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A B S T R A C T

During the COVID-19 pandemic, hotels were converted into quarantine facilities, often lacking adequate air- 
cleaning infrastructure. This study aimed to design effective air-cleaning strategies for controlling viral aero
sol transmission, especially inter-zonal transmission, which can undermine the quarantine effectiveness in 
isolating infected individuals. We developed a validated multi-zone model for an actual quarantine hotel to 
evaluate performance of air-cleaning strategies. Importantly, we developed the inter-zonal air exchange rate 
(zACH) index to evaluate the air-cleaning infrastructure effectiveness in reducing inter-zonal transmission of 
aerosols. The zACH improved significantly from a total of 0.4 1/h of clean air in the baseline strategy without 
additional air-cleaning to a total of 3.5, 2.8, and 1.7 1/h of clean air for strategies with only GUV fixtures, only 
HEPA air cleaners, and only air curtains, respectively. We also evaluated the combined air-cleaning strategies 
that integrated these systems, including air hygiene strategies with fewer devices complementing each other. Our 
best air hygiene strategy, resulting in the zACH of 8.5 1/h, reduced maximum individual infectious exposure risk 
below 0.4 % in rooms and below 1.6 % in corridors for a generation rate of 50 quanta/h. Importantly, air- 
cleaning effectiveness was not linearly proportional to the number of deployed devices, highlighting the 
importance of balancing performance with installation costs and energy consumption considerations. These 
findings offer an analytical framework for enhancing infection control in quarantine hotels and provide insights 
for public health mitigation strategies during pandemics.

1. Introduction

Since late December 2019, we have experienced the Coronavirus 
Disease 2019 (COVID-19), a major pandemic of the century. At the 
onset, with no vaccine or treatment available for this newly emerged 
deadly virus, isolating exposed individuals or those with mild symptoms 
for 14 days [1] was considered an effective measure to minimize 
SARS-CoV-2 transmission. This quarantine strategy continued 
throughout the pandemic due to the virus’s extremely high transmission 
rate (up to 0.18, equivalent to an effective reproduction number of 2.52) 
[2]. This high transmission rate was partly due to aerosol transmission, 
which was recognized as a significant route for the spread of COVID-19 
by both the World Health Organization (WHO) [3] and the US Center for 
Disease Control (CDC) [4].

Hotels have been effectively utilized as quarantine facilities to isolate 
travelers or local residents who were exposed to or infected with COVID- 
19 and had no other place for isolation [5]. Compared to other buildings, 
hotels are particularly well-suited for quarantine purposes [5]. With 
many guest rooms, hotels can assign each guest to an isolated room with 

an attached bathroom and amenities, ensuring zero contact. For quar
antine hotel design, the exhaust fan installed in the attached bathroom is 
expected to create negative pressure, minimizing viral aerosols from 
leaking into the corridors [6]. Although hotels designated for quarantine 
were adapted based on the guidelines and standard operating proced
ures by local public health authorities [5,7], quarantine systems could 
still fail to minimize SARS-CoV-2 transmission. For instance, Grout et al. 
identified 32 quarantine system failures in Australia and New Zealand 
by June 15, 2021 [8], with 6.1 failures per 1000 COVID-19-positive 
travelers passing through quarantine hotels. One such failure resulted 
in a COVID-19 outbreak with more than 800 deaths, highlighting the 
need for improvements or alternative approaches to hotel-based quar
antine. Meanwhile, interviews with quarantine guests revealed major 
concerns about community risks identified in quarantine [9], hotel hy
giene, and disinfection [5]. Operable windows and sufficient ventilation 
were considered crucial for well-being in quarantine hotels [10]. In 
addition, a transmission event suggested that cross-ventilation via the 
aerosol route might account for confirmed COVID-19 cases in adjacent 
hotel rooms [6]. A previous study on influenza transmission in a 
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low-ventilation dormitory with a similar floor plan to the hotel, also 
confirmed the potential for aerosol transmission between two confirmed 
cases living in rooms across from each other [11]. Given that most hotel 
ventilation systems are not designed for quarantine purposes and may 
not be easily renovated to increase air supply or install higher-grade 
filters, it is necessary to apply air cleaning technologies to provide an 
additional equivalent air exchange rate for the guest rooms and corri
dors [6].

Air treatment with filtration, in-room air cleaners, and germicidal 
ultraviolet (GUV) systems are recognized by the CDC as effective 
ventilation measures for mitigating the spread of viral aerosols [12], 
providing ventilation-equivalent benefits. Among these, portable air 
cleaners (PACs) equipped with a high-efficiency particulate air (HEPA) 
filter have emerged as cost-effective solutions for reducing indoor par
ticulate air pollution and airborne viruses. Field studies conducted in 
homes with confirmed COVID-19 cases showed that PACs equipped with 
HEPA filters reduced mean PM2.5 and PM10 concentrations by 78.8 % 
and 60.4 %, respectively, in primary rooms (i.e., where PACs were 
placed) and by 57.9 % and 60.4 %, respectively, in secondary rooms 
[13].

Advances in filtration technology have further enhanced air cleaning 
efficiency. For instance, Sheraz et al. developed a CuBTC/TiO2/PS-based 
nanofiber electrospun on a HEPA filter, achieving a filtration efficiency 
of up to 99.82 % for PM2.5, with negligible pressure drop compared to 
conventional HEPA filters [14]. The COVID-19 pandemic has also led to 
an increased interest in GUV technologies, particularly Far-UVC light. 
This spectrum offers high effectiveness in microbial inactivation while 
minimizing potential health risks due to its absorption by the tear layer 
of the eye or the stratum corneum of the skin [15]. Buonanno et al. [16] 
demonstrated that Far-UVC light reduced aerosolized murine norovirus 
(MNV), a conservative surrogate for airborne viruses such as influenza 
and coronavirus, by 99.8 % (95 % CI: 98.2–99.9 %) in an occupied room, 
while maintaining UVC doses within regulatory safety limits. Addi
tionally, integrated air cleaning systems have been the focus of some 
studies. A recent study investigated an air cleaning prototype combining 
MERV-8 and MERV-13 fiber filters, an aluminum mesh filter, and UVC 
lamps in a poultry room [17]. The device achieved reductions of 55 % in 
total suspended particles and 47 % in total viable bacteria on average 
during a 28-day experiment.

Numerical methods are valuable and widely used tools to simulate 
airflows and the spread of airborne contaminants, taking into account 
the complexities related to aerosol transmission and the impacts of 
ventilation and air cleaning technologies affected by indoor airflow 
patterns. However, the multi-zone modeling method offers several ad
vantages, especially for aerosol transmission across the rooms on a hotel 
floor. It can efficiently incorporate airflow through leakages, ventilation 
and filtration via mechanical systems, and dispersion of airborne con
taminants across the entire building, taking into account various influ
ential factors, including the generation and removal of airborne 
contaminants, door and window openings, occupancy schedules, and 
dynamic outdoor weather conditions [18]. Accordingly, multizone 
modeling has been applied to evaluate ventilation and infection risk by 
aerosol transmission for buildings [11,19–21]. For example, Yan et al. 
[21] investigated various mitigation strategies to mitigate SARS-CoV-2 
transmission, evaluating the effectiveness of outdoor air ventilation, 
in-duct filtration and GUV, and in-room filtration unit and GUV. This 
study focused on US Department of Energy prototype models of different 
building types, including medium and large offices, standalone retail 
spaces, secondary schools, and small hotels. To date, there is a lack of 
systematic investigation providing effective and feasible air cleaning 
solutions for an entire floor of a quarantine hotel where HVAC system 
innovation is not possible, considering inter-zonal transmission via the 
aerosol route.

This study aimed to identify effective and feasible air cleaning so
lutions for quarantine hotels to minimize aerosol transmission risk. We 
developed a comprehensive multi-zone model using CONTAM for a floor 

of a hotel located in Baltimore, Maryland, which served as a quarantine 
facility during the COVID-19 pandemic. This model helped identify 
critical locations for aerosol transmission, enabling targeted in
terventions. We simulated the spread of viral aerosols on the floor and 
evaluated the performance of various mitigation strategies, comprising 
HEPA air cleaners, GUV fixtures, and air curtains, both individually and 
in combination. We proposed practical combined strategies, called air 
hygiene I and II, designed based on resource limitations, such as energy 
use, costs, space constraints, and noise generation. While air hygiene I 
focused on air cleaning in individual rooms, air hygiene II addressed air 
cleaning in both individual rooms and the common room (a gathering 
space). Additionally, we analyzed infectious exposure occupants 
received in different locations to assess their relative intensities in 
infecting occupants accurately.

2. Methodology

This section provides details on the studied hotel floor, field mea
surements, multi-zone modeling, air cleaning strategies and simulation 
details.

2.1. Description of quarantine hotel floor

For this study, we used the entire floor of a hotel located in Balti
more, MD, which was used in a cohort study to examine influenza 
transmission in the springs of 2023 and 2024 [22]. The hotel was also 
assigned as a quarantine facility during the COVID-19 pandemic. Fig. 1
shows the floor map. The "U-shaped” floor included 18 rooms for guests, 
10 rooms for staff, and a common room for the guests’ gathering during 
the daytime. The rooms marked in yellow on the layout were marginal 
spaces like the storage room and electrical room. This floor had an area 
of 1280 m2, with ceiling heights of 2.4 m for the rooms and 2.7 m for the 
corridors. Notably, the common room had a volume of 91 m3.

The whole floor was ventilated with a centralized system with two 
air supply diffusers in the middle of the long corridors. According to our 
measurements, each diffuser supplied outdoor air at a rate of approxi
mately 950 m3/h. The exhaust fans in the attached bathroom within 
each guest room exhausted air at a rate of 3 m3/h. Each guest room had 
an air-conditioning system with a built-in fan-coil unit, which could only 
recirculate air to adjust indoor temperature. Their airflow was 600 m3/h 
in the common room and 450 m3/h in other rooms. It is essential to 
highlight that all windows on the floor were fixed and non-operable.

Each guest, including the index case releasing viral aerosols, was 
isolated while they were in their assigned rooms. To minimize cross- 
contamination during isolation, an effective air cleaning solution was 
necessary, as renovating the existing hotel HVAC system was not 
feasible. As a result, we aimed to design an effective quarantine envi
ronment using HEPA air cleaners, 222-nm GUV fixtures, and air curtains 
as air cleaning measures across the entire floor. This setup aimed to 
minimize airborne transmission outside the common room, which was 
the only area where guests interacted. By analyzing infection risk in the 
common room, we evaluated the effectiveness of these air cleaning 
measures in reducing within-room airborne transmission.

2.2. Field measurements

We performed two field experiments on the quarantine hotel floor. 
One experiment aimed to determine the number and operation mode of 
HEPA air cleaners in the common room, and another was intended to 
collect CO2 concentration and differential pressure data for multizone 
model calibration. The detailed methodology of these experiments is 
provided in Appendix A.

H. Sobhani et al.                                                                                                                                                                                                                                



Building and Environment 275 (2025) 112765

3

Fig. 1. Layout of the quarantine floor.

Fig. 2. Multi-zone model of the studied floor. The zones labeled C1-C28 represent the individual segments into which the corridor was divided.
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2.3. Multi-zone modeling

2.3.1. Geometry representation and airflow paths
We utilized CONTAM software 3.4.0.4 [18] to develop a multi-zone 

model for simulating airflow and contaminant dispersion on the floor. 
The model was based on the actual floor plan and the airflows of me
chanical systems determined by measurements. As shown in Fig. 2, this 
model incorporated building geometry representation, infiltration 
airflow paths, mechanical system airflow paths, and contaminant sour
ces and sinks. Each zone represented a room or a corridor segment. Note 
that to model the viral aerosol spread accurately, we divided the 
corridor into small segments with lengths approximately equal to the 
room widths.

For different airflow paths, we employed leakage areas, as listed in 
Table 1. Two types of airflow paths were used for window and door 
openings: (1) a weather-stripped set for the common room to create 
controlled low ventilation conditions in this room, allowing us to focus 
only on the impacts of HEPA air cleaners and GUV fixtures on the 
transmission risk, and (2) a not weather-stripped set for other rooms. Air 
infiltration through windows, closed doors, and walls was computed 
using the leakage area model [18]. To account for the two-way flow 
through an open door interface -when the door was not equipped with 
an air curtain- as well as the interface between corridor segments, we 
used the single large opening model [18]. For doors with operating air 
curtains, the airflow path was modeled using a volume 
airflow-differential pressure (Q vs P) fit model, as detailed in the next 
section. In fact, we defined three distinct types of airflow paths for the 
room doors, positioned next to each other, as illustrated in Fig. 2(b): 
closed door, simple open door, and open door with air curtain. The se
lection of these airflow path was guided by schedules and determined 
based on the specific strategy and analysis requirements.

Additionally, to determine the airflow rates through air supply grille 
diffusers in the corridor and exhaust grilles in the bathrooms, we 
measured air velocities using a Kanomax Anemometer 6501–0E at 60 
and 12 uniformly distributed points on the diffuser surface, respectively. 
At each point, the measurement was recorded for 10 ss at 1-second in
tervals, and the average velocity was taken as the representative value. 
Airflow rates were then calculated by multiplying the diffuser’s average 
air velocity and the surface area. The used anemometer had an accuracy 
of ±2 % of the measured value or ±0.015 m/s, whichever was greater 
[23].

2.3.2. Modeling of viral aerosol source
Table 2 details assumptions related to the generation and removal of 

viral aerosols. In this study, we adopted the quantum concept proposed 
by Wells [29]. We assumed that the index case released aerosols con
taining SARS-CoV-2 at a quanta generation rate of 50 quanta/h [30]. 
Due to lack of clarity regarding the relationship between particle size 
and quanta generation rate, we applied the same quanta generation rate 
for the three particle size bins: 0.3–0.5 μm, 0.5–1 μm, and 1–5 μm [31,
32].

2.3.3. Modeling of air cleaning systems
Three air cleaning systems were considered for mitigating airborne 

transmission on the quarantine floor, including HEPA air cleaners, GUV 
fixtures, and air curtains (Fig. B.1). Each system employs a specific 
mechanism to reduce aerosol transmission risk. HEPA air cleaner 
physically captures aerosols containing viruses; GUV light inactivates 
viruses by disrupting their DNA or RNA [38], and the air curtain creates 
an air barrier at the doorway, limiting the movement of virus-laden 
aerosols from the rooms to the corridor when opening the doors. The 
detailed methodology for modeling these systems is provided in Ap
pendix B.

2.4. Air cleaning strategies

We investigated a total of eight cases to evaluate the effectiveness of 
different air cleaning strategies for hotel floor quarantine. The deploy
ment of the air cleaning systems is illustrated in Table 3 and Fig. C.1 (in 
the Appendix C). The eight cases are categorized as follows: 

(1) Case 1 presented the baseline model without any air cleaning 
systems. It featured only MERV-8 filtration in the built-in fan-coil 
units within the rooms. This model was also used for multi-zone 
calibration.

(2) Cases 2, 3, and 4 examined the strategies involving individual air 
cleaning systems: air curtains, HEAP air cleaners, and GUV fix
tures, respectively. In case 2, an air curtain strategy was imple
mented with an air curtain installed at each room door. Case 3 
used a HEPA strategy. HEPA air cleaners were placed in all 
rooms, at corridor midpoints and ends, and in front of the com
mon room and elevators. The common room, as discussed in 
Section 3.2.3, could be a significant source of viral aerosol release 
due to its low ventilation rate and specific airflow patterns, while 
the elevators could contribute to vertical airborne transmission to 
other floors. Case 4 employed a GUV strategy, replacing the HEPA 
air cleaners from Case 3 with GUV fixtures.

(3) Cases 5 and 6 explored the strategies using combined air cleaning 
systems. Case 5 was the HEPA + Air-curtain strategy, combining 
HEPA air cleaners and air curtains, merging cases 2 and 3. Case 6 
was the HEPA + Air-curtain + GUV model, which further 
incorporated GUV fixtures, representing a combination of cases 2, 
3, and 4.

(4) Case 7 presented the air hygiene I strategy (focused on individual 
rooms). It realistically incorporated layers of air cleaning systems 
for the quarantine floor, while considering constraints such as 

Table 1 
Leakage areas for different airflow paths in the multi-zone model.

Airflow elements Leakage area References

Closed door 330 cm2/item [24]
Common room door (closed) 15 cm2/m2 [25]
Bathroom door 330 cm2/item [24]
Elevator door 48.4 cm2/item [26]
Window 2.5 cm2/m [27]
Common room window 0.5 cm2/m2 [25]
Internal wall 2.25 cm2/m2 [28]
External wall 0.6 cm2/m2 [28]
Elevator wall 2.25 cm2/m2 [28]

Table 2 
Input parameters for viral aerosol transmission simulation.

Inputs Parameters References

Quanta generation rate 
(quanta/h)

​ 50 [30]

Breathing rate (l/min) In rooms 8 [33,34]
In corridor 14

Particle deposition rate (1/h) 0.3–0.5 μm 0.74 [35]
0.5–1 μm 1.1
1–5 μm 2.7

Natural deactivation rate (1/h) ​ 0.6 [36]
UVG deactivation rate (1/h) Rooms 5.4

Corridor 
segments

16

MERV-8 filter efficiency 0.3–0.5 μm 10 % [35]
0.5–1 μm 24 %
1–5 μm 70 %

MERV-13 filter efficiency 0.3–0.5 μm 50 % [35]
0.5–1 μm 75 %
1–5 μm 97 %

Air cleaner CADR (m3/h) 2nd fan speed 202
3rd fan speed 298
4th fan speed 416 [37]
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space limitations, obstructions, safety concerns, and cost- 
effectiveness, along with this study’s objectives. Firstly, air cur
tains were installed only for the rooms where feasible. In some 
rooms, the space between the top of the door frame and the 
corridor ceiling was too narrow to install air curtains. Secondly, 
GUV fixtures were installed only in the corridor and certain staff 
rooms where there was a specific concern about infection risk. 
The limited use of GUV was intended to avoid potential tripping 
hazards, as these systems featured tripods and cables. It also 
aimed to reduce costs, as GUV fixtures were significantly more 
expensive than HEPA air cleaners and air curtains (6 to 10 times 
more expensive). Retrofitting these fixtures in the rooms without 
tripods and cables was also not easily possible. Thirdly, as one of 
the objectives of the study, no air cleaning system was assigned to 
the common room in this model. This allowed for the investiga
tion of aerosol transmission without interference. Finally, all 
bathroom exhausts were assumed to be covered with a MERV-16 
filter to minimize vertical infection transmission through exhaust 
systems.

(5) Case 8 introduced the air hygiene II strategy (addressing both 
individual rooms and the common room). This model was similar 
to the air hygiene I strategy with only one difference: using HEPA 
air cleaners and GUV fixtures in the common room to further 
control aerosol transmission in this critical room. According to 
the results of the field experiments as described in section A.1 
(Appendix), five HEPA air cleaners were added to the common 
room and assumed to run at the 2nd fan speed. In addition, four 
GUV fixtures were added to meet the equivalent air exchange rate 
(eACH) requirement specified in the HVAC Design Manual for 
Hospitals and Clinics [39] for operating/surgical rooms (20 1/h).

2.5. Simulation methods

We conducted the simulations in both steady and transient states to 
characterize airborne transmission patterns within the quarantine floor. 
The simulations were also used to evaluate the performance of air 
cleaning strategies in minimizing airborne transmission. Table 4 lists 
different air cleaning strategies analyzed in the steady-state and tran
sient simulations.

2.5.1. Steady-state simulation
Steady-state simulation was used for three specific applications. One 

was to evaluate the improvement in the performance of an air curtain by 
adding a MERV-13 filter to its intake grill. We then analyzed the zonal 
dispersion patterns of contaminants across the floor to help develop air 
cleaning strategies systematically. Another was to assess the perfor
mance of different air cleaning strategies in reducing inter-zonal trans
mission on the quarantine floor.

2.5.1.1. Method for evaluating the impacts of air curtain with filtration. To 
evaluate the performance of the air curtain while the source was in the 
corridor, we set the viral aerosol source in the corridor segment between 
rooms 1405 and 1406 (indicated by a star in Fig. 7). We simulated the 
spread of quanta concentration with and without MERV-13 filter on air 
curtain’s intake grill. We evaluated the impact of the MERV-13 filter by 
comparing the steady-state quanta concentration levels in rooms 1405 
and 1406.

2.5.1.2. Method for evaluating air cleaning strategies. To evaluate the 
performance of air cleaning strategies in reducing inter-zonal airborne 
transmission independently of the source location, we placed the index 
case in each potential location, one at a time. We then examined the 
integrated effects of sources and sinks [19]. To do this, for each air 
cleaning strategy, we developed 19 separate multi-zone models, each 
with the index case located in a different guest room or the common 
room. After performing simulations, to exclusively analyze the 
inter-zonal transmission, we excluded the quanta concentration in the 
source location from each model’s analysis by considering a zero quanta 
concentration in the source location. This way, we could focus on the 
viral aerosol release to other areas. It also allowed to treat all three air 
cleaning systems without bias, as air curtains do not affect the source 
location’s quanta concentration, unlike HEPA air cleaners and GUV 
fixtures. Then, for each individual zone, we calculated the average 
quanta concentration across all 19 models. Finally, we computed the 
volume-weighted average of the quanta concentration throughout the 
whole floor. This provided a single value representing the overall 
quarantine performance corresponding to each strategy.

To assess the reduction in inter-zonal transmission, we defined a new 
index, called inter-zonal air exchange rate (zACH), by adapting the 
existing eACH formula [40]. This index quantifies the effectiveness of air 
cleaning strategies in reducing inter-zonal transmission from the index 

Table 3 
Number of air cleaning systems deployed for different strategies.

Air cleaning strategies Air cleaning systems

Air curtain HEPA air cleaner GUV fixture

Common 
room

Guest/ staff 
rooms

Common 
room

Guest/ staff 
rooms

Corridors Common 
room

Guest/ staff 
rooms

Corridors

Case 1: Baseline – – – – – – – –
Case 2: Air curtain 2 29 – – – – – –
Case 3: HEPA – – 5 29 15 – – –
Case 4: GUV – – – – – 4 29 15
Case 5: HEPA + air curtain 2 29 5 29 15 – – –
Case 6: HEPA + air curtain +

GUV
2 29 5 29 15 4 29 15

Case 7: Air hygiene I – 18 – 31 10 – 5 7
Case 8: Air hygiene II – 18 5 31 10 4 5 7

Table 4 
Air cleaning strategies analyzed in steady-state and transient simulations.

Simulation 
type

Air cleaning strategies

Case 1: 
Baseline

Case 2: Air 
curtain

Case 3: 
HEPA

Case 4: 
GUV

Case 5: HEPA + air 
curtain

Case 6: HEPA + air curtain 
+ GUV

Case 7: Air 
hygiene I

Case 8: Air 
hygiene II

Steady-state ✓ ✓ ✓ ✓ – – ✓ ✓
Transient ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓
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case’s zone to other zones, making it a crucial parameter for quarantine 
facilities. Please note that zACH measures the overall effectiveness of all 
air cleaning systems of the same type across the entire floor.

To develop the zACH, we defined the parameters of the eACH for
mula in a novel way to align with our objective of examining inter-zonal 
airborne transmission. The zACH was calculated as follows: 

zACH =
Ge

CssV
−

Q
V

(1) 

where, Css is the volume-weighted average of the quanta concentration 
throughout the floor (quanta/m3). This parameter is derived by aver
aging quanta concentrations across different individual models, each 
with the index case located in a potential position. The quanta con
centrations at the source locations were excluded from the models. V is 
the volume of the floor (m3), and Q is the rate of the outdoor airflow 
entering the floor. The equivalent quanta generation rate, Ge (quanta/h), 
was calculated through: 

Ge = QCss,b (2) 

where Css,b represents the volume-weighted average quanta concentra
tion (quanta/m3) in a model without air cleaning systems and fan-coil 
filtration. This parameter is derived by averaging quanta concentra
tions across different individual models, each with the index case 
located in a potential position. The quanta concentrations at the source 
location were excluded from the models. The detailed calculation steps 
of zACH are provided in Appendix D.

During these simulations, all doors were kept open to simulate a 
worst-case scenario. The ambient wind was excluded from the simula
tions. The room and corridor temperatures were set to 22 ◦C and 24 ◦C, 
respectively, based on our measurements. Outdoor temperature was 
assumed to be 7 ◦C, the average temperature from March 1st to March 
4th, 2023, at the Baltimore/Washington International Airport Station 
[41]. Taking advantage of multi-zone modeling of the entire building, as 
discussed in Section 2.5.2.1, we applied the average airflow rate 
entering or exiting each elevator shaft and staircase as the boundary 
condition.

2.5.2. Methodology for transient simulations
Following the initial steady-state simulations, we conducted tran

sient simulations to assess the viral aerosol transmission risk and eval
uate the effectiveness of various air cleaning strategies in detail. These 
simulations also helped us incorporate dynamic weather conditions and 
occupant movements to provide a more realistic representation of the 
quarantine.

After transient simulations, we processed the data to assess the in
fectious exposure and infection risk. We calculated the dose of viral 
aerosols inhaled by occupants during the entire exposure period (in
fectious exposure), D (quanta), using the following equation [42]: 

D =
∑

C(t).p.Δt (3) 

in which, C is the quanta concentration in the zone where the occupant 
is located (quanta/m3), p represents the breathing rate (m3/min), and Δt 
represents the simulation time step (min). We then calculated the 
infection risk, P, through the Wells-Riley model [21]: 

P = 1 − exp(− D) (4) 

In the transient simulations, we placed the index case in the room 
identified to have the highest possibility to cause inter-zonal trans
mission to an adjacent room. Each simulation ran for a duration of 72 h, 
starting at 20:00 on March 1, 2023, and ending at 20:00 on March 4, 
2023. Throughout the simulation period, we maintained an indoor 
temperature of 22 ◦C for rooms, and 24 ◦C for corridors.

We considered a total population of 28 individuals, including 18 
guests and ten staff members. Each guest was assigned to a separate 

guest room, while each staff member was allocated to a dedicated staff 
room. The staff were supposed to stay consistently in their own rooms 
throughout the simulation. However, for guests, we developed a specific 
movement schedule, as illustrated in Fig. 3, based on the schedule of the 
cohort study. We assumed that guests spent 5 min in the corridors when 
walking between the common room and their individual rooms. To 
model the movement of the index case along the corridor, the source was 
considered to move sequentially between corridor segments along the 
route between their room and the common room. As the worst-case 
scenario, we assumed that the guest residing in room 1405, located 
across from the index case room, walked within the same corridor zone 
simultaneously with the index case. The common room doors were kept 
open for 5 min while guests were in the corridor. Other room doors 
remained open for 1 min when guests entered or exited their rooms, as 
well as during meal deliveries at 8:00, 14:00, and 17:00 each day.

Recognizing the significance of installation costs and energy con
sumption considerations for decision-makers [43–45], we evaluated 
both the energy consumption over the entire simulation period and 
installation costs of the strategies.

Energy consumption of each system was calculated by multiplying 
the device power with its operational time. To gather the power data, we 
used a HOBO Plug Load Data Logger while each system ran for 10 min 
with 1-minute time intervals. We then calculated the average value. For 
the HEPA air cleaner, power data was measured for all fan speed modes. 
We then calculated the total energy use for each strategy by accumu
lating the energy consumption of the involved systems based on Table 3. 
Additionally, the power density (W/m2) for each strategy was computed 
by dividing the total power consumption by the hotel floor area.

Installation costs were also estimated by summing the prices of all 
devices involved in each strategy. The device prices were obtained from 
the manufacturers’ websites. It is $255 for air curtain [46], $429 for 
each HEPA air cleaner [37], and $2500 for each GUV fixture [47].

2.5.2.1. Boundary conditions for transient simulation analysis. To ac
count for the variability in weather conditions, we created and 
employed a weather file based on climate data obtained from the 
Weather Underground repository for the Baltimore/Washington Inter
national Airport Station [41]. The variations in key weather parameters 
are illustrated in Fig. 4.

To take into account the dynamic airflow rates associated with 
elevator shafts and stairwells, we created a multi-zone model for the 
entire building. We copied the model of the 14th floor to other floors. 
For the lobby, we removed the rooms and incorporated the infiltration 
through two revolving doors located on the west side of the lobby using 
the following equation [48]: 

Q = 1.6ΔP0.66 (5) 

where, ΔP is the pressure difference across the door (Pa). We then 
simulated the multi-zone model for the entire building to capture the 
airflow rates to/from the shafts. The extracted airflow rate data were 
used in the multi-zone model of the quarantine floor, serving as 
boundary conditions for elevator shafts and stairwells.

We also calculated the temporal variation of the neutral pressure 
level (NPL) height over a one-month period, from January 30 to 
February 29, 2024. The NPL is defined as the height where the indoor 
and outdoor pressures are equal. The NPL was assessed at the north wall 
due to its relevance to airflow patterns in the common room.

3. Results

This section presents the results of field measurements and model 
calibration, steady-state simulations, and transient simulations. With 
field measurements, we determined the optimal deployment of HEPA air 
cleaners in the common room, balancing acoustic comfort and air 
cleaning requirement. Moreover, we calibrated the multi-zone model for 
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the quarantine floor with experimental data. Steady-state simulations 
helped us develop the model systematically and design the air cleaning 
strategies based on the identified areas prone to contaminant concen
tration build-up. They also helped quantify the effectiveness of air 
cleaning systems in reducing inter-zonal airborne transmission across 
the rooms. However, steady-state simulations could not easily account 
for influential dynamic factors such as wind conditions and the move
ment of the index case in the corridor. Thus, we conducted transient 
simulations to account for these factors, providing a more realistic and 
detailed representation of the quarantine study. This way, we could 
consider different possibilities for airborne transmission on the floor 
beyond just inter-zonal transmission from the index case room, which 
was evaluated in the steady-state simulations. Using transient simula
tions, we could also accurately calculate the infectious exposure occu
pants receive in different locations to assess their relative intensities.

3.1. Experimental results and model calibration

This section provides the results of field experiments and model 
calibration.

3.1.1. Noise level and eACH for HEPA air cleaners
At a background noise level of 30 dBA, the noise level of a single 

HEPA air cleaner was 33 dBA, 40 dBA, 49 dBA, and 55 dBA when 
running at 1st, 2nd, 3rd, and 4th fan speed modes, respectively. These 
results indicate significant increases in the noise level with higher fan 
speeds. Accordingly, to ensure a quiet sleeping environment, the HEPA 

air cleaners were set to the 2nd fan speed mode in guest rooms. In other 
spaces (except for the common room), they were set to the 4th fan speed 
mode. During our search for a quiet HEPA air cleaner, we found that 
these values were typical for HEPA air cleaners, regardless of the 
manufacturer.

Fig. 5 summarizes experimental results on noise levels and eACH 
when using multiple HEPA air cleaners in the common room. The 
background noise level, measured without the HEPA air cleaners 
running, was 42 dBA. All three scenarios met the eACH requirement, 
based on the ASHRAE 62.1 Standard [49] recommendation for "Physical 
therapy exercise areas" (10 1/h). However, the noise level was lowest at 
50 dBA in the scenario with 5 HEPA air cleaners because noise level does 
not increase linearly with the number of devices. Consequently, using 5 
HEPA air cleaners (i.e., more units) operating at the 2nd fan speed mode 
(i.e., lower fan speed mode) effectively balances air cleaning perfor
mance and noise generation. Thus, this scenario was selected for the 
common room.

3.1.2. Model calibration
As the speed of the axial window fan in room 1431 increased (Fig. 6

(a)), the differential pressure between this room and the corridor rose. 
This is because, at higher speeds, the fan enhanced airflow from the 
outside into the room, which creates a higher internal pressure relative 
to the corridor.

We also calculated the ACH to be 0.46 ± 0.022 1/h in the common 
room and 1.4 ± 0.19 1/h in room 1405. With the strict control over the 
ventilation conditions (using weather-stripped doors and windows), the 

Fig. 3. Daily schedule for the guests.

Fig. 4. Weather parameter variations for Baltimore (March 1 to March 4) used in simulations.
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impact of outdoor weather variations on ventilation was minimized in 
the common room, resulting in a significantly lower standard deviation 
of ACH compared to room 1405 (with not weather-stripped airflow 
paths).

Fig. 6 validated the multizone model by comparing the measured and 
simulated data in terms of differential pressure between room 1431 and 
corridor, as well as the average ACH in the common room and room 
1405. The differences between the experimental and simulated were 
within ±10 % of the measured data for both sets of experiments, indi
cating a good agreement between model predictions and the experi
mental data.

3.2. Steady-state simulation results

This section presents the improvement in air curtain performance 
with the addition of a MERV-13 filter, the zonal distribution of con
taminants across the floor, and the effectiveness of air cleaning strate
gies in reducing inter-zonal airborne transmission.

3.2.1. Enhanced air curtain performance with MERV-13 filtration
When the index case was placed in the corridor segment at the end of 

the corridor, the contaminants spread primarily to the rooms and their 
associated bathrooms at the corridor’s end (Fig. 7). This was due to the 
specific airflow patterns and the direction of the airflows, which limited 
the dispersion of contaminants along the corridor. As shown in this 
figure, adding MERV-13 filter to the air curtain intake grille resulted in a 
56 % reduction in average quanta concentrations in the zones sur
rounding the index case located in the corridor. Therefore, this modifi
cation transforms air curtains into valuable control systems for room 
protection. Accordingly, we incorporated the MERV-13 filtered air 
curtain model in our subsequent simulations.

3.2.2. Impact of air hygiene I strategy on zonal distribution of quanta 
concentration

Fig. 8 compares the average quanta concentration for the baseline 
and air hygiene I strategies. In the air hygiene I strategy, the average 
concentration was reduced in almost all zones throughout the floor, with 
a maximum reduction of 99 %.

In the absence of additional air cleaning systems (Fig. 8a), quanta 

Fig. 5. Comparison of noise level and eACH for HEPA air cleaner scenarios for the common room.

Fig. 6. Comparison of measured and model-calculated data.
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concentrations were higher in zones at the south ends of long corridors, 
showing a highest tendency for the accumulation of viral aerosols there. 
This was due to the airflow pattern and the location of guest rooms, 
which were potential index case locations, were mostly situated in the 
middle and southern sections of the corridors. Air supplied from the 
diffusers in the middle of long corridors moved towards the corridor 
ends, carrying viral aerosols released from the rooms into the corridor. 
Additionally, viral aerosols released at the ends of long corridors became 
trapped and infiltrated into nearby rooms through doorway airflows. 
These observations highlighted the importance of installing appropriate 
control measures at the ends of long corridors to mitigate aerosol 
transmission risk effectively.

3.2.3. Comparative efficacy of air cleaning measures
The power consumption and price details of air cleaning systems are 

presented in Table 5. The results indicate that the air curtain consumes 
significantly more electrical power compared to HEPA air cleaner and 

GUV fixture. However, it is important to note that the air curtain 
operates temporarily, unlike the continuous operation of the other two 
systems. Despite its high air cleaning performance, the GUV fixture 
consumes relatively low power.

Table 6 presents both the overall zACH values for different air 
cleaning strategies. As can be seen, air curtains did not contribute to 

Fig. 7. Impact of applying MERV-13 filtration on air curtain performance. The star denotes index case. The standard air curtain refers to an air curtain without 
a filter.

Fig. 8. Zonal distribution of average quanta concentration across the quarantine floor.

Table 5 
Power consumption of air cleaning systems.

Air cleaning system Power use (W)

Air curtain ​ 255
HEPA air cleaner 1st speed 4.0

2nd speed 8.7
3rd speed 20
4th speed 36

GUV fixture ​ 16
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reducing viral aerosol concentration at the index case location. The GUV 
strategy showed the highest zACH for the entire floor (a total of 3.5 1/h 
of clean air), followed by the HEPA strategy (a total of 2.8 1/h of clean 
air).

We also calculated the attributed clean airflow rate per device for 
each air cleaning system. As expected, GUV fixture provides the highest 
attributed clean airflow rate to control inter-zonal transmission. It’s 
important to note that the zACH and attributed clean airflow rate values 
correspond to our specific configuration of air cleaning measures and 
may be different for another configuration, although they provide a 
framework for performance comparison.

The results also show that the air curtain has a significantly higher 
power density compared to the other air cleaning systems. As a result, 
the air hygiene strategies I and II, which incorporate the air curtain, also 
exhibit relatively higher power densities.

As shown in Table 6, air hygiene I and II strategies effectively 
reduced inter-zonal transmission risk, achieving overall zACH values of 
7.6 and 8.5 1/h of clean air, respectively. It shows that the air hygiene II 
strategy has a better performance in reducing inter-zonal transmission 
compared to air hygiene I strategy. As observed in Fig. 9, placing the 

index case in the common room led to the highest quanta concentrations 
in its nearby room due to the trapping of viral aerosols in the corridor 
segment between the common room and its adjacent room, i.e., room 
1419. Therefore, adding HEPA air cleaners and GUV fixtures in the 
common room in the air hygiene II strategy significantly increased the 
zACH compared to the air hygiene I strategy.

The term "maximum steady-state quanta concentration in adjacent 
rooms" in Fig. 9 refers to the maximum quanta concentration in the 
rooms near the index case’s location after the concentrations reached 
steady state. This parameter represents the worst-case scenario for inter- 
zonal transmission to other rooms for any potential location of the index 
case. For instance, when the index case was placed in room 1403, room 
1408 exhibited the highest quanta concentration among all neighboring 
rooms. Consequently, the concentration in room 1408 was reported in 
this figure. When the index case was placed in the guest rooms at the 
ends of the two long corridors (i.e. Rooms 1405, 1406, 1426, and 1427), 
neighboring rooms experienced more significant viral aerosol concen
trations compared to the scenarios with the index case situated in other 
guest rooms. This phenomenon underscored the importance of inter- 
zonal contamination from rooms located at corridor ends to those 
directly opposite when doors are simultaneously open. Based on this 
analysis, we selected room 1406 as the index case room for transient 
simulations, representing the worst-case scenario.

When the index case was located in Room 1420, the adjacent rooms 
experienced significantly lower concentrations of viral aerosols 
compared to other scenarios where the index case was placed in other 
locations. This outcome is primarily attributed to the main route of viral 
aerosol spread across the rooms, which is their transport from the index 
case’s location to the corridor and subsequently to other areas via 
airflow. For the corridor segment in front of the Room 1420, the airflow 
pattern is unique: air movement from both directions converges toward 
this segment. Air supplied from the corridor diffuser on one side, 
coupled with infiltration from the elevator shafts and stairwells on the 
other side, effectively prevents the movement of air - and therefore, viral 
aerosols -from Room 1420 into the corridor and onward to other spaces. 
The negligible amount of viral aerosols observed in adjacent rooms is 
attributed to minor infiltration through common walls.

3.3. Transient simulation results

We first assessed the variations in the NPL of the building at the north 

Table 6 
Air cleaning performance of different strategies in steady-state simulations.

Strategies zACH 
(1/h)

Power 
density 
(W/m2)

No. of 
devices

Attributed clean airflow 
rate per device (m3/h) for 
inter-zonal transmission

Case 1: 
Baseline

0.4 1.38 30 40

Case 2: Air 
curtain*

1.7 6.18 31 156

Case 3: 
HEPA

2.8 0.89 49 179

Case 4: GUV 3.5 0.60 48 229
Case 7: Air 

hygiene I*
7.6 4.51 71 776

Case 8: Air 
hygiene 
II*

8.5 4.59 80 864

* In the real-world applications, air curtains operate intermittently, activating 
only when doors are open, unlike HEPA air cleaners and GUV fixtures, which 
may run continuously. Therefore, these values should not be used for direct 
comparisons between different control measures. Instead, they serve as esti
mates for installed capacity requirements.

Fig. 9. Maximum steady-state quanta concentration in adjacent rooms for different index case locations in the baseline model.
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wall to determine the direction of airflow through the external wall of 
the common room. Next, we presented the results of the infectious 
exposure inhaled by occupants and the airborne transmission risk 
considering dynamic weather conditions and the movement of the index 
case.

3.3.1. Building NPL variation
Fig. 10 illustrates the temporal NPL variation at the north side where 

the common room is located. The NPL fluctuated significantly with 
changing outdoor conditions between the Lobby and the 10th floor, 
consistently remaining below the building’s mid-height (11th floor). As 
the quarantine study was conducted on 14th floor, indoor-outdoor 
pressure difference on the north side ensured a consistent airflow di
rection from the common room to the outdoor environment.

3.3.2. Temporal variation of quanta concentration
Fig. 11 illustrates the time-dependent variation in quanta concen

tration for room 1406 (the index case room) and the common room. As 
expected, concentrations increased while the index case was present in a 
room and declined exponentially after their departure.

In the baseline case (Fig. 11a), the quanta concentration in the index 
case room slightly decreased at 8:00, 13:00, and 15:00 when the door 
was opened for meal service, allowing viral aerosols to escape into the 
corridor. Notably, this concentration drop did not occur when using the 
air curtain strategy, indicating that air curtains were effective in mini
mizing the escape of viral aerosols from the room.

Unlike air curtains, HEPA air cleaners and GUV fixtures significantly 
reduced concentrations in both rooms. The concentration reduction was 
more pronounced in the common room due to the greater number of 
HEPA air cleaners and GUV fixtures installed there. The GUV system had 
a higher eACH than the HEPA air cleaner system running at the 2nd fan 
speed, resulting in a greater reduction in the steady-state quanta 
concentration.

3.3.3. Comparative analysis of air cleaning strategies
Fig. 12 illustrates the reduction in the maximum individual infec

tious exposure among healthy guests and staff compared to the baseline 
model. For all air cleaning strategies, the maximum individual infectious 
exposure was received by the guest in room 1405 and the staff member 
in room 1419 due to their proximity to the index case room and the 
common room, respectively. These maximum individual exposure 
values highlight the individuals at the highest risk of infection and 
provide valuable insights into the upper limits of infection risk across 
various locations and strategies. Fig. 12 also includes the installation 
cost and energy consumption associated with each strategy.

Staff are assumed to stay in their rooms throughout the analysis, but 
for the guests, we evaluated their inhaled exposure in three locations: 
guest rooms, corridors, and the common room. The exposure received in 
the guest rooms and corridors were used to assess the efficacy of air 
cleaning strategies in a quarantine facility, where aerosol transmission is 
undesirable, while the analysis of the common room demonstrated the 
effectiveness of the strategies in reducing within-room infection risk.

The air curtain strategy showed the least reduction in the maximum 
individual infectious exposure for both guests and staff across all loca
tions. While air curtains effectively minimized the escape of viral 
aerosols from the rooms, they could not effectively control the source in 
the corridor, even with MERV-13 filter. Air curtains may increase the 
rate of airflow from the corridors into the rooms, which reduces the 
filtration impacts of MERV-13 filter if the index case is located in the 
corridor. It highlighted the necessity of using source control measures in 
quarantine facilities, which lower the contaminant concentration by 
nature. The advantage of air curtains is their low installation cost and 
energy consumption due to the limited operation time.

As shown in Fig. 12a, the GUV strategy outperformed the HEPA air 
cleaner strategy in protecting the guest in room 1405 from inter-zonal 
airborne transmission. However, the HEPA + air curtain strategy led 
to be a better performance than the GUV strategy. The HEPA + air 
curtain + GUV strategy achieved the greatest reductions in the 
maximum individual infectious exposure for all locations. However, the 
reduction in infectious exposure did not increase linearly with the 
number of deployed systems. While the HEPA + air curtain + GUV 
strategy had initial costs 2.9 and 2.3 times higher than air hygiene I and 
II strategies, respectively, and consumed 1.6 and 1.5 times more energy, 
it only achieved additional reductions in the maximum infectious 
exposure ranging from 5 to 18 % in the rooms compared to the baseline 
model, implying the need to balance air cleaning performance with 
installation costs and energy consumption considerations . Overall, 
strategies incorporating a large number of GUV fixtures are associated 
with significantly higher installation costs, while those utilizing HEPA 
air cleaners tend to have relatively higher energy consumption.

Since the common room was close to room 1419, where the staff 
member receiving the maximum individual infectious exposure stayed, 
transitioning from air hygiene I to air hygiene II also affected the 
exposure they received in their rooms. To reduce the infection risk of all 
occupants to below 1 % in their rooms, with a total exposure time of 54 h 
and 45 min, a reduction of at least 35 % in the infectious exposure was 
required for the guest in room 1405 and 73 % for the staff member in 
room 1419, compared to the baseline case. Accordingly, all strategies 
except the air curtain strategy could ensure a maximum 1 % infection 
risk in the rooms.

Fig. 10. Dynamic variation of NPL at the north wall.
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The maximum individual infectious exposure received by guests in 
the corridor decreased by 10–26 % for different air cleaning strategies 
(Fig. 12b), indicating the relatively lower effectiveness of these strate
gies in this area. This outcome can be attributed to several factors. First, 
clean air is directly discharged into the corridor, effectively diluting air 
contaminants and playing a dominant role in reducing contaminant 
concentrations. This overweighted the performance of air cleaning sys
tems. Second, people in corridors were typically in motion, which hel
ped disperse exhaled viruses and reduce their accumulation in areas 
with poor local ventilation. Third, the lower distribution density of air 
cleaning systems in the corridor contributed to the smaller reductions in 
the inhaled exposure. Despite the high airflow rate, a guest walking 
alongside the index case in the corridor faces a potential infection risk of 
1.5–1.8 % across different air cleaning strategies (for a total exposure 
duration of 90 min). This suggests that even proximity to an index case 
in passageways, such as corridors, can lead to high risks of infection 
despite the use of air cleaning systems. As a result, in quarantine facil
ities, mask-wearing in corridors is highly recommended to minimize 
potential airborne transmission [50].

Fig. 12c shows the infectious exposure that guests received in the 
common room. The air curtain and air hygiene I strategies did not 
reduce the infectious exposure, as they did not provide source control for 
the common room. As expected, the greatest reduction in the infectious 
exposure was achieved with the HEPA + air curtain + GUV and air 
hygiene II strategies, both of which had the same air cleaning setup in 
this room.

For different air cleaning strategies, the guest in room 1405 received 
84–98 % of their total infectious exposure (i.e. the cumulative exposure 
from all locations) in the common room, 1.8–13 % in the corridor, and 
0.5–3.1 % in their own room, indicating that aerosol transmission is 
most likely to occur in the common room across all strategies.

Fig. 13 illustrates the average total infection risk for the guests and 
staff members, aggregated from all locations, under different air clean
ing strategies. The strategies without source control measures posed 
significant infection risk for the guests. The HEPA + air curtain + GUV 
and air hygiene II strategies showed the lowest average infection risk. 

Infectious exposure was primarily received in the common room, 
resulting in a higher average infection risk for the guests compared to 
the staff. This highlighted the necessity of over-filtering in all meeting 
rooms and gathering places to minimize the infection risk.

4. Discussion

In this study, we evaluated the air cleaning effectiveness of different 
air cleaning strategies, comprising HEPA air cleaners, GUV fixtures, and 
filtered air curtains in reducing the infectious exposure of quarantine 
hotel occupants.

4.1. Feasibilities of the simulation methods

Outdoor weather conditions can drastically alter the direction and 
volume of infiltration to or from the floor of interest through stairwells 
and elevator shafts. Therefore, before simplifying a building’s multi- 
zone model to focus on just one floor, it is essential to determine 
whether the dynamic outdoor environment significantly impacts the 
NPL. If such an impact exists, a multi-zone model for the entire building 
is necessary. In our study, the NPL varied significantly over time, 
necessitating the incorporation of shaft infiltration into the multi-zone 
model of the quarantine floor.

Using the one-floor model, we conducted simulations in both steady 
and transient states. Steady-state analyses allowed us to identify areas 
with a higher likelihood of cross-contamination and calculate zACH 
values to evaluate the effectiveness of various air cleaning strategies in 
reducing inter-zonal transmission risk. However, steady-state analysis 
alone cannot account for transient conditions related to outdoor climate, 
occupant movement, and air cleaning system operation schedules.

Based on the steady-state simulation results, we designed transient 
simulations to estimate transmission risk, considering the dynamic 
outdoor wind environment and the movement of the index case in guest 
rooms, corridor, and the common room. This way, we could consider 
different possibilities for airborne transmission on the floor beyond just 
inter-zonal transmission from the index case room, which was evaluated 

Fig. 11. 24-hour quanta concentration profiles in the index case room and the common room.
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in the steady-state simulations. Transient simulations enabled a more 
realistic assessment of air cleaning strategies. Notably, this method 
allowed us to incorporate a schedule for door opening and closing into 
the simulations, which has been recognized as a factor in inert-zonal 
transmission in quarantine hotels [6].

4.2. Appropriate application for air cleaning strategies

We evaluated the performance of seven air cleaning strategies, 
comprising HEPA air cleaners, GUV fixtures, and filtered air curtains in 
reducing infectious exposure. The major findings are detailed below.

In our study, air supply diffusers were located in the corridors. With 

Fig. 12. Reduction in the maximum individual infectious exposure with different air cleaning strategies, along with associated installation cost and energy con
sumption. Bars represent exposure reduction (left axis); markers represent installation cost and energy consumption (right axes).
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an airtight building envelope, this ventilation design isolates quarantine 
rooms by directing air from the corridor into the rooms [51]. However, 
due to insufficient airtightness in the current study, the positive pressure 
in the corridor was inadequate to significantly shift the neutral plane at 
the doorway and establish a one-way flow from the corridor to the 
rooms. Consequently, air curtains played a crucial role in effectively 
minimizing the escape of the contaminated air from the rooms, even 
when the room maintained a positive pressure relative to the corridor, 
up to a certain threshold. This rose a concern that viral aerosols might 
enter the room from the corridor, potentially causing cross-transmission 
to healthy residents. To address this, we attached a MERV-13 filter to the 
air curtain’s intake grill, which proved effective. However, it should be 
noted that adding a MERV-13 filter also reduced the supply airflow rate. 
Another advantage of air curtains is their low initial and operational 
costs, as they only operate when the door is open, typically lasting just a 
few minutes in quarantine facilities. Finally, it is important to note that 
the use of air curtains requires sufficient space above the top of the door 
frame, making them not always applicable.

HEPA air cleaners and GUV fixtures can significantly reduce the risk 
of airborne transmission through effective source control, but they also 
have limitations. With HEPA air cleaners, noise is a concern, as it is 
directly related to fan speed and the provided CADR. This makes it 
challenging to design an effective yet quiet air cleaning strategy using 
HEPA air cleaners. For GUV fixtures, their use is constrained by UV 
exposure guidelines [52]. Additionally, GUV fixtures can produce ozone 
and particulate matter (PM) in indoor environments [53], necessitating 
caution when designing air cleaning strategies for spaces where occu
pants may be exposed for extended periods, such as the common room. 
Additionally, GUV fixtures are relatively more expensive than HEPA air 
cleaners. On the other hand, they consume significantly less energy.

According to the transient simulation results, air cleaning perfor
mance does not change linearly with the level of air cleaning de
ployments. Therefore, both initial and operational costs, as well as 
energy considerations, should be taken into account when developing an 
effective air cleaning strategy for a specific objective. For instance, when 
aiming to reduce inter-zonal transmission, both air hygiene I and II 
strategies can effectively protect guests from inter-zonal transmission. 
While the air hygiene I strategy was more cost-efficient, the air hygiene 
II strategy provided a safer environment in the common room area.

The transient simulation results also highlighted the challenge of 
controlling transmission risk from dynamic sources, such as an index 
case walking in the corridor. In addition to implementing air cleaning 
strategies, mask-wearing in these public areas is highly recommended. 
Moreover, our simulation results indicated that even with extensive air 
cleaning strategies, the infection risk in a gathering space may not be 

reduced to an acceptable level, as evidenced by an equivalent 9.6 % 
infection risk in the common room when using HEPA air cleaners and 
GUV fixtures. Therefore, it is crucial to maintain strict distancing of 
occupants in public spaces during pandemics.

4.3. Limitation of multizone model simulation

This study used validated multi-zone modeling of an actual quar
antine hotel floor. With a perfect mixing assumption, contaminant 
properties were considered uniform within each zone. Multi-zone 
modeling does not account for airflow patterns and localized air mix
ing in individual zones, such as rooms. By nature, multi-zone modeling 
cannot account for the effects of turbulent airflows, such as exhaled 
airflow and air jets from HEPA air cleaners, on aerosol spread [54,55]. 
Notably, the multi-zone model cannot capture airborne transmission 
occurring in close proximity to the index case. Consequently, it might 
overestimate the effectiveness of air cleaning systems within the same 
zone. Thus, within-room airborne transmission risk may be more sig
nificant, if social distancing rules are not applied. Additionally, we did 
not consider the effects of surrounding buildings on wind conditions, 
which will be analyzed in our future research by coupling the multi-zone 
modeling with CFD to incorporate the outdoor environment, consid
ering the impact of the local urban landscape [56]. It is conceivable that 
surrounding buildings could affect the wind flow around the building, 
influencing the pressure distribution over its exterior envelope and, 
consequently, air infiltration into the building.

5. Conclusions

This study addresses the need for designing effective and practical air 
cleaning strategies for hotels repurposed as quarantine facilities. We 
assessed the effectiveness of seven air cleaning strategies, comprising 
HEPA air cleaners, GUV fixtures, and air curtains, both individually and 
in combination, to convert an ordinary hotel floor into a quarantine 
facility without renovating the HVAC system. The assessment used a 
comprehensive, validated multi-zone model to evaluate the reduction in 
dispersion of viral aerosols within a quarantine hotel floor. The cali
bration process included data collected in an actual hotel that served as a 
quarantine facility during the CVID-19 pandemic. We identified critical 
areas for airborne transmission, such as guest rooms at the corridor ends, 
the common room, and corridors in front of elevator shafts, highlighting 
the importance of deploying air cleaning devices in these locations. 
Strategies comprising only HEPA air cleaners and only GUV fixtures 
significantly reduced inter-zonal transmission risk through strong source 
control capabilities, achieving overall zACH values for clean air of 2.8 

Fig. 13. Average infection risk under various air cleaning strategies.
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and 3.5 1/h, respectively. Air curtains effectively minimized the escape 
rate of contaminated air into the corridor. Importantly, incorporating 
MERV-13 filters into air curtains further reduced contaminant concen
tration in the rooms by 56 % when the source was located in the 
corridor.

Considering space constraints in an actual quarantine facility, we 
proposed two strategies combining different air cleaning devices, called 
air hygiene I (focused on air cleaning in individual rooms) and air hy
giene II (addressing both individual rooms and the common room), 
which effectively protected occupants from inter-zonal transmission. 
These strategies primarily used HEPA air cleaners and air curtains due to 
their cost-effectiveness, supplemented by a limited number of GUV fix
tures. We found that increasing the number of deployed air cleaning 
devices in a quarantine facility did not result in a proportional reduction 
in infectious exposure, highlighting the importance of balancing miti
gation performance with installation costs and energy consumption 
considerations. Although the HEPA + air curtain + GUV strategy had 
initial costs 2.9 and 2.3 times higher than air hygiene I and II strategies, 
respectively, and energy use 1.6 and 1.5 times higher, it only provided 
additional reductions in the maximum individual infectious exposure of 
5–18 % in the rooms compared to the exposure in the baseline model. 
Therefore, using a smaller number of air cleaning devices strategically 
place in critical floor locations is as effective as blanketing the entire 
hotel floor with air cleaning devices. Our findings also emphasized the 
necessity for over-filtering in common spaces and promoting mask- 
wearing in corridors.

In conclusion, our study offers an analytical framework for perfor
mance assessment of air cleaning strategies for quarantine hotels.
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Appendix A. Field measurements

In this section, the detailed methodology for field measurements is provided. We performed two field experiments on the quarantine hotel floor. 
One experiment aimed to determine the number and operation mode of HEPA air cleaners in the common room, and another was intended to collect 
CO2 concentration and differential pressure data for multizone model calibration.

A.1. Determination of HEPA air cleaner deployment in the common room

As the common room was used as a physical therapy exercise area, an air change rate (ACH) of 10 1/h with 100 % outdoor air was required to meet 
the minimum air cleaning level suggested by the ASHRAE 62.1 Standard [49]. It was impossible to renovate the existing HVAC system to achieve such 
high ACH. Therefore, we decided to install multiple HEPA air cleaners (Alen, Breathsmart 45i) in the common room to achieve equivalent ACH (eACH) 
of 10 1/h by filtration. GUV fixtures were also added later to further increase the air cleaning level. The HEPA air cleaner had four different fan speed 
modes. Higher fan speeds increased air recirculation through the HEPA filter and improved filtration performance. However, they could also generate 
more noise, which could be acoustically uncomfortable for occupants.

To balance noise issues and filtering performance, we considered three scenarios for the use of HEPA air cleaners in the common room, including 
(1) three units operating at the highest (4th) fan speed, (2) four units operating at the 3rd fan speed, and (3) five units operating at the 2nd fan speed. In 
each scenario, the units were uniformly distributed along the walls, as shown in Fig. A.1. Noise levels were measured using a General Tools DSM402SD 
sound level meter. Based on the guidelines in [57], we measured the noise levels at a height of 1.2 m at eight different locations, each for 15 s. We then 
calculated the average noise level at each location, and then the average value in the room for each scenario. We also measured noise levels while 
running a single HEPA air cleaner at different fan speeds. The measurements were taken at a distance of one meter from the unit. 

H. Sobhani et al.                                                                                                                                                                                                                                



Building and Environment 275 (2025) 112765

16

Fig. A.1. Layouts of HEPA air cleaner deployment scenarios in the common room. The small blue boxes represent the locations of HEPA air cleaners, while the 
crosses mark the sites selected for noise measurement.

Additionally, we measured air speed at 30 evenly distributed points on the suction opening of a HEPA air cleaner. Each measurement was taken for 
10 s using a Kanomax Anemometer 6501-0E. We then calculated the airflow rate delivered at each fan speed. Given the linear relationship between 
clean air delivery rate (CADR) and airflow rate [58], we calculated the CADR value corresponding to each lower fan speed using the stated CADR value 
at the maximum fan speed (416 m3/h [37]). The total CADR related to each scenario was then calculated as the product of the CADR value at the 
relevant fan speed and the number of units [59].

A.2. Data collection for multi-zone model calibration

We calibrated the multi-zone model with two types of data, including ventilation rates measured in the common room and room 1405, and the 
pressure difference between room 1431 and the corridor. Other than the filtration in the built-in fan-coils, no additional air cleaning systems were used 
during these experiments. This air cleaning setup corresponds to the baseline (case 1) model outlined in Section 2.4.

The ventilation rate in the common room and room 1405 was measured using the steady state method [60]. We released CO2 gas into the room at a 
constant rate of 0.4 L/min, which was controlled by a mass flow controller (GFC171S, Aalborg Instruments & Controls Inc.). CO2 concentrations were 
collected by six and four calibrated Aranet CO2 sensors in the common room and room 1405, respectively. To evaluate the influence of air transport 
from adjacent areas, additional CO2 sensors were installed in the corridor near the room doors and outdoors. To enhance the mixing of CO2 in indoor 
air, two HEPA air cleaners were placed in the common room and one in room 1405, all operating at maximum speed with the filters removed. Our 
analysis confirmed that the installed ventilation system effectively enhanced air mixing. We calculated the ventilation rates at 10 time points, spaced 
approximately 1 day apart for room 1405 and 3 h apart for the common room. We ensured that CO2 concentrations in the rooms had reached 
steady-state conditions at the selected time points. More details about the experiments can be found in [53].

An axial window fan (Air King, 9166F) was installed in the window frame of room 1431 to form a positive pressure compared to the corridor. With 
three different fan speeds, we measured the pressure difference between the room 1431 and the corridor using a differential pressure sensor (HOBO, T- 
VER-PX3UL). During the measurements, the room door was closed.

Appendix B. Modeling of air cleaning systems

In this appendix, the methods used for modeling air cleaning systems are provided. Three air cleaning systems were considered for mitigating 
airborne transmission on the quarantine floor, including HEPA air cleaners, GUV fixtures, and air curtains (Fig. B.1). Each system employs a specific 
mechanism to reduce aerosol transmission risk. HEPA air cleaner physically captures aerosols containing viruses; GUV light inactivates viruses by 
disrupting their DNA or RNA [38], and the air curtain creates an air barrier at the doorway, limiting the movement of virus-laden aerosols from the 
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rooms to the corridor when opening the doors. This section elucidates the modeling of these systems in the multi-zone model.

Fig. B.1. Photos of air cleaning systems.

• HEPA air cleaners
A HEPA air cleaner was modeled as a sink with a removal rate equivalent to its CADR. The CADR values were determined based on the fan speed, as 

given in Table 2. HEPA air cleaners were assumed to operate at the 2nd fan speed in guest rooms and the common room to ensure an acoustically 
comfortable environment, while operating at the 4th fan speed in other rooms and corridors.

• GUV fixtures
GUV’s removal of viral aerosols was represented as a deposition rate, calculated using the formula kUV = KI [61]. Here, K is the UV susceptibility 

constant (cm2/mJ), and I represents the average UV fluence rate (mW/cm2) within the zone.
To obtain I for each zone under GUV disinfection, we calculated the distributions of UV fluence rate by 222-nm far-UVC fixtures (Guard/shield, 

Krypton) in both the common room and a typical corridor segment. This was done using Visual Lighting, a computer-aided design (CAD) tool [62]. As 
the output, the software provided the volume average for I. The susceptibility constant of the virus was assumed to be 3 cm2/mJ, which is a general 
value for viruses such as coronavirus and influenza [63].

Upper-room GUV, which utilizes conventional 254-nm UV light, was considered unsuitable for the hotel due to the low ceiling height and long 
exposure periods, particularly in the rooms [33]. Alternatively, 222-nm far-UVC light is better tolerated by eyes and skin [64], allowing it to be used in 
occupied zones. Notably, using four GUV fixtures in the common room resulted in an average fluence rate of 0.0028 mW/cm2 on a horizontal plane 
1.75 m above the floor, as a representation of the eye level. This rate did not exceed the ACGIH 8-hour exposure limit for skin (479 mJ/cm2) and eyes 
(161 mJ/cm2), ensuring a safe environment for occupants [53].

• Air curtains
For the air curtain, we used data corresponding to the Awoco FM3509-M model. The air curtain recirculates air by drawing corridor air from its 

intake grille at the top and expelling it as a downward jet from its bottom discharge nozzle. Upon reaching the floor, part of the downward airflow is 
deflected into the room. As a result, a net airflow from the corridor to the room occurs even if the room pressure is higher than the corridor pressure, as 
long as the pressure differential stays below a certain threshold. In the scenarios involving air curtains, it was assumed that they activated whenever 
the doors were open. The following infiltration model was applied to represent airflow through a door equipped with an air curtain [65]: 

QAC

A
̅̅̅̅̅̅̅̅
2/ρ

√ = (− 1)iCD
̅̅̅̅̅̅̅̅̅̅̅̅
|ΔPrc|

√
+ DD (B.1) 

where, QAC is the airflow rate through the door with the air curtain (m3/s), A represents the door area (m2), ρ is the air density (kg/m3), and ΔPrc 
denotes the pressure difference between the room and the corridor (Pa). CD and DD refer to the discharge coefficient (-) and the discharge modifier (-), 
respectively. The superscript i is defined based on the sign of the ΔPrc: i = 0 when ΔPrc ≥ 0, and i = 1 when ΔPrc < 0.

We fitted this model to the airflow-pressure difference curves reported in [66] for air curtains operating at supply air velocities of 10 m/s and 16 
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m/s . This way, we could find the values for CD and DD. These velocities corresponded to average values obtained from our measurements at 64 points 
across the outlet of the air curtain, with and without a MERV-13 filter, respectively. We then developed airflow-pressure difference curves specific to 
the hotel room doors, as shown in Fig. B.2. We imported the data into CONTAM using the “Q vs P” fit model.

Note that the airflow-pressure difference curves exhibit sharp angles at two points: the upper critical pressure difference (ΔPuc) and the lower 
critical pressure difference (ΔPlc). We have shown these points for the standard air curtain in Fig. B.2. The position of ΔPrc relative to these critical 
points determines how the pressure difference interacts with the air curtain to influence airflow pattern through the door. For more detailed infor
mation, please refer to [65]. Accordingly, we derived separate CD and DD coefficients for the three segments of the curves: ΔPrc ≥ ΔPuc, ΔPrc ≤ ΔPlc, 
and ΔPlc < ΔPrc < ΔPuc. For the filtered air curtain, a filter element was also incorporated into the model.

Fig. B.2. Developed infiltration models for a door equipped with an air curtain, with and without MERV-13 filter using data from [66]. A positive airflow rate 
indicates airflow from the room to the corridor. The standard air curtain refers to an air curtain without a filter.

Appendix C. Air cleaning system configurations for different strategies

The configuration of air cleaning systems for different modeled strategies is shown in Fig. C.1. 
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Fig. C.1. Schematic layout of air cleaning system deployment for different strategies.
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Fig. C.1. (continued).

Appendix D. Procedure for zACH Calculation

This section details the calculation procedure for the inter-zonal air exchange rate (zACH) index.
Step 1: For a selected air cleaning strategy, place the index case in one potential location and calculate the steady-state quanta concentrations 

across all zones with all doors open. As an example, we consider the HEPA strategy (Fig. C.1(b)) and position the index case in Room 1402. Table D.1
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shows the steady-state quanta concentrations in a few spaces.

Table D.1 
Steady-state quanta concentrations across zones with the source in room 1402 (before adjustments).

Steady-state quanta conc. (quanta/m3)

Source 
location

Room 1401 Room 1402 Room 1403 Room 1404 Room 1405 Room 1406 Room 1407 Room 1408 Room 1409 … Electrical room

Room 1402 0 0.11 0.0049 0.0035 0.00071 0.00069 0.0018 0.0048 0.0078 … 0

Step 2: Set the quanta concentration at the source location to zero to focus exclusively on inter-zonal transmission to other spaces. The adjusted 
concentrations are presented in Table D.2.

Table D.2 
Steady-state quanta concentrations across zones with the source in room 1402 (after adjustments).

Steady-state quanta conc. (quanta/m3)

Source 
location

Room 1401 Room 1402 Room 1403 Room 1404 Room 1405 Room 1406 Room 1407 Room 1408 Room 1409 … Electrical room

Room 1402 0 0 0.0049 0.0035 0.00071 0.00069 0.0018 0.0048 0.0078 … 0

Step 3: Repeat the procedure for other potential source locations. For each case, calculate the steady-state quanta concentrations and then set the 
source location’s concentration to zero. Table D.3 summarizes the results for various source locations.

Table D.3 
Steady-state quanta concentrations for all source locations.

Steady-state quanta conc. (quanta/m3)

Source location Room 1401 Room 1402 Room 1403 Room 1404 Room 1405 Room 1406 Room 1407 Room 1408 … Electrical room

Room 1402 0 0 0.0049 0.0035 0.00071 0.00069 0.0018 0.0048 … 0
Room 1403 0 0 0 0.010 0.0020 0.0020 0.0053 0.014 0
Room 1404 0 0 0.000024 0 0.0049 0.0048 0.0128 0.000084 0
Room 1405 0 0 0 0 0 0.013 0 0 0
Room 1406 0 0 0 0 0.013 0 0 0 0
Room 1408 0 0 0.015 0.011 0.0022 0.0021 0.0056 0 0
Room 1409 0 0 0.010 0.0074 0.0015 0.0015 0.0039 0.010 0
Room 1410 0 0.010 0.0047 0.0033 0.00068 0.00066 0.0018 0.0045 0
Room 1412 0 0 0 0 0 0 0 0 0
Common room 0 0 0 0 0 0 0 0 0
Room 1420 0 0 0 0 0 0 0 0 0
Room 1422 0 0 0 0 0 0 0 0 0
Room 1423 0 0 0 0 0 0 0 0 0
Room 1424 0 0 0 0 0 0 0 0 0
Room 1426 0 0 0 0 0 0 0 0 0
Room 1427 0 0 0 0 0 0 0 0 0
Room 1428 0 0 0 0 0 0 0 0 0
Room 1429 0 0 0 0 0 0 0 0 0
Room 1430 0 0 0 0 0 0 0 0 0

Step 4: Calculate the average quanta concentration for each zone using the results from Step 3. The average values are shown in Table D.4.

Table D.4 
Average quanta concentrations for the zones.

Average quanta conc. (quanta/m3)

Room 1401 Room 1402 Room 1403 Room 1404 Room 1405 Room 1406 Room 1407 Room 1408 Room 1409 … Electrical room

0 0.00056 0.0019 0.0019 0.0014 0.0014 0.0016 0.0018 0.00084 … 0

Step 5: Determine the volume-weighted average quanta concentration for the entire floor (Css, quanta/m3) for the selected air cleaning strategy 
using: 

Css =
1
V
∑

(Ci. Vi) (D.1) 

where, Ci is the average quanta concentration in zone i, Vi is the volume of zone i, and V is the total floor volume.
Step 6: As we set the quanta concentration in the source locations, the source quanta generation rate cannot be directly used to calculate zACH. 

Instead, the equivalent quanta is determined based on the quanta concentrations in zones other than the source location. This involves calculating the 
volume-weighted average quanta concentration throughout across the entire floor for the scenario without air cleaning systems and fan-coil filtration 
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(Css,b, quanta/m3), following the methodology described in Steps 1–5. The equivalent quanta generation rate is then computed using the following 
equation: 

Ge = QCss,b (D.2) 

where, Q is the rate of clean airflow entering the floor.
Step 7: Finally, calculate the zACH using the following equation: 

zACH =
Ge

CssV
−

Q
V

(D.3) 

Data availability

The data that has been used is confidential.
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[32] T. Hussein, J. Löndahl, S. Thuresson, M. Alsved, A. Al-Hunaiti, K. Saksela, et al., 
Indoor Model Simulation for COVID-19 Transport and Exposure, Int. J. Environ. 
Res. Public Health 18 (2021) 2927.

[33] S. Zhu, T. Lin, L. Wang, E.A. Nardell, R.L. Vincent, J. Srebric, Ceiling impact on air 
disinfection performance of Upper-Room Germicidal Ultraviolet (UR-GUV), Build. 
Environ. 224 (2022) 109530.

[34] P.J. Bueno de Mesquita, C.J. Noakes, D.K. Milton, Quantitative aerobiologic 
analysis of an influenza human challenge-transmission trial, Indoor Air 30 (2020) 
1189–1198.

[35] W.S. Dols, B.J. Polidoro, D. Poppendieck, S.J. Emmerich, A Tool to Model the Fate 
and Transport of Indoor Microbiological Aerosols (FaTIMA), U.S. Department of 
Commerce, National Institute of Standards and Technology (NIST, 2020.

[36] Doremalen N van, Bushmaker T, D.H. Morris, M.G. Holbrook, A. Gamble, B. 
N. Williamson, et al., Aerosol and surface stability of SARS-CoV-2 as compared 
with SARS-CoV-1, N. Engl. J. Med. 382 (2020) 1564–1567.

[37] Alen BreatheSmart 45i HEPA Air Purifier [Internet], 2024. Available from, htt 
ps://alen.com/products/breathesmart-45i.

[38] H. Sobhani, H. Shokouhmand, Effects of number of low-pressure ultraviolet lamps 
on disinfection performance of a water reactor, J. Water. Process. Eng. 20 (2017) 
97–105.

[39] D. Koenigshofer, J. Murphy, W. Grondzik, HVAC Design Manual For Hospitals and 
Clinics, 2nd ed, ASHRAE, 2013.

[40] S.N. Rudnick, J.J. McDevitt, G.M. Hunt, M.T. Stawnychy, R.L. Vincent, P. 
W. Brickner, Influence of ceiling fan’s speed and direction on efficacy of 
upperroom, ultraviolet germicidal irradiation: experimental, Build. Environ. 92 
(2015) 756–763.

[41] Glen Burnie, MD Weather History [Internet]. [cited 2024 Feb 10]; Available from: 
https://www.wunderground.com/history/daily/us/md/baltimore/KBWI.

[42] F. Borghi, A. Spinazzè, S. Mandaglio, G. Fanti, D. Campagnolo, S. Rovelli, et al., 
Estimation of the inhaled dose of pollutants in different micro-environments: a 
systematic review of the literature, Toxics 9 (2021) 140.

H. Sobhani et al.                                                                                                                                                                                                                                

http://refhub.elsevier.com/S0360-1323(25)00247-1/sbref0001
http://refhub.elsevier.com/S0360-1323(25)00247-1/sbref0001
http://refhub.elsevier.com/S0360-1323(25)00247-1/sbref0002
http://refhub.elsevier.com/S0360-1323(25)00247-1/sbref0002
http://refhub.elsevier.com/S0360-1323(25)00247-1/sbref0002
https://www.who.int/news-room/commentaries/detail/transmission-of-sars-cov-2-implications-for-infection-prevention-precautions
https://www.who.int/news-room/commentaries/detail/transmission-of-sars-cov-2-implications-for-infection-prevention-precautions
https://www.who.int/news-room/commentaries/detail/transmission-of-sars-cov-2-implications-for-infection-prevention-precautions
https://www.cdc.gov/coronavirus/2019-ncov/more/scientific-brief-sars-cov-2.html
https://www.cdc.gov/coronavirus/2019-ncov/more/scientific-brief-sars-cov-2.html
http://refhub.elsevier.com/S0360-1323(25)00247-1/sbref0005
http://refhub.elsevier.com/S0360-1323(25)00247-1/sbref0005
http://refhub.elsevier.com/S0360-1323(25)00247-1/sbref0005
http://refhub.elsevier.com/S0360-1323(25)00247-1/sbref0006
http://refhub.elsevier.com/S0360-1323(25)00247-1/sbref0006
http://refhub.elsevier.com/S0360-1323(25)00247-1/sbref0006
http://refhub.elsevier.com/S0360-1323(25)00247-1/sbref0007
http://refhub.elsevier.com/S0360-1323(25)00247-1/sbref0007
http://refhub.elsevier.com/S0360-1323(25)00247-1/sbref0008
http://refhub.elsevier.com/S0360-1323(25)00247-1/sbref0008
http://refhub.elsevier.com/S0360-1323(25)00247-1/sbref0008
http://refhub.elsevier.com/S0360-1323(25)00247-1/sbref0009
http://refhub.elsevier.com/S0360-1323(25)00247-1/sbref0009
http://refhub.elsevier.com/S0360-1323(25)00247-1/sbref0009
http://refhub.elsevier.com/S0360-1323(25)00247-1/sbref0010
http://refhub.elsevier.com/S0360-1323(25)00247-1/sbref0010
http://refhub.elsevier.com/S0360-1323(25)00247-1/sbref0011
http://refhub.elsevier.com/S0360-1323(25)00247-1/sbref0011
http://refhub.elsevier.com/S0360-1323(25)00247-1/sbref0011
http://refhub.elsevier.com/S0360-1323(25)00247-1/sbref0011
https://www.cdc.gov/niosh/ventilation/about/index.html
https://www.cdc.gov/niosh/ventilation/about/index.html
http://refhub.elsevier.com/S0360-1323(25)00247-1/sbref0013
http://refhub.elsevier.com/S0360-1323(25)00247-1/sbref0013
http://refhub.elsevier.com/S0360-1323(25)00247-1/sbref0013
http://refhub.elsevier.com/S0360-1323(25)00247-1/sbref0014
http://refhub.elsevier.com/S0360-1323(25)00247-1/sbref0014
http://refhub.elsevier.com/S0360-1323(25)00247-1/sbref0014
http://refhub.elsevier.com/S0360-1323(25)00247-1/sbref0014
http://refhub.elsevier.com/S0360-1323(25)00247-1/sbref0015
http://refhub.elsevier.com/S0360-1323(25)00247-1/sbref0015
http://refhub.elsevier.com/S0360-1323(25)00247-1/sbref0015
http://refhub.elsevier.com/S0360-1323(25)00247-1/sbref0016
http://refhub.elsevier.com/S0360-1323(25)00247-1/sbref0016
http://refhub.elsevier.com/S0360-1323(25)00247-1/sbref0016
http://refhub.elsevier.com/S0360-1323(25)00247-1/sbref0017
http://refhub.elsevier.com/S0360-1323(25)00247-1/sbref0017
http://refhub.elsevier.com/S0360-1323(25)00247-1/sbref0017
http://refhub.elsevier.com/S0360-1323(25)00247-1/sbref0017
http://refhub.elsevier.com/S0360-1323(25)00247-1/sbref0018
http://refhub.elsevier.com/S0360-1323(25)00247-1/sbref0018
http://refhub.elsevier.com/S0360-1323(25)00247-1/sbref0019
http://refhub.elsevier.com/S0360-1323(25)00247-1/sbref0019
http://refhub.elsevier.com/S0360-1323(25)00247-1/sbref0020
http://refhub.elsevier.com/S0360-1323(25)00247-1/sbref0020
http://refhub.elsevier.com/S0360-1323(25)00247-1/sbref0020
http://refhub.elsevier.com/S0360-1323(25)00247-1/sbref0021
http://refhub.elsevier.com/S0360-1323(25)00247-1/sbref0021
http://refhub.elsevier.com/S0360-1323(25)00247-1/sbref0021
https://reporter.nih.gov/search/cK_8orEFTkiFt2Lg8byE6w/project-details/10260845
https://reporter.nih.gov/search/cK_8orEFTkiFt2Lg8byE6w/project-details/10260845
https://kanomax-usa.com/products/climomaster-anemometer-6501-series/
https://kanomax-usa.com/products/climomaster-anemometer-6501-series/
https://www.nist.gov/el/energy-and-environment-division-73200/nist-multizone-modeling/software/contam/input-data
https://www.nist.gov/el/energy-and-environment-division-73200/nist-multizone-modeling/software/contam/input-data
https://www.nist.gov/el/energy-and-environment-division-73200/nist-multizone-modeling/software/contam/input-data
https://www.semanticscholar.org/paper/Component-leakage-areas-in-residential-buildings-Reinhold-Sonderegger/6d8176a0e6f1a6bfc052d6a360c4e8edd1ec9c2e
https://www.semanticscholar.org/paper/Component-leakage-areas-in-residential-buildings-Reinhold-Sonderegger/6d8176a0e6f1a6bfc052d6a360c4e8edd1ec9c2e
https://www.semanticscholar.org/paper/Component-leakage-areas-in-residential-buildings-Reinhold-Sonderegger/6d8176a0e6f1a6bfc052d6a360c4e8edd1ec9c2e
http://refhub.elsevier.com/S0360-1323(25)00247-1/sbref0026
http://refhub.elsevier.com/S0360-1323(25)00247-1/sbref0026
https://www.nist.gov/el/energy-and-environment-division-73200/nist-multizone-modeling/software/contam/input-data
https://www.nist.gov/el/energy-and-environment-division-73200/nist-multizone-modeling/software/contam/input-data
https://www.nist.gov/el/energy-and-environment-division-73200/nist-multizone-modeling/software/contam/input-data
https://www.nist.gov/el/energy-and-environment-division-73200/nist-multizone-modeling/software/contam/input-data
https://www.nist.gov/el/energy-and-environment-division-73200/nist-multizone-modeling/software/contam/input-data
http://refhub.elsevier.com/S0360-1323(25)00247-1/sbref0029
http://refhub.elsevier.com/S0360-1323(25)00247-1/sbref0029
http://refhub.elsevier.com/S0360-1323(25)00247-1/sbref0029
http://refhub.elsevier.com/S0360-1323(25)00247-1/sbref0030
http://refhub.elsevier.com/S0360-1323(25)00247-1/sbref0030
http://refhub.elsevier.com/S0360-1323(25)00247-1/sbref0030
http://refhub.elsevier.com/S0360-1323(25)00247-1/sbref0031
http://refhub.elsevier.com/S0360-1323(25)00247-1/sbref0031
http://refhub.elsevier.com/S0360-1323(25)00247-1/sbref0031
http://refhub.elsevier.com/S0360-1323(25)00247-1/sbref0032
http://refhub.elsevier.com/S0360-1323(25)00247-1/sbref0032
http://refhub.elsevier.com/S0360-1323(25)00247-1/sbref0032
http://refhub.elsevier.com/S0360-1323(25)00247-1/sbref0033
http://refhub.elsevier.com/S0360-1323(25)00247-1/sbref0033
http://refhub.elsevier.com/S0360-1323(25)00247-1/sbref0033
http://refhub.elsevier.com/S0360-1323(25)00247-1/sbref0034
http://refhub.elsevier.com/S0360-1323(25)00247-1/sbref0034
http://refhub.elsevier.com/S0360-1323(25)00247-1/sbref0034
http://refhub.elsevier.com/S0360-1323(25)00247-1/sbref0035
http://refhub.elsevier.com/S0360-1323(25)00247-1/sbref0035
http://refhub.elsevier.com/S0360-1323(25)00247-1/sbref0035
http://refhub.elsevier.com/S0360-1323(25)00247-1/sbref0036
http://refhub.elsevier.com/S0360-1323(25)00247-1/sbref0036
http://refhub.elsevier.com/S0360-1323(25)00247-1/sbref0036
https://alen.com/products/breathesmart-45i
https://alen.com/products/breathesmart-45i
http://refhub.elsevier.com/S0360-1323(25)00247-1/sbref0038
http://refhub.elsevier.com/S0360-1323(25)00247-1/sbref0038
http://refhub.elsevier.com/S0360-1323(25)00247-1/sbref0038
http://refhub.elsevier.com/S0360-1323(25)00247-1/sbref0039
http://refhub.elsevier.com/S0360-1323(25)00247-1/sbref0039
http://refhub.elsevier.com/S0360-1323(25)00247-1/sbref0040
http://refhub.elsevier.com/S0360-1323(25)00247-1/sbref0040
http://refhub.elsevier.com/S0360-1323(25)00247-1/sbref0040
http://refhub.elsevier.com/S0360-1323(25)00247-1/sbref0040
https://www.wunderground.com/history/daily/us/md/baltimore/KBWI
http://refhub.elsevier.com/S0360-1323(25)00247-1/sbref0042
http://refhub.elsevier.com/S0360-1323(25)00247-1/sbref0042
http://refhub.elsevier.com/S0360-1323(25)00247-1/sbref0042


Building and Environment 275 (2025) 112765

23

[43] A. Sohani, M.H. Shahverdian, H. Sayyaadi, S. Nižetić, M.H. Doranehgard, An 
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