed to avoid the airflow barriers. All
simulated results were obtained for a steady-state situation. Table A.9 compares measured and
simulated airflow speeds at the 15 observation points, and Fig. 7 illustrates the model's effectiveness,
showing a reasonable agreement between simulated and measured data. The Root Mean Square
Error (RMSE) of 0.019 is calculated, and Pearson's r value is 0.756, indicating the high reliability

of the CFD model in predicting airflow speeds.

The simulated CO> concentration of a single individual condition is presented in Fig. 8. The
individual stood at the pink dot (near Sensor No.13), which is close to both the center of the
classroom and the Hallway room, as shown in Fig. 5(d) and Fig. 8. Indoor CO, concentrations were
measured using the matrix of CO; sensors as described in Section 2.3.2, with average values of five
minutes stable readings obtained during the experiment, as shown in Table A.10. Fig. 9 shows a

strong correlation between measured and simulated CO; concentrations, with a Pearson's r value of
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0.748. The measured-predicted differences range from 1 ppm to 13 ppm, with an RMSE value of
6.403. In conclusion, the developed model has been verified to estimate CO» concentrations with

relatively high accuracy, thereby validating the numerical CFD model for this application.
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Fig. 7. Scatter plots of the measured and simulated airflow speed at 15 observation points (at a height
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2.5 Classroom configurations of five scenarios

To investigate the impact of airflow on viral particles and CO, concentration, a simulation condition
featuring 64 individuals evenly distributed in the Eastern Studio was designed, including one virus-
emitting patient (located at the pink dot in Fig. 5(d) and Fig. 10(a)). Each of the five scenarios was
based on a typical working day with full attendance for architectural design students. The fresh air
ventilation rates were set to be 2.51 I/s/person. This is low compared to the ASHRAE
recommendations, the ‘inadequate ventilation issue’ is frequently found in other classrooms in Hong
Kong [24], and it is believed that the low occupancy rate issue has been considered in scheduling
the operating ventilation rates. Scenario I is a control group with all windows and doors closed
(except for the doors of the Southern Room and the Hallway). The other four scenarios were
designed to investigate the impact of opening behavior on airborne disease control. Table 2 details
the window and door settings in three classrooms across the five scenarios, each scenario has been
applied with 64 occupants and a fully working HVAC system. The CO; and viral particle concentration

simulations are conducted based on the configurations of those five scenarios accordingly.

As measured or derived from existing literature, the quanta emission rates of an infected person
range from 31 quanta/hour in speaking conditions [52] to 60 quanta/hour during heavy activities
[53]. Some researchers have reported an emission rate of up to 142 quanta/hour for asymptomatic

infectious SARS-CoV-2 [52], which is applied in this analysis to evaluate an 'extreme condition'.
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Alongside an inhalation rate (IR) of 0.54 m*/h [52], the viral load of particles (quanta inhaled) in
this study is calculated to be 263 quanta/(m*-h), which is the load of airborne viral particles a 'patient’
exhales from their mouth, and a 3.80 ¢m x 1.37 cm oral surface [46] is modelled in the simulation
models. At the same time, the CO, emission of 40,000 ppm [47] has been applied to each individual
in this study. We are assuming the same distribution behaviors between CO, and viral particles from
the same individual, as the two elements are both driven by convection currents of air, and we do

not take account of dispersion.

Table 2. Configuration of windows and doors in five scenarios.

Ventilation Scenarios Scenariol Scenario2 Scenario3 Scenario4 Scenario 5

Windows (the Eastern Room)  CLOSED  CLOSED OPEN OPEN OPEN
Doors (the Eastern Room) CLOSED OPEN CLOSED OPEN CLOSED

Windows (the Western Room)  CLOSED CLOSED CLOSED CLOSED OPEN
Doors (the Western Room) CLOSED CLOSED CLOSED CLOSED CLOSED

Windows (the Southern Room)  CLOSED CLOSED CLOSED CLOSED OPEN

Doors (the Southern Room) OPEN OPEN OPEN OPEN OPEN
Doors (the Hallway) OPEN OPEN OPEN OPEN OPEN
3. Results

3.1 Steady-state indoor airflow in Scenario 1:

Fig. 10(a) shows the air velocity at a height of 1.5 m, and velocity magnitudes range from 0.1 to 0.6
m/s. The predicted velocity field is shown in Fig. A.5. The 16 cylindrical fresh air supply registers
(circular cross-sections with diameters exceeding 0.25 meters and airspeeds above 1 m/s) are in the
ceiling at the floor's center (Hallway), and they generate high-velocity air streamlines
(approximately 0.3 to 0.6 m/s). Air passes from the hallway doors into the Eastern and the Western
rooms at speeds above 0.2 m/s, and two streams of air with speeds around 0.3 m/s enter the South
Studio from the Eastern Studio and the Western Studio, respectively. Consequently, the Hallway
room serves as an indoor airflow source for the floor, generating and enhancing airflows in all three
classrooms. These strong airflows primarily dictate the spatial airflow distribution throughout the

U-shaped classroom spaces.

Airflow streamlines beneath coil units in three classrooms exhibit diverse interactions and merging

patterns due to uneven distribution and disparate working conditions. The arrangement of fan coil
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units adds complexity to indoor airflow distribution in horizontal and vertical sections. Fig. 10(b)
and Fig. 10(c) show high-speed airflows (sometimes >3 m/s) from fresh air registers and fan coil
units, which typically descend, disperse, and decelerate to <0.5 m/s. Streamline directions vary
significantly, causing uneven distribution at lower heights. 'Small islands' with air speeds between
0.2-0.3 m/s are observed beneath each fan coil unit (Fig. 10(a)), with speeds in these areas around
or below 0.3 m/s, falling within the comfortable airspeed zone (<0.5 m/s) [54,55]. Fig. 10(d)
demonstrates that large lamp shades surrounding fan coil units obstruct airflow at certain angles,

contributing to the uneven distribution pattern (more 'I'-shaped than 'cross'-shaped) in Fig. 10(a).

Airflow Speed (m/s) ‘
050
047 .

045
043
040 ‘ '
0.38
-0.35
0.32 A - A
0.30 g
0.28 |
-0.25
- 022
=020

Io.17
015 i
0.12 | LSS

=010

0.08 ‘ -
0.05 P K
0.03 : (¢ 0

~0.00

O 63 Healthy Individuals
O 1 ‘patient’

—_—

(a) Plan -

(b) Section A

(¢) Section B

(d) Section C

Fig. 10. (a) The air velocity at a height of 1.5m. (b) The airstreams on Section A (North-South). (¢) The

airstreams on Section A (East-West). (d) The airstreams around fan coil units and the lamp shed.
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3.2 Results of CO; and viral particle level in Scenario 1

Fig. 11 and Fig. 12 present the predicted CO» concentration and viral particle profiles, respectively,
demonstrating significant impacts of airflow streamlines on their distribution patterns. Similar
geometric features are observed in both maps, showing opposite trends compared to the airflow
distribution maps (Fig. 10(a)). The 'yellow' and 'red' locations in Fig. 10(a) serve as 'safe islands'
for effectively mitigating airborne disease accumulation. Previous studies suggest a close
relationship between CO, concentrations and airborne particles [20,56]. In the 'one individual
condition', the distribution of viral particles within the Eastern Studio (Fig. A.6(a)) exhibits patterns
resembling the CO, concentration profile. Thus, CO, concentration levels can be assumed to
indicate viral particle presence (Fig. A.6(b)). The reason for the concentration pattern difference
between Fig. 11 and Fig. 12 is that there is only one virus source from the ‘patient’ whereas there

are multiple CO; sources from each of the 64 individuals.
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Fig. 11. The simulated CO; concentration across the target areas with 64 individuals in the Eastern Studio

(Scenario 1).
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Fig. 12. The simulated viral particles spread across the target areas with 63 healthy individuals and 1

infected ‘patient’ in the Eastern Studio (Scenario 1).

3.3 Results of CO; concentration and viral load in five scenarios and comparisons

3.3.1 The estimated CO; concentration

Table 3 shows CO; concentration ranges from 412 to 1202 ppm in Scenario 1 at various critical
points. Compared to Scenario 1, Scenarios 2 and 5 exhibit increased and decreased CO
concentrations at different locations. Scenario 2 has reduced concentrations in the northern and
middle sections of the Eastern Studio but increased in the southern part and corridor spaces.
Scenario 3, with windows open. There are decreased CO; concentrations at all 21 points, with the
most significant reduction at S5, S6, and SW. Opening both windows and doors (Scenario 4) results
in greater reductions at points further from the windows than in Scenario 3, suggesting this is the
most effective measure for mitigating CO, concentrations at the whole floor scale. Scenario 4 also
exhibits reductions at all 21 points compared to Scenario 2, emphasizing the importance of window
opening ventilation. The most significant reduction in this scenario occurs at S5 (728 ppm). In
Scenario 5, where windows are open (but doors remain closed) in all studios facilitating the cross-
ventilation condition on the floor, the decreases in CO; concentrations are less significant at most
points compared to Scenario 4, with insignificant increases in the southern part of the Eastern Studio.
Table 3 highlights reductions at H1, M, and SW in all scenarios, while minor variation is observed

at H2. This result indicates that opening windows and doors effectively mitigates CO, concentration



366  at the boundary positions of the Eastern Studio.

367 Table 3. Estimated CO; concentration (ppm) at critical points by scenarios (differences to Scenario I).

Critical | Scenario | Scenario | Scenario | Scenario | Scenario

Spots 1 2 3 4 5
s1 1089 -49 -582 -547 -528
s2 990 -49 -434 -425 272
S3 826 19 337 -300 227
S4 681 80 -131 -109 -140
S5 1202 -108 618 | 728 | -580 |
S6 1065 5 -506 -600 -425
s7 1045 -244 -387 -509 -137
S8 690 7 -66 -209 129
S9 614 76 -101 -148 24
510 631 169 7 -37 87
s11 1014 -209 -446 -574 -411
S12 926 -155 -400 -467 -326
513 765 -65 -270 -338 -162
S14 578 B -105 -154 86
C1 520 S 97 -107 -96
C2 457 197 27 -42 27
c3 479 94 -49 -52 -49
H1 600 -126 -181 -188 -85
H2 412 i B 0 3
M 657 -32 -250 -250 -203
swW 998 -96 -584 -468 -406

368 Table 4. Estimated viral load (quanta/m?) at critical points by scenarios (differences to Scenario 1).

Critical | Scenario | Scenario | Scenario | Scenario | Scenario

Spots 1 2 3 4 5
S1 0.0398 -0.0233 -0.0397 -0.0311 -0.0179
S2 0.0582 -0.0385 -0.0576 -0.0382 -0.0199
S4 0.0360 -0.0162 -0.0258 0.0168 -0.0163
S4 0.0168 -0.0019 -0.0003 -0.0164 -0.0070
S5 0.0396 -0.0228 -0.0396 -0.0390 0.0015
S6 0.0438 -0.0245 -0.0435 -0.0427 0.0008
S7 0.0533 -0.0266 -0.0526 -0.0441 -0.0079
S8 | 00382 | 0.009
S9 0.0272 -0.0074 -0.0047 -0.0272 -0.0172

S10 0.0283 -0.0052 | -0.0275 -0.0282 | -0.0207
S11 0.0456 -0.0171 -0.0453 -0.0451 -0.0085
S12 0.0542 -0.0227 | -0.0524 | -0.0529 | -0.0185
S13 0.0447 0.0069 -0.0350 | -0.0445 0.0084
S14 0.0279 -0.0053 -0.0168 -0.0279 | -0.0058
C1 0.0070 0.0179 -0.0070 | -0.0070 | -0.0070

C2 0.0047 0.0174 -0.0047 | -0.0047 | -0.0047
C3 0.0068 0.0329 -0.0068 -0.0068 -0.0068
H1 0.0324 -0.0180 | -0.0318 -0.0324 | -0.0191
H2 0.0002 -0.0002 | -0.0002 | -0.0002 0.0001
M 0.0314 -0.0174 | -0.0314 | -0.0314 | -0.0294

SW 0.0468 -0.0304 | -0.0466 | -0.0186 | -0.0329

369  3.3.2 The estimated viral particles.

370  Table 4 shows the estimated viral particle concentration in the Eastern Studio across five scenarios.
371 Compared to Scenario 1, opening doors (Scenario 2) reduces viral load at sixteen out of the twenty-
372  one observation points, but increases it at two points near the 'patient' (S8 and S13) and three at

373  points in corridors (C1, C2, and C3). In Scenario 3, opening windows while keeping doors closed
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significantly reduces the viral load at most points, except for S8, which experiences an increase.
Opening both windows and doors (Scenario 4) decreases viral load at twenty locations, with a slight
increase at point S3. This scenario highlights the combined effects of window and door ventilation,
with window ventilation having a more substantial impact on airflow redistribution. Although
opening windows mitigates viral load levels, it may cause increased airborne particle accumulation
in certain areas. In Scenario 5, the cross-ventilation by opening all windows reduces viral particles
at most points to a lesser extent, although it increases concentration by more than twenty times

(0.8926 quanta/m?) at S8, which is near the 'patient' as shown in Fig. A.7.

3.3.3 Comparisons

Comparing Table 3 with Table 4, four experimental scenarios exhibit similar trends in impacting
CO> and viral particle concentration, suggesting that window and door ventilation are effective
strategies for improving IAQ and mitigating infection risks. Specifically, opening doors effectively
reduces CO> and viral particle concentration in the Eastern Studio by diluting the two elements into
corridor spaces. On the other hand, the open of windows significantly redistributes indoor airflows,

which can most effectively optimize the indoor environment conditions.

3.4 Quanta emission and transmission route by scenarios
The simulated viral concentration across the classrooms on the 3rd floor is visualized in Fig. 13,
illustrating the airborne transmission route and viral load, resulting from viral particles emitted by

the patient investigated in Section 3.3.

In Scenario 1, with doors and windows closed, the virus originates from the Eastern Studio and
diffuses into the Southern Studio, with a viral load of 10" quanta/m’ observed in more than 90% of
the space. A relatively minor virus spread occurs in the Hallway room, indicating the effectiveness
of a large supply of fresh air dilution. In Scenario 2, with doors opened, the viral load increases to
102 quanta/m? in the corridor spaces, while less virus accumulates (a reduction to 10 quanta/m?)
in the Southern Studio, making the corridor a 'relief area.' However, infection risk heightens near
the infected person with a 10! quanta/m’ virus load. Scenario 3, with windows opened and doors
closed, significantly reduces infectious areas in the Eastern Studio. The 'fresh air wall' functions
efficiently, as the virus is contained and removed through the nearest windows. In Scenario 4, with

extra doors opened, the virus is driven by airflow to the window areas and outdoors. Opening doors
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reshapes indoor airflow distribution but does not significantly impact the effect of diluting the virus
by opening windows. Compared to Scenario 1, in a cross-ventilation condition of Scenario 5 by
opening all windows, the infection stress is relieved in the southern part of the Eastern Studio and
the Southern Studio, where the viral load dropped to 107 quanta/m’ level or even lower from
Scenario 1’s 107 quanta/m>, however, the virus at the 10 quanta/m> load spread more widely in

the Hallway.
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Fig. 13. Predicted transient viral concentration at room level in five scenarios.

According to Fig. 13, opening windows and doors generally provides a ventilation advantage,
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facilitating the dilution of viral air, which exhausts through windows. However, excessive use may
prove counterproductive, as demonstrated in Scenario 2 and 3, posing a threat to staff in the office
area and weakening the effectiveness of opening windows in the Eastern Studio, respectively.
Higher viral loads (10" quanta/m’) and infection probabilities in the areas around the ‘patient’ have
been observed in all four experimental scenarios, which can be explained by airflow reconfiguration

due to the opening of windows and doors leading to downdrafts of particles (Fig. A.7).

3.5 Infection risk by scenario

Understanding the transmission patterns of viral particles, particularly those originating from
infectious sources, in enclosed environments is essential for enhancing public health measures and
infrastructure modifications. In addition to the transmission route and dynamics, the viral load
serves as another critical factor for analyzing indoor infection risks. Risk evaluation of transmission
and infection risk calculations are required to assess the probability of infection. The infection risk
model utilized in this study adopts the widely recognized Wells-Riley-like approach [57] which is
extended in the Gammaitoni-Nucci (GN) model [58] that considers the temporal evolution of the

viral load.

3.5.1 Calculation of probability
By introducing the assumption that quanta are emitted at a constant rate throughout the experiment,
and that the infectious quanta can be transported and removed by ventilation systems, integrated

with the Wells-Riley (WR) model [59], the probability of infection p, can be calculated:

p= 1—e™ (1)
where
p the probability of infection for susceptible person
n quanta inhaled (quanta).

The quanta inhaled (n, quanta) is the product of the time-average quanta concentration (Cavg,
quanta/m®), the volumetric breathing rate of an occupant (Q°, m’/h) and the duration of the

occupancy (D, h) [60], which is expressed as:
n= Cavg QD (2)

The air and viral particles were assumed to be well-mixed, following the assumption of the WR
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approach. Given that architecture students have extended working hours throughout the week [61],
three types of schedules—8 hours, 4 hours, and 1 hour—were defined in this study to represent
usage scenarios (one day, half day, and a lecture period) in daily studio work. Based on the quanta
emission rates, the results of the probability of infection over 8 hours are depicted in Fig. 14, where

more than 95% probability of infection risk is estimated in areas with a viral load of 10° quanta/m’

or higher.
INFECTED AREA RATIO (1 HOUR)
SCENARIO | 99.85%
SCENARIO 2 98.46%
SCENARIO 3 98.35%
SCENARIO 4 98.54%
SCENARIO 5 97.93%
0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100%
Infoction Risk Intervals: 0% -5%  5%-10%  10%-20% = 20%-30% ®30%-40% ®40%-50% m>50%
INFECTED AREA RATTO (4 HOURS)
SCENARIO 1 19.65% 55.48% 24.78% |
SCENARIO 2 62.04% 28.52% 846% |
SCENARIO 3 90.78% 5.76% 1.9%6
SCENARIO 4 89.73% 7.16% 1.78%
SCENARIO 5 45.47% 48.91% 37490
0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100%
Infection Risk Intervals: 0% - 5% 5% - 10% 10% -20% m20% -30% ®m30%-40% m40% -50% m>50%
INFECTED AREA RATIO (8 HOURS)
SCENARIO I 20.46% 61.24% 17.96% |
SCENARIO 2 62.92% 30.00% 4.14%mm
SCENARIO 3 84.01% 7.04%  5.74% LB0%
SCENARIO 4 85.02% 487% 7.25% 128
SCENARIO 5 27.28% 18.83% 49.19% 2230

0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100%
Infection Risk Intervals: 0% - 5% 5% - 10% 10% - 20% 20% - 30% m30%-40% m40% - 50% m>50%

Fig. 14. The proportion of the total area of the Eastern Studio with certain ranges of infection risks of

exposure in 5 different scenarios in 1 hour (fop), 4 hours (middle), and 8 hours (bottom).

3.5.2 Three durations

The factor "Area Ratio of certain probability" is introduced in this study to depict the macroscopic
state of infection risks in the Eastern Studio under various scenarios. Fig. 14 shows the estimated
infection probabilities were divided into seven intervals, and it demonstrates the variations in area
proportions of each risk interval across five scenarios in three different durations (1h, 4h, and 8h),
which quantifies the impacts of the distinct behaviors related to opening windows and doors. For
the 1-hour duration, low infection probabilities (0%-5%) are observed in substantial areas

(exceeding 97%) of the Eastern Studio across all scenarios. Opening windows or doors does not
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significantly mitigate infection risks for this duration. For the 4-hour duration, classrooms with open
windows (Scenarios 3, 4, and 5) consistently exhibit larger regions of lower infection risk
(probabilities of 5% and below). However, in the meanwhile, classrooms with open windows
display a more extensive area with high infection risks (probabilities of 30% and above), with the
area ratio increasing to 1.22% (Scenario 5). For the 8-hour duration, opening windows or doors
substantially reduce infection risk and decreases infectious areas. Opening windows (Scenario 3, 4,
and 5) dramatically increases the area ratio with statistically insignificant infection risk
(probabilities of 5% and below). In Scenario 4, adding door-opening measures to Scenario 3 only
marginally impacts the area ratio across all probability intervals, reaffirming the dominant role of

opening windows.

An enhanced ventilation mode, cross-ventilation, by opening additional windows on the southern
and the western sides of the floor (as depicted in Scenario 5) may potentially accelerate air
circulation. However, as observed in the study, this approach significantly reduces the area ratio
with low infection risk (probabilities of 5% and below) by approximately 50% for both 4-hour and
8-hour durations. These findings underscore the need for consistent and appropriate window
ventilation in classrooms for extended periods and the significance of a balanced approach for

opening windows to optimize airflow and minimize infection risk.

4. Discussion

4.1 Open the window or open the door

The findings of Sections 3.3, 3.4, and 3.5 emphasize the importance of window ventilation in
maintaining air circulation, minimizing CO; and viral particle accumulation, and reducing infection
risk in classrooms. Window ventilation is shown to be more beneficial in the condition of
insufficient mechanical ventilation (ventilation rates of 2.51 I/s/person in this study). However,
indoor airflow distribution is crucial for investigating airborne diseases, as opening windows and
doors can increase infection risks in certain areas near the 'patient.' Therefore, infection risk analysis
should consider the overall performance of each measure and local conditions within a limited area,

selecting representative sampling zones when designing ventilation strategies.

In addition to Scenario 3, increasing ventilation rates by opening extra windows in nearby rooms



485

486

487

488

489

490

491

492

493

494

495

496

497

498

499

500

501

502

503

504

505

506

507

508

509

510

511

512

513

(Scenario 5) did not further mitigate the infection risk in the Eastern Studio. Instead, it increased
the infection risk and significantly caused the virus to spread more widely. Therefore, the mitigation
strategy of opening windows in mixed ventilation systems should be optimized, considering
occupancy arrangements and airflow distributions. Opening more windows in large spaces
potentially has a negative impact on mitigation performance and is not always recommended. This
finding substantiates the imperative of monitoring airflow patterns and CO; concentrations, thereby
highlighting the authentic requirement and significance of incorporating our SEN system within

educational indoor spaces.

4.2 Roles of airflow

Fig. A.8 displays grey and blue dots representing viral particle concentration levels and speed at
1.5-meter elevations in the Eastern Studio, and Fig. A.9 shows the effective areas of a fan coil unit.
Grey dots form distinct clusters, including a blue dot cluster. Blue dots, with two corresponding
trend lines, are grouped into two categories based on their viral particle concentrations (ranging
from 0.015 quanta/m’ to 0.115 quanta/m?). Trend Line One and Line Two reveal that speed values
can negatively and positively affect viral particle concentrations, suggesting that airflow can dilute
and exacerbate viral load levels under different conditions. The 'Double Roles of Airflow' [30] refer
to two mechanisms in air movements: the 'removal role' and the 'transport role.' The 'transport role'
involves airflow carrying viral particles, while the 'removal role' entails fresh air from HVAC system
inlets diluting infectious air. In Fig. A.9, Trend Line One demonstrates the 'removal role,' with higher
airspeed values corresponding to lower viral load values. This suggests that low airflow speed (in
those lampshade-blocked spaces, as shown in Fig. 10(d)) could cause increased viral infection risk.
Conversely, Trend Line Two indicates the 'transport role', with higher speed values associated with
increased viral load estimates. Viral particle concentrations under each fan coil unit exhibit similar

distribution patterns, corroborating the findings of airflow distribution in Fig. 10(a) and Section 3.1.

4.3 Air leakage through door cracks into connective space

Door and door frame cracks are vital for analyzing indoor airflow and air quality [45]. These cracks
enable excess indoor air to escape due to positive pressure maintained by the HVAC system's fresh
air supply. Air leakage from classrooms to corridors, observed in on-site measurements and

simulations, results from these cracks. Indoor connective spaces, such as corridors, significantly
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influence architectural traffic streamline planning and design due to high pedestrian flow and
potential exposure. Therefore, door cracks in such spaces should be considered when assessing

infection risk.

This study found that air leakage into corridor areas at speeds around or below 1.0 m/s introduced
low-level quanta emissions (10 quanta/m®) near office entrances and lifts, making corridors a
"relief area" for air pressure and airborne diseases. Door opening increased viral loads in corridors
to 102 quanta/m®, emphasizing the need to enhance corridor ventilation to mitigate airborne
transmission and cross-infection in connective spaces, potentially preventing vertical transmission
between floors via lifts [62]. Future research could investigate transmission mechanisms in traffic

streamline spaces (both horizontal and vertical) within educational buildings.

4.4 Building codes and local regulations

Although early startup and operation of HVAC systems are recommended as pandemic response
strategies in building codes and regulations worldwide [63], the implications of opening windows
in mechanically ventilated rooms remain debatable. Window-opening behaviors may reduce HVAC
system efficiency and increase energy consumption [39,63]. While local building codes and
regulations do not explicitly prohibit window opening, they address indoor temperature, thermal
comfort [64], and closed-window mechanical ventilation rates [65]. Hong Kong's local guidelines
advise adjusting and controlling HVAC systems in unexpected situations to ensure proper
functioning, prevent safety hazards, and develop alternative emergency management plans [66].
Future research could investigate the comprehensive impacts of opening windows and doors as
emergency anti-epidemic measures, providing a scientific basis for potential amendments in local

building codes and regulations.

4.5 Limitations

This study acknowledges several limitations. Firstly, due to architecture students' high frequency of
university classroom usage, even during non-working hours, on-site experiments were conducted
within a limited timeframe, yielding only two hours of valid CO, concentration results in a one-
occupant condition (Section 2.3.2). Secondly, the CFD models assumed perfect airtightness for
external windows and ignored air leakage through closed windows (no cracks between windows

and window frames). Thirdly, the study did not consider the interactions between viral particles and
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potential surface deposition. Lastly, the study did not account for vertical airflow driven by the
buoyancy effect and thermal properties of building materials in order to simplify the CFD models,
as they were not the primary focus of the research. Future investigations are recommended to delve
into the impacts of a more intricate outdoor thermal and wind environment on indoor airflow

dynamics.

This research is a case study of a crowded educational space in Hong Kong. The building elements,
including classroom layout, doors and windows, HVAC systems, and other building components,
are configured to suit the local sub-tropical climate, addressing thermal performance, which is
crucial for the results obtained in this study. The research focuses only on window and door opening
behaviors and their impact on airflow and infection risk. The findings of this case study provide
both quantitative and qualitative evidence for future studies and benefit the investigation of the

impacts of each factor mentioned above.

5. Conclusion

This study reveals that opening windows and doors can enhance ventilation rates. In classroom
Eastern Studio, opening all windows and doors in Scenario 4 effectively optimizes the indoor
ventilation, which reduces CO» concentration by 728 ppm (a 60.57% reduction) and lowers the viral
load by as much as 0.0529 quanta/m’ (a 97.60% decrease) over an eight-hour period. This process
decreases the size and number of infectious zones. The analysis uses 5% as a minimum level of
infection risk. The most significant performance achieved in the optimization strategy of pandemic
prevention is also observed in Scenario 4, which substantially increases the area ratio of regions
with low infection risks (below 5% probabilities) to 85.02% from below 0.5% over an eight-hour
period. Such reductions in infection risk and infected areas are important, especially for cases where
fresh air ventilation rates are relatively low in densely occupied spaces. Of course, higher design

ventilation rates should be used in line with recommended standards, but this is often not the case.

However, those opening behaviors may redistribute indoor airflows, potentially increasing infection
probabilities near the ‘patient’, which can be mitigated by social distancing policies. Moreover,
cross-ventilation by opening more windows in large spaces in some conditions will cause a wider

spread of viral particles and increase the infection risks. Therefore, opening windows should be
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optimized, considering occupancy and indoor airflow; simply opening more windows without

considering indoor airflow redistribution should be avoided.

In addition, this study supports using CO> as a valid tracer for airborne respiratory disease aerosols
in analyzing transmission mechanisms in university classrooms. Introducing an array of CO;
detector sensors into indoor spaces can effectively warn of potential hazards and prompt measures

such as window opening.

The findings of this case study can inform future university classroom operations, retrofitting, and
HVAC system optimization, highlighting the potential effectiveness of mixed ventilation modes and
the benefits of opening windows as an emergency strategy when active measures are insufficient for
diluting diseases. Future studies can explore implementing automated doors and windows with
optimization algorithms to ensure the effectiveness of infection-mitigation measures in various

indoor airflow distribution and occupancy scenarios while addressing energy efficiency issues.



583

584

585

586

587

588

589

590

591

592

593

594

595

596

597

598

CRediT authorship contribution statement

Xi Deng: Writing — original draft, Writing — review & editing, Literature review, Modelling,
Validations, Methodology, Investigation, Formal analysis, Project administration. Zhihao Bao:
Literature review, Validations, Investigation, Data curation, Formal analysis, Modelling. Shuning
Chen: Investigation, Visualization, Formal analysis. Eric Schuldenfrei: Conceptualization,
Resources, Funding acquisition, Supervision. Jianxiang Huang: Software, Methodology, Formal

analysis. Phil Jones: Writing — review & editing, Methodology, Supervision.

Declaration of competing interest
The authors declare that they have no known competing financial interests or personal

relationships that could have appeared to influence the work reported in this paper.

Acknowledgements

The work described in this paper was fully supported by a grant from the Research Grants
Council of the Hong Kong Special Administrative Region, China [Project No. HKU C7105-21G].
We appreciate Prof. Yuguo Li from the University of Hong Kong for the advice on this study. We
thank Dr. Tongping Hao, Mr. Xiaojian Duan, Miss. Tien Chong, Mr. Chunyin Lai, Mr. Franco K.M.

Li



599

600
601
602
603
604
605
606
607
608
609
610
611
612
613
614
615
616
617
618
619
620
621
622
623
624
625
626
627
628
629
630
631
632
633
634
635
636
637
638
639
640
641
642

Reference

[1TWorld Health Organization, WHO Coronavirus (COVID-19) Dashboard, (n.d.). WHO Coronavirus
(COVID-19) Dashboard (accessed August 17, 2023).

[2]W. Guan, Z. Ni, Y. Hu, W. Liang, C. Ou, J. He, L. Liu, H. Shan, C. Lei, D.S.C. Hui, B. Du, L. Li, G.
Zeng, K.-Y. Yuen, R. Chen, C. Tang, T. Wang, P. Chen, J. Xiang, S. Li, J. Wang, Z. Liang, Y. Peng, L.
Wei, Y. Liu, Y. Hu, P. Peng, J. Wang, J. Liu, Z. Chen, G. Li, Z. Zheng, S. Qiu, J. Luo, C. Ye, S. Zhu, N.
Zhong, Clinical Characteristics of Coronavirus Disease 2019 in China, New England Journal of
Medicine. 382 (2020) 1708—1720. https://doi.org/10.1056/nejmoa2002032.

[3]J. Lu, J. Gu, K. Li, C. Xu, W. Su, Z. Lai, D. Zhou, C. Yu, B. Xu, Z. Yang, COVID-19 Outbreak
Associated with Air Conditioning in Restaurant, Guangzhou, China, 2020, Emerg Infect Dis. 26 (2020)
1628-1631. https://doi.org/10.3201/eid2607.200764.

[4]Y. Li, H. Qian, J. Hang, X. Chen, P. Cheng, H. Ling, S. Wang, P. Liang, J. Li, S. Xiao, J. Wei, L. Liu,
B.J. Cowling, M. Kang, Probable airborne transmission of SARS-CoV-2 in a poorly ventilated
restaurant, Build Environ. 196 (2021). https://doi.org/10.1016/j.buildenv.2021.107788.

[5]R. You, C.H. Lin, D. Wei, Q. Chen, Evaluating the commercial airliner cabin environment with
different air distribution systems, Indoor Air. 29 (2019) 840—853. https://doi.org/10.1111/ina.12578.
[6]M.R. Moser, T.R. Bender, H.S. Margolis, G.R. Noble, A.P. Kendal, D.G. Ritter, An Outbreak of
Influenza Aboard a Commercial Airliner, Am J Epidemiol. 110 (1979) 1-6.
https://doi.org/10.1093/oxfordjournals.aje.al12781.

[7]S. Majumder, D. Biswas, COVID-19 Impacts Construction Industry: Now, then and Future, in:
Lecture Notes on Data Engineering and Communications Technologies, Springer Science and Business
Media Deutschland GmbH, 2021: pp. 115-125. https://doi.org/10.1007/978-981-15-9682-7 13.
[8IN.Y. Yang Razali, M.T. Latif, D. Dominick, N. Mohamad, F.R. Sulaiman, T. Srithawirat,
Concentration of particulate matter, CO and CO?2 in selected schools inMalaysia, Build Environ. 87
(2015) 108—116. https://doi.org/10.1016/j.buildenv.2015.01.015.

[9]A. Asif, M. Zeeshan, M. Jahanzaib, Indoor temperature, relative humidity and CO2 levels
assessment in academic buildings with different heating, ventilation and air-conditioning systems,
Build Environ. 133 (2018) 83-90. https://doi.org/10.1016/j.buildenv.2018.01.042.

[10]U. Heudorf, V. Neitzert, J. Spark, Particulate matter and carbon dioxide in classrooms - The impact
of cleaning and ventilation, Int J Hyg Environ Health. 212 (2009) 45-55.
https://doi.org/10.1016/j.ijheh.2007.09.011.

[11]S. Cui, M. Cohen, P. Stabat, D. Marchio, CO2 tracer gas concentration decay method for measuring
air change rate, Build Environ. 84 (2015) 162—169. https://doi.org/10.1016/j.buildenv.2014.11.007.
[12]T. Greenhalgh, A. Katzourakis, T.D. Wyatt, S. Griffin, Rapid evidence review to inform safe return
to campus in the context of coronavirus disease 2019 (COVID-19), Wellcome Open Res. 6 (2021).
https://doi.org/10.12688/wellcomeopenres.17270.1.

[13]Y. Li, P. Cheng, L. Liu, A. Li, W. Jia, N. Zhang, Predicting building ventilation performance in the
era of an indoor air crisis, Build Simul. 16 (2023) 663-666. https://doi.org/10.1007/s12273-023-1019-z.
[14]M. Santamouris, A. Synnefa, M. Asssimakopoulos, I. Livada, K. Pavlou, M. Papaglastra, N.
Gaitani, D. Kolokotsa, V. Assimakopoulos, Experimental investigation of the air flow and indoor
carbon dioxide concentration in classrooms with intermittent natural ventilation, Energy Build. 40
(2008) 1833—1843. https://doi.org/10.1016/j.enbuild.2008.04.002.

[15]D.A. Krawczyk, A. Rodero, K. Gladyszewska-Fiedoruk, A. Gajewski, CO2 concentration in

naturally ventilated classrooms located in different climates—Measurements and simulations, Energy



643
644
645
646
647
648
649
650
651
652
653
654
655
656
657
658
659
660
661
662
663
664
665
666
667
668
669
670
671
672
673
674
675
676
677
678
679
680
681
682
683
684
685
686

Build. 129 (2016) 491-498. https://doi.org/10.1016/j.enbuild.2016.08.003.

[16]R. Duarte, M. Gloria Gomes, A. Moret Rodrigues, Estimating ventilation rates in a window-aired
room using Kalman filtering and considering uncertain measurements of occupancy and CO2
concentration, Build Environ. 143 (2018) 691-700. https://doi.org/10.1016/j.buildenv.2018.07.016.
[17]A. Kabirikopaei, J. Lau, Uncertainty analysis of various CO2-Based tracer-gas methods for
estimating seasonal ventilation rates in classrooms with different mechanical systems, Build Environ.
179 (2020). https://doi.org/10.1016/j.buildenv.2020.107003.

[18]M.M. Andamon, P. Rajagopalan, J. Woo, Evaluation of ventilation in Australian school classrooms
using long-term indoor CO2 concentration measurements, Build Environ. 237 (2023) 110313.
https://doi.org/10.1016/J.BUILDENV.2023.110313.

[19] H. Dai, B. Zhao, Association between the infection probability of COVID-19 and ventilation rates:
An update for SARS-CoV-2 variants, Build Simul 16 (2023) 3—12. https://doi.org/10.1007/s12273-022-
0952-6.

[20]A. Zivelonghi, M. Lai, Mitigating aerosol infection risk in school buildings: the role of natural
ventilation, volume, occupancy and CO2 monitoring, Build Environ. 204 (2021).
https://doi.org/10.1016/j.buildenv.2021.108139.

[21]F. Fantozzi, G. Lamberti, F. Leccese, G. Salvadori, Monitoring CO2 concentration to control the
infection probability due to airborne transmission in naturally ventilated university classrooms, Archit
Sci Rev 65 (2022) 306-318. https://doi.org/10.1080/00038628.2022.2080637.

[22]S.C. Lee, Indoor air quality investigations at five classrooms, Indoor Air. 9 (1999) 134-138.
https://doi.org/10.1111/j.1600-0668.1999.t01-2-00008..x.

[23]S.C. Lee, M. Chang, Indoor and outdoor air quality investigation at schools in Hong Kong, 2000.
[24]S.C. Lee, H. Guo, W.M. Li, L.Y. Chan, Inter-comparison of air pollutant concentrations in different
indoor environments in Hong Kong, 2002.

[25]L.R. Jia, Q.Y. Li, X. Chen, C.C. Lee, J. Han, Indoor Thermal and Ventilation Indicator on
University Students’ Overall Comfort, Buildings. 12 (2022).
https://doi.org/10.3390/buildings12111921.

[26]W. Che, A.T.Y. Li, H.C. Frey, K.T.J. Tang, L. Sun, P. Wei, M.S. Hossain, T.L. Hohenberger, K.W.
Leung, A.K.H. Lau, Factors affecting variability in gaseous and particle microenvironmental air
pollutant concentrations in Hong Kong primary and secondary schools, Indoor Air. 31 (2021) 170-187.
https://doi.org/10.1111/ina.12725.

[27]S. Lee, B. Park, T. Kurabuchi, Numerical evaluation of influence of door opening on interzonal air
exchange, Build Environ. 102 (2016) 230-242. https://doi.org/10.1016/j.buildenv.2016.03.017.

[28]A. Muelas, P. Remacha, A. Pina, E. Tizné, S. El-Kadmiri, A. Ruiz, D. Aranda, J. Ballester, Analysis
of different ventilation strategies and CO2 distribution in a naturally ventilated classroom, Atmos
Environ. 283 (2022). https://doi.org/10.1016/j.atmosenv.2022.119176.

[29]Y. Li, A. Delsante, J. Symons, Prediction of natural ventilation in buildings with large openings,
Build Environ. 35 (2000) 191-206. https://doi.org/10.1016/S0360-1323(99)00011-6.

[30]P. Cheng, W. Chen, S. Xiao, F. Xue, Q. Wang, P.W. Chan, R. You, Z. Lin, J. Niu, Y. Li, Probable
cross-corridor transmission of SARS-CoV-2 due to cross airflows and its control, Build Environ. 218
(2022). https://doi.org/10.1016/j.buildenv.2022.109137.

[31]Y. Wu, L. Feng, M. Liu, Z. Wu, N. Gao, Numerical study on transient airflows and air exchange
induced by door motion in thermally stratified environment, Build Environ. 223 (2022) 109498.
https://doi.org/10.1016/j.buildenv.2022.109498.



687
688
689
690
691
692
693
694
695
696
697
698
699
700
701
702
703
704
705
706
707
708
709
710
711
712
713
714
715
716
717
718
719
720
721
722
723
724
725
726
727
728
729
730

[32]F. Villanueva, A. Notario, B. Cabafias, P. Martin, S. Salgado, M.F. Gabriel, Assessment of CO2 and
aerosol (PM2.5, PM10, UFP) concentrations during the reopening of schools in the COVID-19
pandemic: The case of a metropolitan area in Central-Southern Spain, Environ Res. 197 (2021).
https://doi.org/10.1016/j.envres.2021.111092.

[33]B. Zhou, L. Ding, F. Li, K. Xue, P. V. Nielsen, Y. Xu, Influence of opening and closing process of
sliding door on interface airflow characteristic in operating room, Build Environ. 144 (2018) 459—-473.
https://doi.org/10.1016/j.buildenv.2018.08.050.

[34]Y.C. Tung, Y.C. Shih, S.C. Hu, Numerical study on the dispersion of airborne contaminants from
an isolation room in the case of door opening, Appl Therm Eng. 29 (2009) 1544—1551.
https://doi.org/10.1016/j.applthermaleng.2008.07.009.

[35]J. Hang, Y. Li, W.H. Ching, J. Wei, R. Jin, L. Liu, X. Xie, Potential airborne transmission between
two isolation cubicles through a shared anteroom, Build Environ. 89 (2015) 264-278.
https://doi.org/10.1016/j.buildenv.2015.03.004.

[36]M. Wallace, G. Pappas, Safe university: a guide for open academic institutions through the
pandemic, Clinical Microbiology and Infection. 28 (2022). https://doi.org/10.1016/j.cmi.2022.01.009.
[37]B. Ainsworth, S. Miller, J. Denison-Day, B. Stuart, J. Groot, C. Rice, J. Bostock, X.Y. Hu, K.
Morton, L. Towler, M. Moore, M. Willcox, T. Chadborn, N. Gold, R. Amlét, P. Little, L. Yardley,
Infection control behavior at home during the COVID-19 pandemic: Observational study of a web-
based behavioral intervention (Germ defence), ] Med Internet Res. 23 (2021).
https://doi.org/10.2196/22197.

[38]K. Morton, B. Ainsworth, S. Miller, C. Rice, J. Bostock, J. Denison-Day, L. Towler, J. Groot, M.
Moore, M. Willcox, T. Chadborn, R. Amlot, N. Gold, P. Little, L. Yardley, Adapting Behavioral
Interventions for a Changing Public Health Context: A Worked Example of Implementing a Digital
Intervention During a Global Pandemic Using Rapid Optimisation Methods, Front Public Health. 9
(2021). https://doi.org/10.3389/fpubh.2021.668197.

[39]M.A. Navas-Martin, T. Cuerdo-Vilches, Natural ventilation as a healthy habit during the first wave
of the COVID-19 pandemic: An analysis of the frequency of window opening in Spanish homes,
Journal of Building Engineering. 65 (2023). https://doi.org/10.1016/j.jobe.2022.105649.

[40]E. Ding, D. Zhang, A. Hamida, C. Garcia-Sanchez, L. Jonker, A.R. de Boer, P.C.J.L. Bruijning,
K.J. Linde, .M. Wouters, P.M. Bluyssen, Ventilation and thermal conditions in secondary schools in
the Netherlands: Effects of COVID-19 pandemic control and prevention measures, Build Environ. 229
(2023) 109922. https://doi.org/10.1016/j.buildenv.2022.109922.

[41]ASHRAE, ASHRAE Epidemic Task Force: Commercial, 2021.

[42]S. Son, C.-M. Jang, Effects of internal airflow on IAQ and cross-infection of infectious diseases
between students in classrooms, Atmos Environ 279 (2022) 119112.
https://doi.org/10.1016/j.atmosenv.2022.119112.

[43]ASHRAE, ASHRAE Epidemic Task Force: Schools & Universities, 2021.

[44]J. Lu, J. Gu, J. Gu, K. Li, C. Xu, W. Su, Z. Lai, D. Zhou, C. Yu, B. Xu, Z. Yang, COVID-19
Outbreak Associated with Air Conditioning in Restaurant, Guangzhou, China, 2020, Emerg Infect Dis.
26 (2020) 1628—-1631. https://doi.org/10.3201/eid2607.200764.

[45]C. Chen, B. Zhao, W. Zhou, X. Jiang, Z. Tan, A methodology for predicting particle penetration
factor through cracks of windows and doors for actual engineering application, Build Environ. 47
(2012) 339-348. https://doi.org/10.1016/j.buildenv.2011.07.004.

[46]]. Wu, W. Weng, M. Fu, Y. Li, Numerical study of transient indoor airflow and virus-laden droplet



731
732
733
734
735
736
737
738
739
740
741
742
743
744
745
746
747
748
749
750
751
752
753
754
755
756
757
758
759
760
761
762
763
764
765
766
767
768
769
770
771
772
773
774

dispersion: Impact of interactive human movement, Science of the Total Environment. 869 (2023).
https://doi.org/10.1016/j.scitotenv.2023.161750.

[47]R. Prill, Measuring Carbon Dioxide Inside Buildings—Why is it Important, Washington, USA,
2013.

[48]AKL, FlowDesigner: Software Development for Air Flow / Thermal Environment Analysis,
(2020).

[49]J. Huang, T. Hao, S. Shan Hou, P. Jones, Simulation-Informed Urban Design: Improving Urban
Microclimate in Real-World Practice in a High Density City., IOP Conf Ser Earth Environ Sci. 329
(2019) 012047. https://doi.org/10.1088/1755-1315/329/1/012047.

[50]T. Hao, J. Huang, X. He, L. Li, P. Jones, A machine learning-enhanced design optimizer for urban
cooling, Indoor and Built Environment. 32 (2023) 355-374.
https://doi.org/10.1177/1420326X221112857.

[51]T. Hao, Q. Zhao, J. Huang, Optimization of tree locations to reduce human heat stress in an urban
park, Urban For Urban Green. 86 (2023) 128017. https://doi.org/10.1016/j.ufug.2023.128017.

[52]G. Buonanno, L. Stabile, L. Morawska, Estimation of airborne viral emission: Quanta emission
rate of SARS-CoV-2 for infection risk assessment, Environ Int. 141 (2020).
https://doi.org/10.1016/j.envint.2020.105794.

[53]J. Huang, T. Hao, X. Liu, P. Jones, C. Ou, W. Liang, F. Liu, Airborne transmission of the Delta
variant of SARS-CoV-2 in an auditorium, Build Environ. 219 (2022) 109212.
https://doi.org/10.1016/j.buildenv.2022.109212.

[54]H. Holger Koss, On differences and similarities of applied wind comfort criteria, Journal of Wind
Engineering and Industrial Aerodynamics. 94 (2006) 781-797.
https://doi.org/10.1016/j.jweia.2006.06.005.

[55]. Zhou, X. Zhang, J. Xie, J. Liu, Occupant’s preferred indoor air speed in hot-humid climate and
its influence on thermal comfort, Build Environ. 229 (2023) 109933.
https://doi.org/10.1016/j.buildenv.2022.109933.

[56]S. Westgate, N.L. Ng, Using in-situ CO2, PM1, PM2.5, and PM10 measurements to assess air
change rates and indoor aerosol dynamics, Build Environ. 224 (2022).
https://doi.org/10.1016/j.buildenv.2022.109559.

[57]E.C. Riley, G. Murphy, R.L. Riley, Airborne Spread of Measles n A Suburban Elementary School,
Am J Epidemiol. 107 (1978) 421-432. https://doi.org/10.1093/oxfordjournals.aje.al12560.

[58]L. Gammaitoni, Using a Mathematical Model to Evaluate the Efficacy of TB Control Measures,
Emerg Infect Dis. 3 (1997) 335-342. https://doi.org/10.3201/eid0303.970310.

[59]G.N. Sze To, C.Y.H. Chao, Review and comparison between the Wells—Riley and dose-response
approaches to risk assessment of infectious respiratory diseases, Indoor Air. 20 (2010) 2—16.
https://doi.org/10.1111/j.1600-0668.2009.00621 .x.

[60]JREHVA, REHVA COVID-19 Ventilation Calculator Documentation. Modelling airborne infection
risk., 2021.

[61]N. Kurt, 84.75 Studio Hours: A Week in the Life of a Master of Architecture Student, ArchDaily.
(2017). https://www.archdaily.com/806550/85-studio-hours-a-week-in-the-life-of-a-master-of-
architecture-student (accessed October 31, 2023).

[62]S.E. Hwang, J.H. Chang, B. Oh, J. Heo, Possible aerosol transmission of COVID-19 associated
with an outbreak in an apartment in Seoul, South Korea, 2020, International Journal of Infectious
Diseases. 104 (2021) 73-76. https://doi.org/10.1016/j.1jid.2020.12.035.



775
776
77
778
779
780
781
782
783
784

[63]M. Guo, P. Xu, T. Xiao, R. He, M. Dai, S.L. Miller, Review and comparison of HVAC operation
guidelines in different countries during the COVID-19 pandemic, Build Environ. 187 (2021) 107368.
https://doi.org/10.1016/j.buildenv.2020.107368.

[64]Indoor Air Quality Management Group, Guidelines for Indoor Air Quality Management in Offices
and Public Places, Hong Kong, 2019.

[65]HK-BEAM Society, Building environmental assessment method — BEAM plus for new buildings
and existing buildings, 2009.

[66]Architectural Services Department, General Specification for Air-Conditioning, Refrigeration,
Ventilation and Central Monitoring & Control System Installation in Government

Buildings of The Hong Kong Special Administrative Region, 2017.



785

786
787

788

Appendix A. Supplementary Data

Table A.1. Collected flow speed (m/s) and temperature (°C) data of each fan coil’s outlet in the Eastern
Studio, the Southern Studio, and the Western Studio.

Fan | Top Left Bottom Right

Coil | (Air Outlet) (Air Outlet) (Air Outlet) (Air Outlet)

El 2.8 m/s, 15.3 °C 3.0 m/s, 14.0°C 2.8 m/s, 16.7°C 3.6 m/s, 16.0°C
E2 2.9 m/s, 20.6 °C 3.2 m/s, 19.7°C 3.0 m/s, 21.3°C 3.3 m/s, 20.3°C
E3 3.0 m/s, 24.0 °C 3.2 m/s, 24.1°C 3.1 m/s, 24.2°C 3.6 m/s, 24.1°C
E4 3.0 m/s, 24.0 °C 3.8 m/s, 24.0°C 3.2 m/s, 23.8°C 3.3 m/s, 23.9°C
E5 2.9 m/s, 23.4 °C 3.3 m/s, 23.4°C 3.1 m/s, 22.9°C 3.2 m/s, 20.6°C
E6 2.5 m/s, 24.0 °C 2.8 m/s, 23.8°C 2.4 m/s, 24.0°C 2.7 m/s, 23.8°C
E7 1.7 m/s, 11.1 °C 2.0 m/s, 12.4°C 2.0 m/s, 11.6°C 2.4 m/s, 10.8°C
E8 2.8 m/s, 11.6 °C 3.7 m/s, 11.5°C 2.6 m/s, 12.0°C 3.0 m/s, 11.1°C
E9 3.4 m/s, 23.9 °C 3.6 m/s, 24.0°C 3.3 m/s, 24.0°C 4.0 m/s, 23.7°C
E10 | 3.7 m/s, 23.6 °C 4.3 m/s, 23.7°C 3.7 m/s, 23.6°C 3.8 m/s, 23.8°C
S1 Closed Closed Closed Closed

S2 3.0 m/s, 13.0°C 3.0 m/s, 12.4°C 3.6 m/s, 12.7°C 2.9 m/s, 11.5°C
S3 2.9 m/s, 13.5°C 2.7m/s, 12.1°C 3.2 m/s, 11.2°C 2.5 m/s, 12.0°C
S4 3.0 m/s, 24.1°C 2.6 m/s, 24.0°C 2.9 m/s, 23.8°C 3.0 m/s, 24.1°C
S5 Closed Closed Closed Closed

S6 2.1 m/s, 13.2°C 2.0 m/s, 13.0°C 2.5 m/s, 13.0°C 1.9 m/s, 12.2°C
S7 Closed Closed Closed Closed

Wi Closed Closed Closed Closed

W2 | 3.3m/s, 16.0°C 3.8 m/s, 16.9°C 3.3 m/s, 17.3°C 3.6 m/s, 18.1°C
W3 2.3 m/s, 21.6°C 3.1 m/s, 21.0°C 2.8 m/s, 20.9°C 3.9 m/s, 21.1°C
W4 | 3.6m/s, 12.9°C 4.0 m/s, 12.9°C 3.5 m/s, 13.2°C 3.6 m/s, 13.3°C
W5 | 2.9 m/s, 18.0°C 3.1 m/s, 18.6°C 2.9 m/s, 18.3°C 3.5m/s, 17.9°C
W6 | 2.9m/s, 12.5°C 3.1 m/s, 11.0°C 2.8 m/s, 12.6°C 2.8 m/s, 10.9°C
W7 | 3.0m/s, 12.6°C 3.3 m/s, 13.8°C 3.2 m/s, 12.3°C 3.7 m/s, 11.2°C
W8 | 3.2 m/s, 24.2°C 3.3 m/s, 24.1°C 3.0 m/s, 24.3°C 3.0 m/s, 24.3°C
W9 Closed Closed Closed Closed

W10 | 3.5 m/s, 23.8°C 3.7 m/s, 23.7°C 3.3 m/s, 24.0°C 3.5 m/s, 24.1°C
W11 | Closed Closed Closed Closed

W12 | 3.2 m/s, 19.8°C 4.0 m/s, 19.2°C 3.2 m/s, 19.4°C 3.4 m/s, 18.5°C
Fan Top Center Bottom

Coil | (Air Outlet) (Air Outlet) (Air Outlet) i

E-1 0 0 0 -

E-2 | 0.5m/s, 19.0°C 0.8 m/s, 19.1°C 0.4 m/s, 20.2°C -

E-3 | 0.4 m/s, 19.4°C 0.6 m/s, 19.2°C 0.6 m/s, 19.6°C -

E-4 | 0.9 m/s, 16.9°C 0.6 m/s, 17.7°C 0 m/s, 18.3°C -

E-5 | 0.5m/s, 16.2°C 1.0 m/s, 17.5°C 0.6 m/s, 18.3°C -

E-6 | 0m/s, 22.3°C 0.9 m/s, 19.2°C 0 m/s, 20.1°C -

W-1 | 1.2 m/s, 19.5°C 0.6 m/s, 20.9°C 0.4 m/s, 21.5°C -

W-2 | 0.5m/s, 18.1°C 0.4 m/s, 18.5°C 1.4 m/s, 18.8°C -

W-3 |0 0 0 -

W-4 | 2.0 m/s, 15.0°C 0.5 m/s, 17.1°C 0.9 m/s, 17.7°C -

W-5 | 0.5 m/s, 16.1°C 0.7 m/s, 15.7°C 0.8 m/s, 15.8°C -

W-6 | 0 0 0 -

Note: Rows from E-1 to W-6 are the fresh air supplier inlets.




789

Table A.2. Collected flow speed (m/s) and temperature (°C) data of each cylindrical air supply’s inlet in

790 the Hallway.
Supply Outer Ring (Air Outlet) Inner Ring (Air Outlet)
H1 1.6 m/s, 15.3°C 1.3 m/s, 14.6°C
H2 2.0 m/s, 15.0°C 2.2 m/s, 14.6°C
H3 1.9 m/s, 15.5°C 1.9 m/s, 18.0°C
H4 1.8 m/s, 20.3°C 1.7 m/s, 20.2°C
H5 2.2 m/s, 16°C 2.2 m/s, 15.4°C
H6 1.9 m/s, 15.8°C 2.2 m/s, 14.5°C
H7 3.3 m/s, 15.7°C 3.7m/s, 19°C
HS8 3.7 m/s, 20°C 3.4 m/s, 23°C
H9 2.7 m/s, 16.9°C 2.2 m/s, 17.4°C
H10 3.0 m/s, 17.6°C 3.2 m/s, 17.3°C
HI11 2.8 m/s, 20.8°C 2.9 m/s, 20.5°C
HI12 1.5 m/s, 23.4°C 2.1 m/s, 23.6°C
H13 2.1 m/s, 16°C 1.7 m/s, 16.3°C
H14 2.8 m/s, 17.5°C 2.7m/s, 17°C
H15 2.6 m/s, 17.8°C 2.5 m/s, 18°C
H16 2.1 m/s, 20°C 2.2 m/s, 21.2°C
791 Table A.3. Collected flow speed (m/s) and temperature (°C) data of each fan coil’s outlet in the Eastern
792 Studio, the Southern Studio, and the Western Studio.
Fan | Upper Left Upper Right Lower Left Lower Left Center
Coil | Corner (Air Corner (Air Corner (Air Corner (Air (Air Inlet)
Inlet) Inlet) Inlet) Inlet)
El 0 m/s, 23.0°C 0 m/s, 23.2°C 0.5 m/s, 22.7°C | 0.4 m/s,24.1°C | 1.5 m/s, 23.2°C
E2 0 m/s, 23.0°C 0 m/s, 23.1°C 0 m/s, 23.4°C 0 m/s, 23.4°C 1.5 m/s, 22.8°C
E3 0.4 m/s, 24.9°C | 0.5 m/s,24.3°C | 0.5 m/s,24.7°C | 0.4 m/s, 24.8°C | 1.4 m/s, 24.1°C
E4 0.6 m/s, 24.1°C | 0.6 m/s, 24.0°C | 0.5 m/s, 24.1°C 0 m/s, 24.1°C 1.5 m/s, 24.0°C
E5 0 m/s, 23°C 0 m/s, 23.5°C 0.5m/s, 23.9°C | 0.4 m/s,23.9°C | 1.4 m/s, 23.9°C
E6 0.5 m/s, 24.0°C | 0.4 m/s, 24.0°C | 0.4 m/s, 24.3°C 0 m/s, 24.5°C 1.1 m/s, 24.1°C
E7 0.4 m/s, 23.3°C 0 m/s, 23.7°C 0.3 m/s, 23.6°C | 0.4 m/s,23.8°C | 1.0 m/s, 23.2°C
ES8 0.4 m/s, 21.7°C 0 m/s, 21.9°C 0.4 m/s, 22.5°C 0 m/s, 22.5°C 1.5 m/s, 21.4°C
E9 0.5 m/s, 23.9°C | 0.5m/s,24.2°C | 0.6 m/s,24.1°C | 0.6 m/s, 24.0°C | 1.6 m/s, 23.9°C
EI10 0 m/s, 23.7°C 0.7 m/s, 23.7°C | 0.4 m/s,24.1°C | 0.5 m/s, 23.9°C | 1.7 m/s, 24.1°C
S1 Closed Closed Closed Closed Closed
S2 0 m/s, 23.5°C 0 m/s, 23.6°C 0 m/s, 23.8°C 0 m/s, 23.6°C 1.7 m/s, 24.7°C
S3 0 m/s, 23.6°C 0.5 m/s, 23.5°C 0 m/s, 23.4°C 0 m/s, 23.7°C 1.5 m/s, 23.2°C
S4 0 m/s, 23.7°C 0 m/s, 23.7°C 0 m/s, 23.7°C 0 m/s, 23.6°C 1.6 m/s, 24.1°C
S5 Closed Closed Closed Closed Closed
6 0 m/s, 23.4°C 0 m/s, 23.6°C 0.3 m/s, 23.6°C 0 m/s, 23.6°C 1.1 m/s, 23.3°C
S7 Closed Closed Closed Closed Closed
W1 Closed Closed Closed Closed Closed
W2 0.7 m/s, 22.5°C | 0.4 m/s,23.3°C | 0.6 m/s, 23.2°C | 0.4 m/s, 23.0°C | 1.7 m/s, 23.3°C
W3 0.5 m/s, 23.1°C 0 m/s, 23.4°C 0 m/s, 23.7°C 0 m/s, 23.6°C 1.5 m/s, 23.6°C
w4 0.6 m/s, 19.5°C 0 m/s, 20.2°C 0.4 m/s, 21.6°C | 0.4 m/s, 21.5°C | 1.6 m/s, 22.1°C
W5 0 m/s, 21.5°C 0 m/s, 21.9°C 0.4 m/s, 22.2°C | 0.4 m/s,22.5°C | 1.4 m/s, 23.1°C
w6 0.4 m/s, 22°C 0.4 m/s, 22°C 0 m/s, 22°C 0 m/s, 22.4°C 1.5 m/s, 21.8°C
w7 0 m/s, 15.9°C 0 m/s, 16.5°C 0.4 m/s, 16.1°C 0 m/s, 21°C 1.5 m/s, 21.3°C
w8 0 m/s, 24.3°C 0.4 m/s, 24.6°C | 0.5m/s,24.6°C | 0.5 m/s,24.5°C | 1.4 m/s,24.1°C
W9 Closed Closed Closed Closed Closed
W10 | 0.6 m/s, 24.1°C 0 m/s, 24.6°C 0 m/s, 24.5°C 0.5 m/s, 24.9°C | 1.8 m/s, 24.5°C
W1l Closed Closed Closed Closed Closed
W12 0 m/s, 20.8°C 0.4 m/s, 22°C 0.4 m/s, 22.8°C | 0.4 m/s,22.7°C | 1.6 m/s, 22.9°C
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Table A.4. Specifications of Anemometers 3D (left) and 2D (right).

YOUNG Model 81000

YOUNG Model 86000

WIND SPEED WIND SPEED
Range: 0 to 40 m/s (0 to 90 mph) Range: 0-75 m/s (156 mph)
Resolution: 0.01 m/s Resolution: 0.01 m/s
Threshold: 0.01 m/s - -
+1% rms 20.05 m/s (0 to 0to 30 m/s 22% or 0.1
Accuracy: 30 m/s) Accuracy: m/s
3% rms (30 to 40 m/s) 30 to 75 m/s 33%
WIND WIND
DIRECTION DIRECTION
Azimuth Range: 0.0 to 359.9 degrees Azimuth Range: 0-360 degrees
Elevation Range: | #60.0 degrees - -
Resolution: 0.1 degree Resolution: 0.1 degree
Accuracy: +2°(1 to 30 m/s) Accuracy: +2 degrees
45<°(30 to 40 m/s)
Table A.5. Specifications of CO; sensors.
Parameter Conditions Value
CO; output range 0-40000 ppm

SCD40 CO, measurement accuracy

400 ppm - 2'000 ppm

+ (50 ppm + 5% of reading)

SCD41 CO; measurement accuracy

400 ppm - 5'000 ppm

+ (40 ppm + 5% of reading)

Repeatability Typical + 10 ppm
Response time T63%, typical 60 s
Accuracy drift per year with Typical + (5 ppm + 0.5 % of reading)

enabled

automatic self-calibration algorithm

Type: 77535

CO; Range: 0~9999ppm

Temperature c: -10-60°C (14~140°F)

0.1%~99.9%RH

Humidity Temperature Range:

Operation Temperature: -20.0~59.9 °C

Resolution: 1ppm,0.1°C

/°F

CO; Accuracy: +30ppm +5%(0~5000ppm)

Temperature Accuracy: +£0.6°C /+0.9°F

Humidity Accuracy: +3%RH/£5%RH

Startup Time: 30 s

Table A.6. Specifications of the mobile CO; detector.

Table A.7. CO; readings at critical positions of the HVAC systems.

HVAC CO; (ppm) HVAC CO; (ppm)
E Fan Coil Unit 411/418 L CeilinglSpeed (Vent) 441/454
E Supply 382/420 L Ceiling2 Speed (Supply) | 435/435
E Fan Coil Unit Vent | 433/434 L Ceiling3 OFF

S Fan Coil Unit 406/407 LCeiling4 Speed (Supply) | 437/440
S Fan Coil Unit Vent | 427/430 LCeiling5 Speed (Supply) | 421/430
W Fan Coil Unit 413/433 - -

W Supply 409/426 R Ceiling! Speed (Vent) 440/445
W Fan Coil Unit Vent | 426/427 R Ceiling2 Speed (Vent) 423/433
E Cylindrical Supply | 398/416 R Ceiling3 Speed (Supply) | 427/430
W Cylindrical Supply | 400/411 R Ceiling4 Speed (Supply) | 425/436
E F-Door 410/416 E B-Door 423/430
W F-Door 419/425 W B-Door 423/432
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Table A.8. Measured Air flow volume of HVAC units.

Units Volume Speed (m*/h) Units Volume Speed

(m’/h)

L-Cylindrical Supply 1-3 902.5 R-Cylindrical Supply 1-3 1011.5
L-Cylindrical Supply 4-6 794.5 Cylindrical Supply 1-3 793.5
L-Cylindrical Supply 7-8 960 Cylindrical Supply 1-3 722.5
L-VENT =742 R-VENT 609.5
E-Supply A 0 W-Supply A 149.5
E-Supply B 142 W-Supply B 135

E-Supply C 62 W-Supply C 0

E-Supply D 138.5 W-Supply D 188.5
E-Supply E 148 W-Supply E 143.5
E-Supply F 88.5 W-Supply F 145
L-Ceiling 1 Vent -645.5 R-Ceiling 1 Vent -488
L-Ceiling 2 Supply 271.5 R-Ceiling 2 Supply 152
L-Ceiling 3 Vent 0 R-Ceiling 3 Supply 401.5
L-Ceiling 4 Supply 175 R-Ceiling 4 Supply 147
L-Ceiling 5 Vent 0 R-Ceiling 5 Supply 67.5
- - R-Ceiling 6 Supply 95.5

Table A.9. The measured and simulated airflow speeds at 15 observation spots (at a height of 1.5m).

Validation s1 52 s3 s4 S5 S6 S7 S8 SW
Spots
M
?r?‘s/‘;;ed 0.018 | 0.047 | 0.034 | 0.028 | 0.064 | 0.061 | 0.033 | 0.108 | 0.048
Simulated
(mis) | 0017 | 0027 | 0058 | 0.05 | 0.066 | 003 | 0.047 | 0.059 | 0.04
Validation H1 H2 M c1 c2 C3
Spots
Measured | o 454 | 0.076 | 0.008 | 0087 | 001 | 0.087
(m/s)
Simuated | o056 | 0.074 | 011 | 0033 | 0.004 | 0.072
(m/s)
Table A.10. The measured and simulated CO; at 24 deployed spots (at a height of 2.1m).
No.of g 1 4 | 2 | 3| 4|5 |6 |7 |8]| 9 |11
Sensors
Mf;;r‘#“)ed 414 | 416 | 419 | 413 | 417 | 402 | 424 | 420 | 414 | 424 | 417 | 426
S'Eg;ﬁt)ed 411 | 411 | 410 | 411 | 411 | 410 | 411 | 413 | 413 | 419 | 415 | 413
No.of 1 45 | 43 | 14 | 15 | 16 | 17 | 18 | 19 | 20 | 21 | 22 | 23
Sensors
M(e;;;r)‘*d 425 | 434 | 419 | 425 | 431 | 409 | 425 | 416 | 412 | 416 | 411 | 416
S'Eg:'rff)ed 420 | 429 | 414 | 418 | 421 | 409 | 415 | 415 | 413 | 414 | 414 | 413
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Features

= Photoacoustic sensor technology PASens®

= Smallest form factor: 10.1 x 10.1 x 6.5 mm3

= Reflow solderable for cost effective assembly

= Large output range: 0 ppm - 40'000 ppm
804 = Large supply voltage range: 2.4 -55V

805  Fig. A.3. Specification of the CO; sensor.

= High accuracy: +(40 ppm + 5 %)

= Digital 2C interface

* Integrated temperature and humidity sensor

= Low power operation down to < 0.4 mA avg.
@5V, 1 meas./5 minutes

Mesh configurations

[Thermal, Fluid]

Analysis range - —
Manual mesh Add/Divide Division scheme
System of units* 5"17\/ Total elements -~ 5000000 Generate Xy z Add [+ ] Equal @] Proportional
e meter ] Direction X 433 ¥ 359 z 52 Elements # Divide Proportional ~ 0.6
Unit of flow rate  m3/min ~
Add model edge  Delete all mesh Confirm
Width [X direction] 80 m
Depth [Y direction] 50 m
Height [Z 5 m
Grid interval 0.005 m
Additional grid...

806
807  Fig. A.4. Grid and other settings.
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809  Fig. A.5. The predicted velocity field at a height of 1.5m.

Viral Load
Fixed Max = 0.0026 quanta

& CO, concentration
Fixed Max = 450 ppm

()

Correlation of CO2 concentration and viral load emitted from the ‘patient’

0.0184
0.0158
=
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3
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]
3 2
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£
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811 Fig. A.6. Comparison (a) and correlation (b) between CO; concentration and viral load from the same
812 ‘patient’.



813
814  Fig. A.7. Sections of simulated airflow distribution and viral particle concentration in Scenario 1

815  (upper) and Scenario 5 (down); the patient is pink.
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817 Fig. A.8. A scatter plot of the squared value of airspeed and viral load.

818
819 Fig. A.9. A 4-meter by 4-meter ‘Effective Area’ under a fan coil unit highlighted in blue.



