
 ORCA – Online Research @
Cardiff

This is an Open Access document downloaded from ORCA, Cardiff University's institutional
repository:https://orca.cardiff.ac.uk/id/eprint/168735/

This is the author’s version of a work that was submitted to / accepted for publication.

Citation for final published version:

Deng, Xi, Bao, Zhihao, Chen, Shuning, Shuldenfrei, Eric, Huang, Jianxiang and Jones, Phillip 2024.
Opening windows as a supplementary ventilation strategy for large classrooms in a pandemic situation:

Field measurements and simulation. Building and Environment 258 , 111589.
10.1016/j.buildenv.2024.111589 

Publishers page: https://doi.org/10.1016/j.buildenv.2024.111589 

Please note: 
Changes made as a result of publishing processes such as copy-editing, formatting and page numbers may
not be reflected in this version. For the definitive version of this publication, please refer to the published

source. You are advised to consult the publisher’s version if you wish to cite this paper.

This version is being made available in accordance with publisher policies. See 
http://orca.cf.ac.uk/policies.html for usage policies. Copyright and moral rights for publications made

available in ORCA are retained by the copyright holders.



Opening windows as a supplementary ventilation strategy for large classrooms in 1 

a pandemic situation: field measurements and simulation 2 

Xi Deng a, Zhihao Bao a, Shuning Chen a, Eric Schuldenfrei a,*, Jianxiang Huang a, Phil Jones b 3 

a Faculty of Architecture, The University of Hong Kong, Pokfulam Road, Hong Kong SAR, China 4 

b Welsh School of Architecture, Cardiff University, King Edward VII Avenue, Cardiff CF10 3NB, 5 

UK 6 

* Corresponding author: Eric Schuldenfrei; E-mail: eschulde@hku.hk; Tel: +852-39177959 7 

Abstract: 8 

The coronavirus disease 2019 (COVID-19) has led to significant global health emergencies in recent 9 

years, prompting widespread recommendations across various regions for opening windows in 10 

building codes. However, official guidelines have not adequately addressed the details of window 11 

opening arrangements related to the supporting evidence from existing literature. This study 12 

investigated the risk of disease outbreaks via respiratory transmission in large university studio 13 

classrooms. It examined the effectiveness of window-door opening strategies combined with 14 

mechanical ventilation in mitigating the infection risk of respiratory diseases in such spaces. A full-15 

scale school ventilation performance test bed was used to measure indoor airflow and CO2 16 

distribution patterns. Comparisons were made with the numerical simulation of exhaled viral 17 

emissions. A modified Wells-Riley equation was employed to calculate inhalation exposure and 18 

disease infection risks at the room level. Measurements showed that fresh air ventilation from the 19 

mechanical system was relatively low compared to existing standards, especially in pandemic 20 

situations. The results show that opening windows can lead to a decrease to low probabilities (below 21 

5%) of infection risk in 85.02% area of a classroom over an 8-hour period, which demonstrates that 22 

window-opening behavior is an effective supplementary strategy for large educational spaces with 23 

mechanically ventilated systems during emergencies when active measures are insufficient for 24 

diluting diseases. Furthermore, the study reveals that maximizing outdoor air rates by opening all 25 

windows may occasionally result in adverse indoor airflow redistribution, increasing virus load from 26 

0.0382 to 0.8926 quanta/m3 near the virus source locations. 27 

Key Words: Classroom, Carbon Dioxide, Window Motion, Airflow, Airborne Transmission, 28 

Infection Risk 29 



1. Introduction 30 

1.1 Overview 31 

COVID-19 is one of the most significant global public health events of the new century, resulting 32 

in over 700 million infections by August 2023, according to WHO [1]. While many countries have 33 

declared victory against the disease, the pandemic continues to influence social behaviors and daily 34 

urban life, reshaping policymakers' perspectives on the built environment. Enclosed and crowded 35 

spaces are more susceptible to airborne transmission, playing a crucial role in the spread of 36 

respiratory infectious diseases, including COVID-19 [2,3,4], SARS [5], and ordinary flu [6]. Indoor 37 

air conditions have gained attention in building codes and regulations worldwide with recommended 38 

measures to ensure air freshness and reduce virus infection risk in mechanically ventilated 39 

environments [7]. University classrooms, as typical crowded public indoor spaces, are frequently 40 

occupied even during pandemics and flu seasons. Investigating strategies to mitigate infection risk 41 

for various ventilation systems is essential for public buildings, particularly university classrooms. 42 

Carbon dioxide (CO2) is an initial parameter of indoor air quality [8,9,10]. It is non-toxic and can 43 

be easily gathered, thereby being widely used as a tracer to investigate indoor airflow and ventilation 44 

[11] and to evaluate air safety risks [12] as a surrogate method [13]. Specifically, Carbon dioxide 45 

(CO2) has been widely investigated in many research projects on classroom indoor ventilation 46 

[14,15,16]. The existing literature [9] has concluded that additional natural ventilation systems were 47 

necessary to maintain CO2 concentrations below 1000 ppm within classrooms. Studies have shown 48 

that the CO2 concentration can effectively evaluate the indoor ventilation rates in both mechanically 49 

[17] and naturally ventilated classrooms [18]. Dai and Zhao’s study [19] shows that the ventilation 50 

rate is a key factor in reducing the probability of indoor airborne respiratory disease infection during 51 

the pandemic; therefore, CO2 concentrations can be monitored as a significant indicator of infection 52 

risk in educational spaces [20]. In 2022, Fantozzi et al. [21] developed a cost-effective CO2 53 

monitoring system. They presented a method to predict the probability of infection due to airborne 54 

transmission by monitoring the CO2 concentration in naturally ventilated classrooms. To summarize, 55 

findings from the existing literature during the pandemic have proved the significant role of CO2 56 

concentration in epidemic prevention and control. 57 

Several studies have investigated indoor air quality (IAQ) by monitoring CO2 concentration in Hong 58 



Kong classrooms. Lee [22] found a maximum CO2 concentration of 5,900 ppm in one classroom, 59 

while Lee and Chang [23] and Lee et al. [24] revealed inadequate ventilation in mechanically 60 

ventilated classrooms with CO2 levels exceeding 1,000 ppm recommended by the HKIAQO level 61 

II standard. Jia et al. [25] found that CO2 concentrations above 1,095 ppm caused discomfort among 62 

students, and Che et al. [26] used CO2 measurements as indicators of ventilation and occupancy in 63 

32 schools. However, the existing literature on optimization strategies for maintaining good indoor 64 

air quality, especially the mitigation measures for airborne disease in large educational spaces is 65 

limited. Therefore, there is an urgent need to explore the mitigation strategy in Hong Kong, to reduce 66 

the infection risks of indoor respiratory infectious diseases in this post-epidemic era. 67 

1.2 The previous studies on the influence of window/door opening behaviors on indoor air quality 68 

Existing studies of the behaviors of window and door opening and their impacts on indoor airflow 69 

conditions were carried out using different methodologies, including real-time measurements 70 

[27,28], theoretical methods of mathematics [29], and computational fluid dynamics (CFD) 71 

simulation [30,31]. Villanueva et al. [32] continuously monitored the ventilated conditions in 19 72 

classrooms in Spain, which proved that opening windows and doors minimized the risk of indoor 73 

infections of COVID-19 but caused CO2 concentration to exceed the recommended limit value. 74 

Zhou et al. [33] investigated the impact of the opening and closing process of sliding doors on 75 

airflow patterns in an operating room, and they observed contaminants accumulating in the upper 76 

space of the room due to airflow and temperature. Tung et al. [34] found that an air velocity of about 77 

0.2 m/s prevented airborne infection through an opening door with CFD models. Using CFD models, 78 

Hang et al. [35] revealed that the opening door increased the infection risk of inter-cubicle 79 

transmissions. 80 

On the other hand, keeping windows and doors open has also been suggested for both naturally and 81 

mechanically ventilated indoor spaces. The opening window is suggested as a measure for a safe 82 

university [36] and for improving infection control in domestic rooms [37,38,39]. Ding et al. [40] 83 

investigated 36 classrooms in 11 secondary schools in the Netherlands, with only 2 equipped with 84 

centralized ventilation systems. They claimed that opening the windows and door protocol failed to 85 

maintain the indoor air quality and thermal comfort always in line with standards. Even though it 86 

should not be assumed that the HVAC system will always fail to ventilate a room with no opening 87 



windows [12], it is debatable whether opening windows can be an effective supplementary method 88 

to dilute the virus accumulation and reduce the risk of infection in a classroom when the active 89 

ventilation system is not efficient enough over a limited period. 90 

ASHRAE recommends opening windows in commercial buildings to enhance outdoor air [41] and 91 

disabling the interlock in the building automation system. Still, this strategy regarding detailed 92 

window management and opening schedules is unclear. Fresh air ventilation standards for occupied 93 

spaces are provided by ASHRAE and increased rates are recommended in pandemic situations. 94 

However, it is often the case that standards are not met in some spaces, even with mechanical 95 

ventilation, especially where occupant density may be high. Additional ventilation through window 96 

openings, therefore, is crucial in diluting virus-infected spaces. 97 

1.3 Research gaps and conclusions of literature review 98 

Existing literature primarily focuses on airflow distribution patterns in mechanically or naturally 99 

ventilated conditions [20,42], with insufficient evidence exploring the influence of opening 100 

windows and doors on indoor airflow in combined mechanical and natural ventilation settings. 101 

Specifically, no studies have investigated this behavior as an emergency strategy for large 102 

educational spaces with mechanical ventilation systems when active measures are insufficient for 103 

disease dilution. Building codes in many countries suggest increasing ventilation rates to mitigate 104 

infection risks in schools and universities, such as ASHRAE's recommendation to maximize outdoor 105 

air flow rates [43]. However, there is still no evidence on whether the maximum ventilation rates 106 

achieved by opening all windows will lead to the lowest infection risk. In certain situations, opening 107 

more windows may not consistently increase the ventilation rate in a room. It is essential to have a 108 

better understanding of indoor airflow and its impact on ventilation performance, and this 109 

understanding must be more extensively incorporated into current investigations of window opening 110 

behaviors. In public health emergencies such as COVID-19 and seasonal flu, it is crucial to explore 111 

the indoor airflow distribution pattern and its impact on CO2 concentration in crowded and large-112 

scale indoor spaces. However, this important aspect of ventilation assessment has been less 113 

investigated, especially in educational buildings. 114 

This study aims to explore a double-ventilation strategy (a composite system with both mechanical 115 

and natural ventilation) during the pandemic, examining how windows and doors opening can 116 



mitigate infection risks in large educational environments when mechanical ventilation systems fail 117 

to control disease in a limited time. Through coupling field experiments and simulations, spatial 118 

distribution patterns of air flowing within large classrooms were investigated to evaluate the impact 119 

of airflows on CO2 and viral particle concentration levels. The approach bridges the gap between 120 

airflow distribution and window opening behaviors in crowded and large educational spaces by 121 

providing data and evidence of the role of indoor airflow in CO2 and viral particle distribution. 122 

COVID-19 has been a particular focus recently, and this work also applies to other infectious 123 

diseases, which will be an important issue for a long time in the future. 124 

2. Methodology 125 

2.1 Research methods 126 

This study uses a combination of field experiment measurements and computational fluid dynamics 127 

(CFD) simulation predictions. The research framework is illustrated in Fig. 1 and can be divided 128 

into the following stages: Background Investigation, Construction of the CFD Simulation Model, 129 

Field Measurements and model verification, Simulations of 5 Scenarios, and Ventilation Strategy 130 

during the Pandemic. 131 

Background information was collected during the investigation, and data on airflow and CO2 levels 132 

were gathered to create a three-dimensional model of initial boundary conditions. Computational 133 

fluid dynamics (CFD) simulations were conducted to analyze the effectiveness of various ventilation 134 

strategies, and field experiments were carried out to validate the model results. The study simulated 135 

64 individuals, including one virus carrier, staying in a classroom on the eastern side of the U-shaped 136 

Critic Room through five scenarios of different configurations of windows and doors. The ratio of 137 

the classroom area occupied by various infection rates over three durations (1, 4, and 8 hours) in 138 

different scenarios was computed. The study also conducted correlation analysis to demonstrate the 139 

relationship between CO2 levels and virus concentration, validating CO2 as a valid tracer for 140 

airborne respiratory disease aerosols. Furthermore, it investigated the most efficient ventilation 141 

approaches to minimize viral transmission in classrooms equipped with mechanical ventilation 142 

systems. 143 



 144 
Fig. 1. Research Framework and workflow. 145 

2.2 Background 146 

The subtropical local climate of Hong Kong Island is characterized by summer temperatures ranging 147 

from 24°C to 30°C (June to September), with relative humidity consistently exceeding 80%, and 148 

monthly precipitation levels reaching 490mm. Located on the 3rd floor of the Knowles Building at 149 

the University of Hong Kong, the U-shaped Critic Room (Fig. 2) comprises three large classrooms, 150 

namely, Eastern Studio, Southern Studio, and Western Studio, accommodating approximately 200 151 

architectural design students. A spacious hallway occupies the central area, which is adjacent to the 152 

classrooms and is connected to the surrounding office rooms by corridors that encompass five 153 

elevators. Fig. 3 illustrates a plan of the classrooms, and Table 1 lists various features such as 154 

architectural dimensions (floor area, room volume, window area, and door area) and student 155 

occupancy. The classrooms' floor areas range from 222.0 to 437.1 m², and their volumes extend 156 

from 714.9 to 1424.1 m3. Student occupancy varies between 60 and 80 individuals, resulting in a 157 

density of 0.1533 to 0.2748 person/m². These classrooms experience continuous occupancy 158 

throughout the day due to the long-lasting design work, a common practice in university 159 



architectural studios. 160 

 161 

Fig. 2. Mechanical ventilation system of 3rd floor at Knowles Building, HKU. Detailed devices include 162 

indoor fan coil units (teal), distributed fresh air supply registers (blue), exhaust ducts/fans (orange), and 163 

cylindrical supply registers (green). 164 

 165 
Fig. 3. Plan view of the investigated classrooms and corridor on the 3/F of Knowles Building. 166 



Table 1. Characteristics of the investigated classrooms on 3/F of Knowles Building. 167 

SPACES 
Eastern 

Studio 

Southern 

Studio 

Western 

Studio 
Corridor 

 

Ventilation Type 
Central  

Mechanical 

Central  

Mechanical 

Central  

Mechanical 

Central  

Mechanical 

 

 
Floor Area (m2) 442.3  222.0  437.1  110.5   

Room Volume (m3) 1424.1  714.9  1407.5  273.6   

Total Window Area 

(m2) 

54.2  56.3  55.3  -  

Door Area (m2) 9.9  5.5  12.7  -  

Total Opening Area* 

(m2) 

75.0  61.7  78.8  -  

No. of Students   64 61   67 -  

Density (P/m2) 0.1988 0.2748 0.1533 -  

*10.9 m2 of hallway door is accounted for in the total opening area of the Eastern Studio and the Southern 168 

Studio, respectively. 169 

Fig. 2 depicts the entire floor, excluding two staircases, ventilated by the mechanical HVAC system. 170 

This system is a constant air volume (CAV) unit, which comprises distributed fresh air supply 171 

registers (in blue in Fig. 2, 270 mm dimension rectangular shape, at 2.53 m height) and cylindrical 172 

supply registers in the hallway room’s false ceiling (in green in Fig. 2, 260 mm diameter, at 2.42 m 173 

height). The supply air speed and temperature are controlled as shown in Table A.2 and Table A.8 174 

The rectangular registers in Eastern Studio and Western Studio draw and supply 100% fresh air 175 

directly from outdoor spaces by passing a return air exchanger on the 4th Floor. Cylindrical supply 176 

registers in the hallway room provide fresh air mixed with indoor return air at proportions of 70% 177 

and 30%, respectively. In addition, there are ceiling-mounted fan coil units (in teal in Fig. 2, at 2.72 178 

m height) in the classrooms (10 units in Eastern Studio, 12 units in Western Studio, and 7 units in 179 

Southern Studio) with leaving water temperature at 12°C. The fan volume speed is at 135 m³/hour, 180 

and the indoor temperature was set at 17.5°C As shown in Table A.1, the air temperature measured 181 

from the outlets of fan coils varies from 11.1°C to 24.3°C due to different working conditions, which 182 

remain constant throughout the experiment period. For the exhaust components, several exhaust 183 

ducts/fans in each classroom (in orange in Fig. 2) serve as stale air extracts, driven by the positive 184 

pressure generated by supply air. Table A.1, Table A.2, and Table A.3 provide a comprehensive 185 

overview of the HVAC system's daily working conditions, as measured with a portable airspeed 186 

meter (Kestrel 4500) (Fig. A.1) and an air volume hood (Testo 420 Series) (Fig. A.2). 187 



2.3 Full-scale measurements and experimental setups 188 

2.3.1 Field Measurements of Airflow 189 

Indoor movement and ventilation significantly influence air freshness and purification, impacting 190 

on the cross-infection of respiratory infectious diseases [30,44]. Fig. 4(a) presents experimental 191 

equipment for indoor airflow measurement in the Eastern Studio classroom, using anemometers, 192 

including 1 unit of YOUNG Model 81000 and 2 units of YOUNG Model 86000 (specifications of 193 

both types are shown in Table A.4). The Eastern Studio measures 32.40 m in length, 12.95 m in 194 

width, and 3.32 m in height. On the experiment day, the outside conditions were 30.9°C air 195 

temperature, 71% relative humidity, and no rainfall. 196 

In the experiment, students were evacuated from classrooms with restricted access. The HVAC 197 

system was set to a medium fan-switch and indoor temperature of 17.5°C. Anemometer monitoring 198 

systems were positioned at a height of 1.5 meters in various locations (Fig. 4(b)), including the 199 

Eastern Studio (at points S1-S4, S11-S14), the Hallway Room (at points H1 and H2), the Corridor 200 

(at points C1-C3), and the connecting space (at points M). During the experiment, the entrance doors 201 

and windows of the Eastern Studio and Western Studio were closed, while the Hallway Room and 202 

Southern Studio doors remained open. 203 



 204 

Fig. 4. (a) Monitoring system of anemometers. (b) Positions of critical spots on the floor plan of the test 205 

bed in areas around the Eastern Studio (positions of anemometers are marked with red circles). 206 

2.3.2 Field measurements of CO2 207 

CO2 levels were measured at displays 24 positions in the Eastern Studio (Fig. 5(d) light blue dots) 208 

by the Spatial Exposure Notification (SEN) devices (Fig. 5(a)) (integrated with CO2 sensor module 209 

(Fig. A.3)) attached to the lampshade at a height of 2.15 meters. Furthermore, considering the 210 

impacts of air leakage in cracks of buildings on ventilation rates [45], CO2 readings of the door 211 



cracks at the Eastern Studio's main entrance were obtained using a mobile detector (Fig. 5(b)). 212 

Technical specifications of the CO2 sensor and mobile CO2 detector are presented in Table A.5 and 213 

Table A.6, respectively. 214 

The experiment restricted student access to classrooms as per Section 2.3.1, while one individual 215 

remained in the Eastern Studio near Sensor No.13 (pink dot in Fig. 5(d)). A CO2 generator, 216 

simulating an adult exhaling 250 ml/min of carbon dioxide [46,47], was installed (Fig. 5(c)). CO2 217 

levels of the HVAC systems (Table A.7) were measured using a mobile CO2 detector (Fig. 5(b)) at 218 

various locations, including door cracks. Notably, the outdoor reading was 397 ppm, and readings 219 

below this value were considered sensor errors since fresh air supply registers draw air directly from 220 

the outdoors. 221 

 222 
Fig. 5. (a) Monitoring system for CO2 concentration. (b) Mobile CO2 detector. (c) CO2 generator. (d) 223 

Positions of the matrix of CO2 sensors in the Eastern Studio at the height of 2.1m (top view). 224 

2.4 Numerical modeling and comparison with measurements 225 

This study included Computational Fluid Dynamics (CFD) analysis using AKL FlowDesigner 2020 226 



Update 2 [48] to investigate airflow patterns in the classrooms. The 3D simulation software 227 

evaluates indoor and outdoor urban microclimates with a high-precision, high-performance 228 

algorithm based on SIMPLE-C, automatic mesh generation, and visualization capabilities for airflow, 229 

CO2 concentrations, and contamination distribution [49]. AKL FlowDesigner offers rapid and 230 

reliable calculations, performing well in comparison to other major CFD software such as Ansys 231 

Fluent and PHOENICS, as demonstrated in several studies [50,51]. A three-dimensional numerical 232 

analysis was conducted to assess indoor airflow and airborne disease transmission in large university 233 

classrooms. 234 

2.4.1  Computational geometry and CFD setups 235 

Fig. 6 presents the computational domain and boundary conditions, based on the material properties 236 

of classrooms and ventilation conditions provided by the HVAC systems on the 3rd floor of Knowles 237 

Building. The total air supply rate of 579 m3/hour from all fresh air supply inlets in the Eastern 238 

Studio was derived from measurements (Table A.8) at each HVAC device. The air is extracted 239 

through the exhaust ducts/fans (fans were switched off). Detailed boundary conditions can be found 240 

in the supplementary documents (Table 1 and Table A.1), indicating an overall fresh air ventilation 241 

rate of 0.407 AC/hour. Air supply from each supply device is assumed to be constant and evenly 242 

distributed on the inlet interface. An outdoor air temperature of 27°C was applied to this model, 243 

corresponding to the monthly and daily average temperature in Hong Kong, and the initial condition 244 

of the model domain was assumed at the standard atmospheric pressure. The computational domain 245 

encompasses non-office areas such as three classrooms, a Hallway Room, a corridor, and all 246 

ventilation system inlets and outlets (Fig. 6). AKL FlowDesigner's meshing program was used to 247 

generate the computational grid based on this domain, employing a tetrahedral grid (Fig. A.4). All 248 

walls maintain their real thickness, as derived from construction drawings. A 5,000,000-element 249 

grid was created and utilized for the numerical simulations. 250 



 251 

Fig. 6. Computational domain in CFD model. 252 

2.4.2 Comparison with measurements and model validations 253 

The CFD model's accuracy in predicting air speed is validated by comparing simulated and 254 

measured values at 15 observation points on a 1.5-meter-high plane in the Eastern Studio. In this 255 

test, the room was unoccupied, and the furniture was removed to avoid the airflow barriers. All 256 

simulated results were obtained for a steady-state situation. Table A.9 compares measured and 257 

simulated airflow speeds at the 15 observation points, and Fig. 7 illustrates the model's effectiveness, 258 

showing a reasonable agreement between simulated and measured data. The Root Mean Square 259 

Error (RMSE) of 0.019 is calculated, and Pearson's r value is 0.756, indicating the high reliability 260 

of the CFD model in predicting airflow speeds. 261 

The simulated CO2 concentration of a single individual condition is presented in Fig. 8. The 262 

individual stood at the pink dot (near Sensor No.13), which is close to both the center of the 263 

classroom and the Hallway room, as shown in Fig. 5(d) and Fig. 8. Indoor CO2 concentrations were 264 

measured using the matrix of CO2 sensors as described in Section 2.3.2, with average values of five 265 

minutes stable readings obtained during the experiment, as shown in Table A.10. Fig. 9 shows a 266 

strong correlation between measured and simulated CO2 concentrations, with a Pearson's r value of 267 



0.748. The measured-predicted differences range from 1 ppm to 13 ppm, with an RMSE value of 268 

6.403. In conclusion, the developed model has been verified to estimate CO2 concentrations with 269 

relatively high accuracy, thereby validating the numerical CFD model for this application. 270 

 271 

Fig. 7. Scatter plots of the measured and simulated airflow speed at 15 observation points (at a height 272 

of 1.5m). 273 

 274 

Fig. 8. The simulated CO2 concentration in the Eastern Studio with one individual (pink dot) around 275 

Sensor No.13. 276 



 277 
Fig. 9. Scatter plots of the measured and simulated CO2 concentration values at 15 observation points 278 

(at a height of 2.1m). 279 

2.5 Classroom configurations of five scenarios 280 

To investigate the impact of airflow on viral particles and CO2 concentration, a simulation condition 281 

featuring 64 individuals evenly distributed in the Eastern Studio was designed, including one virus-282 

emitting patient (located at the pink dot in Fig. 5(d) and Fig. 10(a)). Each of the five scenarios was 283 

based on a typical working day with full attendance for architectural design students. The fresh air 284 

ventilation rates were set to be 2.51 l/s/person. This is low compared to the ASHRAE 285 

recommendations, the ‘inadequate ventilation issue’ is frequently found in other classrooms in Hong 286 

Kong [24], and it is believed that the low occupancy rate issue has been considered in scheduling 287 

the operating ventilation rates. Scenario 1 is a control group with all windows and doors closed 288 

(except for the doors of the Southern Room and the Hallway). The other four scenarios were 289 

designed to investigate the impact of opening behavior on airborne disease control. Table 2 details 290 

the window and door settings in three classrooms across the five scenarios, each scenario has been 291 

applied with 64 occupants and a fully working HVAC system. The CO2 and viral particle concentration 292 

simulations are conducted based on the configurations of those five scenarios accordingly. 293 

As measured or derived from existing literature, the quanta emission rates of an infected person 294 

range from 31 quanta/hour in speaking conditions [52] to 60 quanta/hour during heavy activities 295 

[53]. Some researchers have reported an emission rate of up to 142 quanta/hour for asymptomatic 296 

infectious SARS-CoV-2 [52], which is applied in this analysis to evaluate an 'extreme condition'. 297 



Alongside an inhalation rate (IR) of 0.54 m3/h [52], the viral load of particles (quanta inhaled) in 298 

this study is calculated to be 263 quanta/(m3·h), which is the load of airborne viral particles a 'patient' 299 

exhales from their mouth, and a 3.80 cm x 1.37 cm oral surface [46] is modelled in the simulation 300 

models. At the same time, the CO2 emission of 40,000 ppm [47] has been applied to each individual 301 

in this study. We are assuming the same distribution behaviors between CO2 and viral particles from 302 

the same individual, as the two elements are both driven by convection currents of air, and we do 303 

not take account of dispersion. 304 

Table 2. Configuration of windows and doors in five scenarios. 305 

Ventilation Scenarios Scenario 1 Scenario 2 Scenario 3 Scenario 4 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 306 

3.1 Steady-state indoor airflow in Scenario 1:  307 

Fig. 10(a) shows the air velocity at a height of 1.5 m, and velocity magnitudes range from 0.1 to 0.6 308 

m/s. The predicted velocity field is shown in Fig. A.5. The 16 cylindrical fresh air supply registers 309 

(circular cross-sections with diameters exceeding 0.25 meters and airspeeds above 1 m/s) are in the 310 

ceiling at the floor's center (Hallway), and they generate high-velocity air streamlines 311 

(approximately 0.3 to 0.6 m/s). Air passes from the hallway doors into the Eastern and the Western 312 

rooms at speeds above 0.2 m/s, and two streams of air with speeds around 0.3 m/s enter the South 313 

Studio from the Eastern Studio and the Western Studio, respectively. Consequently, the Hallway 314 

room serves as an indoor airflow source for the floor, generating and enhancing airflows in all three 315 

classrooms. These strong airflows primarily dictate the spatial airflow distribution throughout the 316 

U-shaped classroom spaces. 317 

Airflow streamlines beneath coil units in three classrooms exhibit diverse interactions and merging 318 

patterns due to uneven distribution and disparate working conditions. The arrangement of fan coil 319 



units adds complexity to indoor airflow distribution in horizontal and vertical sections. Fig. 10(b) 320 

and Fig. 10(c) show high-speed airflows (sometimes >3 m/s) from fresh air registers and fan coil 321 

units, which typically descend, disperse, and decelerate to <0.5 m/s. Streamline directions vary 322 

significantly, causing uneven distribution at lower heights. 'Small islands' with air speeds between 323 

0.2-0.3 m/s are observed beneath each fan coil unit (Fig. 10(a)), with speeds in these areas around 324 

or below 0.3 m/s, falling within the comfortable airspeed zone (<0.5 m/s) [54,55]. Fig. 10(d) 325 

demonstrates that large lamp shades surrounding fan coil units obstruct airflow at certain angles, 326 

contributing to the uneven distribution pattern (more 'I'-shaped than 'cross'-shaped) in Fig. 10(a). 327 

 328 

Fig. 10. (a) The air velocity at a height of 1.5m. (b) The airstreams on Section A (North-South). (c) The 329 

airstreams on Section A (East-West). (d) The airstreams around fan coil units and the lamp shed. 330 



3.2 Results of CO2 and viral particle level in Scenario 1 331 

Fig. 11 and Fig. 12 present the predicted CO2 concentration and viral particle profiles, respectively, 332 

demonstrating significant impacts of airflow streamlines on their distribution patterns. Similar 333 

geometric features are observed in both maps, showing opposite trends compared to the airflow 334 

distribution maps (Fig. 10(a)). The 'yellow' and 'red' locations in Fig. 10(a) serve as 'safe islands' 335 

for effectively mitigating airborne disease accumulation. Previous studies suggest a close 336 

relationship between CO2 concentrations and airborne particles [20,56]. In the 'one individual 337 

condition', the distribution of viral particles within the Eastern Studio (Fig. A.6(a)) exhibits patterns 338 

resembling the CO2 concentration profile. Thus, CO2 concentration levels can be assumed to 339 

indicate viral particle presence (Fig. A.6(b)). The reason for the concentration pattern difference 340 

between Fig. 11 and Fig. 12 is that there is only one virus source from the ‘patient’ whereas there 341 

are multiple CO2 sources from each of the 64 individuals. 342 

 343 
Fig. 11. The simulated CO2 concentration across the target areas with 64 individuals in the Eastern Studio 344 

(Scenario 1). 345 



 346 
Fig. 12. The simulated viral particles spread across the target areas with 63 healthy individuals and 1 347 

infected ‘patient’ in the Eastern Studio (Scenario 1). 348 

3.3 Results of CO2 concentration and viral load in five scenarios and comparisons 349 

3.3.1 The estimated CO2 concentration 350 

Table 3 shows CO2 concentration ranges from 412 to 1202 ppm in Scenario 1 at various critical 351 

points. Compared to Scenario 1, Scenarios 2 and 5 exhibit increased and decreased CO2 352 

concentrations at different locations. Scenario 2 has reduced concentrations in the northern and 353 

middle sections of the Eastern Studio but increased in the southern part and corridor spaces. 354 

Scenario 3, with windows open. There are decreased CO2 concentrations at all 21 points, with the 355 

most significant reduction at S5, S6, and SW. Opening both windows and doors (Scenario 4) results 356 

in greater reductions at points further from the windows than in Scenario 3, suggesting this is the 357 

most effective measure for mitigating CO2 concentrations at the whole floor scale. Scenario 4 also 358 

exhibits reductions at all 21 points compared to Scenario 2, emphasizing the importance of window 359 

opening ventilation. The most significant reduction in this scenario occurs at S5 (728 ppm). In 360 

Scenario 5, where windows are open (but doors remain closed) in all studios facilitating the cross-361 

ventilation condition on the floor, the decreases in CO2 concentrations are less significant at most 362 

points compared to Scenario 4, with insignificant increases in the southern part of the Eastern Studio. 363 

Table 3 highlights reductions at H1, M, and SW in all scenarios, while minor variation is observed 364 

at H2. This result indicates that opening windows and doors effectively mitigates CO2 concentration 365 



at the boundary positions of the Eastern Studio. 366 

Table 3. Estimated CO2 concentration (ppm) at critical points by scenarios (differences to Scenario 1). 367 

Critical 

Spots 

Scenario 

1 

Scenario 

2 

Scenario 

3 

Scenario 

4 

Scenario 

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 -51 -506 -600 -425 

S7 1045 -244 -387 -509 -137 

S8 690 7 -66 -209 129 

S9 614 76 -101 -148 24 

S10 631 169 -21 -37 87 

S11 1014 -209 -446 -574 -411 

S12 926 -155 -400 -467 -326 

S13 765 -65 -270 -338 -162 

S14 578 -8 -105 -154 86 

C1 529 357 -97 -107 -96 

C2 457 197 -27 -42 -27 

C3 479 94 -49 -52 -49 

H1 600 -126 -181 -188 -85 

H2 412 -1 -1 -2 3 

M 657 -32 -250 -250 -203 

SW 998 -96 -584 -468 -406 

Table 4. Estimated viral load (quanta/m3) at critical points by scenarios (differences to Scenario 1). 368 

Critical 

Spots 

Scenario 

1 

Scenario 

2 

Scenario 

3 

Scenario 

4 

Scenario 

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 0.0382 0.0096 0.2639 -0.0157 0.8926 

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 

3.3.2 The estimated viral particles. 369 

Table 4 shows the estimated viral particle concentration in the Eastern Studio across five scenarios. 370 

Compared to Scenario 1, opening doors (Scenario 2) reduces viral load at sixteen out of the twenty-371 

one observation points, but increases it at two points near the 'patient' (S8 and S13) and three at 372 

points in corridors (C1, C2, and C3). In Scenario 3, opening windows while keeping doors closed 373 



significantly reduces the viral load at most points, except for S8, which experiences an increase. 374 

Opening both windows and doors (Scenario 4) decreases viral load at twenty locations, with a slight 375 

increase at point S3. This scenario highlights the combined effects of window and door ventilation, 376 

with window ventilation having a more substantial impact on airflow redistribution. Although 377 

opening windows mitigates viral load levels, it may cause increased airborne particle accumulation 378 

in certain areas. In Scenario 5, the cross-ventilation by opening all windows reduces viral particles 379 

at most points to a lesser extent, although it increases concentration by more than twenty times 380 

(0.8926 quanta/m3) at S8, which is near the 'patient' as shown in Fig. A.7. 381 

3.3.3 Comparisons 382 

Comparing Table 3 with Table 4, four experimental scenarios exhibit similar trends in impacting 383 

CO2 and viral particle concentration, suggesting that window and door ventilation are effective 384 

strategies for improving IAQ and mitigating infection risks. Specifically, opening doors effectively 385 

reduces CO2 and viral particle concentration in the Eastern Studio by diluting the two elements into 386 

corridor spaces. On the other hand, the open of windows significantly redistributes indoor airflows, 387 

which can most effectively optimize the indoor environment conditions. 388 

3.4 Quanta emission and transmission route by scenarios 389 

The simulated viral concentration across the classrooms on the 3rd floor is visualized in Fig. 13, 390 

illustrating the airborne transmission route and viral load, resulting from viral particles emitted by 391 

the patient investigated in Section 3.3. 392 

In Scenario 1, with doors and windows closed, the virus originates from the Eastern Studio and 393 

diffuses into the Southern Studio, with a viral load of 10-2 quanta/m3 observed in more than 90% of 394 

the space. A relatively minor virus spread occurs in the Hallway room, indicating the effectiveness 395 

of a large supply of fresh air dilution. In Scenario 2, with doors opened, the viral load increases to 396 

10-2 quanta/m3 in the corridor spaces, while less virus accumulates (a reduction to 10-3 quanta/m3) 397 

in the Southern Studio, making the corridor a 'relief area.' However, infection risk heightens near 398 

the infected person with a 10-1 quanta/m3 virus load. Scenario 3, with windows opened and doors 399 

closed, significantly reduces infectious areas in the Eastern Studio. The 'fresh air wall' functions 400 

efficiently, as the virus is contained and removed through the nearest windows. In Scenario 4, with 401 

extra doors opened, the virus is driven by airflow to the window areas and outdoors. Opening doors 402 



reshapes indoor airflow distribution but does not significantly impact the effect of diluting the virus 403 

by opening windows. Compared to Scenario 1, in a cross-ventilation condition of Scenario 5 by 404 

opening all windows, the infection stress is relieved in the southern part of the Eastern Studio and 405 

the Southern Studio, where the viral load dropped to 10-3 quanta/m3 level or even lower from 406 

Scenario 1’s 10-2 quanta/m3, however, the virus at the 10-3 quanta/m3 load spread more widely in 407 

the Hallway. 408 

 409 
Fig. 13. Predicted transient viral concentration at room level in five scenarios. 410 

According to Fig. 13, opening windows and doors generally provides a ventilation advantage, 411 



facilitating the dilution of viral air, which exhausts through windows. However, excessive use may 412 

prove counterproductive, as demonstrated in Scenario 2 and 5, posing a threat to staff in the office 413 

area and weakening the effectiveness of opening windows in the Eastern Studio, respectively. 414 

Higher viral loads (10-1 quanta/m3) and infection probabilities in the areas around the ‘patient’ have 415 

been observed in all four experimental scenarios, which can be explained by airflow reconfiguration 416 

due to the opening of windows and doors leading to downdrafts of particles (Fig. A.7). 417 

3.5 Infection risk by scenario 418 

Understanding the transmission patterns of viral particles, particularly those originating from 419 

infectious sources, in enclosed environments is essential for enhancing public health measures and 420 

infrastructure modifications. In addition to the transmission route and dynamics, the viral load 421 

serves as another critical factor for analyzing indoor infection risks. Risk evaluation of transmission 422 

and infection risk calculations are required to assess the probability of infection. The infection risk 423 

model utilized in this study adopts the widely recognized Wells-Riley-like approach [57] which is 424 

extended in the Gammaitoni-Nucci (GN) model [58] that considers the temporal evolution of the 425 

viral load. 426 

3.5.1 Calculation of probability 427 

By introducing the assumption that quanta are emitted at a constant rate throughout the experiment, 428 

and that the infectious quanta can be transported and removed by ventilation systems, integrated 429 

with the Wells-Riley (WR) model [59], the probability of infection 𝑝, can be calculated: 430 

𝑝 = 1 − 𝑒−𝑛                                (1) 431 

where 432 

𝑝     the probability of infection for susceptible person 433 

𝑛     quanta inhaled (quanta). 434 

The quanta inhaled (𝑛 , quanta) is the product of the time-average quanta concentration (Cavg, 435 

quanta/m3), the volumetric breathing rate of an occupant (Qb, m3/h) and the duration of the 436 

occupancy (D, h) [60], which is expressed as: 437 

𝑛 = 𝐶𝑎𝑣𝑔𝑄𝑏𝐷                               (2) 438 

The air and viral particles were assumed to be well-mixed, following the assumption of the WR 439 



approach. Given that architecture students have extended working hours throughout the week [61], 440 

three types of schedules—8 hours, 4 hours, and 1 hour—were defined in this study to represent 441 

usage scenarios (one day, half day, and a lecture period) in daily studio work. Based on the quanta 442 

emission rates, the results of the probability of infection over 8 hours are depicted in Fig. 14, where 443 

more than 95% probability of infection risk is estimated in areas with a viral load of 100 quanta/m3 444 

or higher. 445 

 446 

Fig. 14. The proportion of the total area of the Eastern Studio with certain ranges of infection risks of 447 

exposure in 5 different scenarios in 1 hour (top), 4 hours (middle), and 8 hours (bottom). 448 

3.5.2 Three durations 449 

The factor "Area Ratio of certain probability" is introduced in this study to depict the macroscopic 450 

state of infection risks in the Eastern Studio under various scenarios. Fig. 14 shows the estimated 451 

infection probabilities were divided into seven intervals, and it demonstrates the variations in area 452 

proportions of each risk interval across five scenarios in three different durations (1h, 4h, and 8h), 453 

which quantifies the impacts of the distinct behaviors related to opening windows and doors. For 454 

the 1-hour duration, low infection probabilities (0%-5%) are observed in substantial areas 455 

(exceeding 97%) of the Eastern Studio across all scenarios. Opening windows or doors does not 456 



significantly mitigate infection risks for this duration. For the 4-hour duration, classrooms with open 457 

windows (Scenarios 3, 4, and 5) consistently exhibit larger regions of lower infection risk 458 

(probabilities of 5% and below). However, in the meanwhile, classrooms with open windows 459 

display a more extensive area with high infection risks (probabilities of 30% and above), with the 460 

area ratio increasing to 1.22% (Scenario 5). For the 8-hour duration, opening windows or doors 461 

substantially reduce infection risk and decreases infectious areas. Opening windows (Scenario 3, 4, 462 

and 5) dramatically increases the area ratio with statistically insignificant infection risk 463 

(probabilities of 5% and below). In Scenario 4, adding door-opening measures to Scenario 3 only 464 

marginally impacts the area ratio across all probability intervals, reaffirming the dominant role of 465 

opening windows. 466 

An enhanced ventilation mode, cross-ventilation, by opening additional windows on the southern 467 

and the western sides of the floor (as depicted in Scenario 5) may potentially accelerate air 468 

circulation. However, as observed in the study, this approach significantly reduces the area ratio 469 

with low infection risk (probabilities of 5% and below) by approximately 50% for both 4-hour and 470 

8-hour durations. These findings underscore the need for consistent and appropriate window 471 

ventilation in classrooms for extended periods and the significance of a balanced approach for 472 

opening windows to optimize airflow and minimize infection risk. 473 

4. Discussion 474 

4.1 Open the window or open the door 475 

The findings of Sections 3.3, 3.4, and 3.5 emphasize the importance of window ventilation in 476 

maintaining air circulation, minimizing CO2 and viral particle accumulation, and reducing infection 477 

risk in classrooms. Window ventilation is shown to be more beneficial in the condition of 478 

insufficient mechanical ventilation (ventilation rates of 2.51 l/s/person in this study). However, 479 

indoor airflow distribution is crucial for investigating airborne diseases, as opening windows and 480 

doors can increase infection risks in certain areas near the 'patient.' Therefore, infection risk analysis 481 

should consider the overall performance of each measure and local conditions within a limited area, 482 

selecting representative sampling zones when designing ventilation strategies. 483 

In addition to Scenario 3, increasing ventilation rates by opening extra windows in nearby rooms 484 



(Scenario 5) did not further mitigate the infection risk in the Eastern Studio. Instead, it increased 485 

the infection risk and significantly caused the virus to spread more widely. Therefore, the mitigation 486 

strategy of opening windows in mixed ventilation systems should be optimized, considering 487 

occupancy arrangements and airflow distributions. Opening more windows in large spaces 488 

potentially has a negative impact on mitigation performance and is not always recommended. This 489 

finding substantiates the imperative of monitoring airflow patterns and CO2 concentrations, thereby 490 

highlighting the authentic requirement and significance of incorporating our SEN system within 491 

educational indoor spaces. 492 

4.2 Roles of airflow 493 

Fig. A.8 displays grey and blue dots representing viral particle concentration levels and speed at 494 

1.5-meter elevations in the Eastern Studio, and Fig. A.9 shows the effective areas of a fan coil unit. 495 

Grey dots form distinct clusters, including a blue dot cluster. Blue dots, with two corresponding 496 

trend lines, are grouped into two categories based on their viral particle concentrations (ranging 497 

from 0.015 quanta/m3 to 0.115 quanta/m3). Trend Line One and Line Two reveal that speed values 498 

can negatively and positively affect viral particle concentrations, suggesting that airflow can dilute 499 

and exacerbate viral load levels under different conditions. The 'Double Roles of Airflow' [30] refer 500 

to two mechanisms in air movements: the 'removal role' and the 'transport role.' The 'transport role' 501 

involves airflow carrying viral particles, while the 'removal role' entails fresh air from HVAC system 502 

inlets diluting infectious air. In Fig. A.9, Trend Line One demonstrates the 'removal role,' with higher 503 

airspeed values corresponding to lower viral load values. This suggests that low airflow speed (in 504 

those lampshade-blocked spaces, as shown in Fig. 10(d)) could cause increased viral infection risk. 505 

Conversely, Trend Line Two indicates the 'transport role', with higher speed values associated with 506 

increased viral load estimates. Viral particle concentrations under each fan coil unit exhibit similar 507 

distribution patterns, corroborating the findings of airflow distribution in Fig. 10(a) and Section 3.1. 508 

4.3 Air leakage through door cracks into connective space 509 

Door and door frame cracks are vital for analyzing indoor airflow and air quality [45]. These cracks 510 

enable excess indoor air to escape due to positive pressure maintained by the HVAC system's fresh 511 

air supply. Air leakage from classrooms to corridors, observed in on-site measurements and 512 

simulations, results from these cracks. Indoor connective spaces, such as corridors, significantly 513 



influence architectural traffic streamline planning and design due to high pedestrian flow and 514 

potential exposure. Therefore, door cracks in such spaces should be considered when assessing 515 

infection risk. 516 

This study found that air leakage into corridor areas at speeds around or below 1.0 m/s introduced 517 

low-level quanta emissions (10-3 quanta/m3) near office entrances and lifts, making corridors a 518 

"relief area" for air pressure and airborne diseases. Door opening increased viral loads in corridors 519 

to 10-2 quanta/m3, emphasizing the need to enhance corridor ventilation to mitigate airborne 520 

transmission and cross-infection in connective spaces, potentially preventing vertical transmission 521 

between floors via lifts [62]. Future research could investigate transmission mechanisms in traffic 522 

streamline spaces (both horizontal and vertical) within educational buildings. 523 

4.4 Building codes and local regulations 524 

Although early startup and operation of HVAC systems are recommended as pandemic response 525 

strategies in building codes and regulations worldwide [63], the implications of opening windows 526 

in mechanically ventilated rooms remain debatable. Window-opening behaviors may reduce HVAC 527 

system efficiency and increase energy consumption [39,63]. While local building codes and 528 

regulations do not explicitly prohibit window opening, they address indoor temperature, thermal 529 

comfort [64], and closed-window mechanical ventilation rates [65]. Hong Kong's local guidelines 530 

advise adjusting and controlling HVAC systems in unexpected situations to ensure proper 531 

functioning, prevent safety hazards, and develop alternative emergency management plans [66]. 532 

Future research could investigate the comprehensive impacts of opening windows and doors as 533 

emergency anti-epidemic measures, providing a scientific basis for potential amendments in local 534 

building codes and regulations. 535 

4.5 Limitations 536 

This study acknowledges several limitations. Firstly, due to architecture students' high frequency of 537 

university classroom usage, even during non-working hours, on-site experiments were conducted 538 

within a limited timeframe, yielding only two hours of valid CO2 concentration results in a one-539 

occupant condition (Section 2.3.2). Secondly, the CFD models assumed perfect airtightness for 540 

external windows and ignored air leakage through closed windows (no cracks between windows 541 

and window frames). Thirdly, the study did not consider the interactions between viral particles and 542 



potential surface deposition. Lastly, the study did not account for vertical airflow driven by the 543 

buoyancy effect and thermal properties of building materials in order to simplify the CFD models, 544 

as they were not the primary focus of the research. Future investigations are recommended to delve 545 

into the impacts of a more intricate outdoor thermal and wind environment on indoor airflow 546 

dynamics. 547 

This research is a case study of a crowded educational space in Hong Kong. The building elements, 548 

including classroom layout, doors and windows, HVAC systems, and other building components, 549 

are configured to suit the local sub-tropical climate, addressing thermal performance, which is 550 

crucial for the results obtained in this study. The research focuses only on window and door opening 551 

behaviors and their impact on airflow and infection risk. The findings of this case study provide 552 

both quantitative and qualitative evidence for future studies and benefit the investigation of the 553 

impacts of each factor mentioned above. 554 

5. Conclusion 555 

This study reveals that opening windows and doors can enhance ventilation rates. In classroom 556 

Eastern Studio, opening all windows and doors in Scenario 4 effectively optimizes the indoor 557 

ventilation, which reduces CO2 concentration by 728 ppm (a 60.57% reduction) and lowers the viral 558 

load by as much as 0.0529 quanta/m3 (a 97.60% decrease) over an eight-hour period. This process 559 

decreases the size and number of infectious zones. The analysis uses 5% as a minimum level of 560 

infection risk. The most significant performance achieved in the optimization strategy of pandemic 561 

prevention is also observed in Scenario 4, which substantially increases the area ratio of regions 562 

with low infection risks (below 5% probabilities) to 85.02% from below 0.5% over an eight-hour 563 

period. Such reductions in infection risk and infected areas are important, especially for cases where 564 

fresh air ventilation rates are relatively low in densely occupied spaces. Of course, higher design 565 

ventilation rates should be used in line with recommended standards, but this is often not the case. 566 

However, those opening behaviors may redistribute indoor airflows, potentially increasing infection 567 

probabilities near the ‘patient’, which can be mitigated by social distancing policies. Moreover, 568 

cross-ventilation by opening more windows in large spaces in some conditions will cause a wider 569 

spread of viral particles and increase the infection risks. Therefore, opening windows should be 570 



optimized, considering occupancy and indoor airflow; simply opening more windows without 571 

considering indoor airflow redistribution should be avoided. 572 

In addition, this study supports using CO2 as a valid tracer for airborne respiratory disease aerosols 573 

in analyzing transmission mechanisms in university classrooms. Introducing an array of CO2 574 

detector sensors into indoor spaces can effectively warn of potential hazards and prompt measures 575 

such as window opening. 576 

The findings of this case study can inform future university classroom operations, retrofitting, and 577 

HVAC system optimization, highlighting the potential effectiveness of mixed ventilation modes and 578 

the benefits of opening windows as an emergency strategy when active measures are insufficient for 579 

diluting diseases. Future studies can explore implementing automated doors and windows with 580 

optimization algorithms to ensure the effectiveness of infection-mitigation measures in various 581 

indoor airflow distribution and occupancy scenarios while addressing energy efficiency issues. 582 
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Appendix A. Supplementary Data 785 

Table A.1. Collected flow speed (m/s) and temperature (°C) data of each fan coil’s outlet in the Eastern 786 

Studio, the Southern Studio, and the Western Studio. 787 

Fan 

Coil 

Top 

(Air Outlet) 

Left 

(Air Outlet) 

Bottom 

(Air Outlet) 

Right 

(Air Outlet) 

E1 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 2.7 m/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 

W1 Closed Closed Closed Closed 

W2 3.3 m/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 3.6 m/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 3.5 m/s, 17.9°C 

W6 2.9 m/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 3.0 m/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 

Coil 

Top 

(Air Outlet) 

Center 

(Air Outlet) 

Bottom 

(Air Outlet) 
- 

E-1 0 0 0 - 

E-2 0.5 m/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 0.5 m/s, 16.2°C 1.0 m/s, 17.5°C 0.6 m/s, 18.3°C - 

E-6 0 m/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 0.5 m/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. 788 



Table A.2. Collected flow speed (m/s) and temperature (°C) data of each cylindrical air supply’s inlet in 789 

the Hallway. 790 

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 3.7 m/s, 19°C 

H8 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 

H11 2.8 m/s, 20.8°C 2.9 m/s, 20.5°C 

H12 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 2.7 m/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 

Table A.3. Collected flow speed (m/s) and temperature (°C) data of each fan coil’s outlet in the Eastern 791 

Studio, the Southern Studio, and the Western Studio. 792 

Fan 

Coil 

Upper Left 

Corner (Air 

Inlet) 

Upper Right 

Corner (Air 

Inlet) 

Lower Left 

Corner (Air 

Inlet) 

Lower Left 

Corner (Air 

Inlet) 

Center 

(Air Inlet) 

E1 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 0.5 m/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 

E8 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 0.5 m/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 

E10 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 

S6 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 0.5 m/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 

W11 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 



Table A.4. Specifications of Anemometers 3D (left) and 2D (right). 793 

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   -  - 

Accuracy:  

±1% rms ±0.05 m/s (0 to 

30 m/s)  Accuracy:  

0 to 30 m/s ±2% or 0.1 

m/s  

  ±3% rms (30 to 40 m/s)    30 to 75 m/s ±3% 

WIND  

DIRECTION    

WIND  

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 

  ±5° (30 to 40 m/s)      

Table A.5. Specifications of CO2 sensors. 794 

Parameter Conditions Value 

CO2 output range - 0-40000 ppm 

SCD40 CO2 measurement accuracy 400 ppm - 2'000 ppm ± (50 ppm + 5% of reading) 

SCD41 CO2 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 

automatic self-calibration algorithm 

enabled 

Typical ± (5 ppm + 0.5 % of reading) 

Table A.6. Specifications of the mobile CO2 detector. 795 

Type: 77535 

CO2 Range: 0~9999ppm  

Temperature c: -10-60°C (14~140℉) 

Humidity Temperature Range: 

0.1%~99.9%RH 

Operation Temperature: -20.0~59.9 °C 

Resolution: 1ppm,0.1°C /℉ 

CO2 Accuracy: ±30ppm ±5%(0~5000ppm) 

Temperature Accuracy: ±0.6°C /±0.9℉ 

Humidity Accuracy: ±3%RH/±5%RH 

Startup Time: 30 s 

Table A.7. CO2 readings at critical positions of the HVAC systems. 796 

HVAC CO2 (ppm) HVAC CO2 (ppm) 

E Fan Coil Unit 411/418 L Ceiling1Speed (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 Ceiling1 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 



Table A.8. Measured Air flow volume of HVAC units. 797 

Units Volume Speed (m3/h) Units Volume Speed 

(m3/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). 798 

Validation 

Spots 
S1 S2 S3 S4 S5 S6 S7 S8 SW 

Measured 

（m/s） 
0.018 0.047 0.034 0.028 0.064 0.061 0.033 0.108 0.048 

Simulated 

（m/s） 
0.017 0.027 0.058 0.05 0.066 0.03 0.047 0.059 0.04 

Validation 

Spots 
H1 H2 M C1 C2 C3 

 

Measured 

（m/s） 
0.054 0.076 0.098 0.037 0.01 0.087 

Simulated 

（m/s） 
0.056 0.074 0.11 0.033 0.004 0.072 

Table A.10. The measured and simulated CO2 at 24 deployed spots (at a height of 2.1m). 799 

No. of 

Sensors 
0 1 2 3 4 5 6 7 8 9 10 11 

Measured 

(ppm) 
414 416 419 413 417 402 424 420 414 424 417 426 

Simulated 

(ppm) 
411 411 410 411 411 410 411 413 413 419 415 413 

No. of 

Sensors 
12 13 14 15 16 17 18 19 20 21 22 23 

Measured 

(ppm) 
425 434 419 425 431 409 425 416 412 416 411 416 

Simulated 

(ppm) 
420 429 414 418 421 409 415 415 413 414 414 413 



 800 

Fig. A.1. Kestrel 4500 mobile weather meter. 801 

 802 

Fig. A.2. Testo 420 volume hood. 803 



 804 
Fig. A.3. Specification of the CO2 sensor. 805 

 806 

Fig. A.4. Grid and other settings. 807 



 808 

Fig. A.5. The predicted velocity field at a height of 1.5m. 809 

 810 

Fig. A.6. Comparison (a) and correlation (b) between CO2 concentration and viral load from the same 811 

‘patient’. 812 



 813 

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

(upper) and Scenario 5 (down); the patient is pink. 815 

 816 

Fig. A.8. A scatter plot of the squared value of airspeed and viral load. 817 

 818 

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


