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ARTICLE INFO ABSTRACT
Keywords: The world has faced tremendous challenges during the COVID-19 pandemic since 2020, and effective clean air
Multizone strategies that mitigate infectious risks indoors have become more essential. In this study, a novel approach

Whole-building

SARS.CoV-2 based on the Wells-Riley model applied to a multizone building was proposed to simulate exposure to infectious
_-CoV-

Infective risk doses in terms of “quanta”. This modeling approach quantifies the relative benefits of different risk mitigation

Airborne transmission strategies so that their effectiveness could be compared. A case study for the US Department of Energy large

Wells-Riley office prototype building was conducted to illustrate the approach. The infectious risk propagation from the
infection source throughout the building was evaluated. Different mitigation strategies were implemented,
including increasing outdoor air ventilation rates and adding air-cleaning devices such as Minimum Efficiency
Reporting Value (MERV) filters and portable air cleaners (PACs) with HEPA filters in-room/in-duct germicidal
ultraviolet (GUV) lights, layering with wearing masks. Results showed that to keep the risk of the infection
propagating low the best strategy without universal masking was the operation of in-room GUV or a large
industrial-sized PAC; whereas with masking all strategies were acceptable. This study contributes to a better
understanding of the airborne transmission risks in multizone, mechanically ventilated buildings and how to
reduce infection risk from a public health perspective of different mitigation strategies.

person from their respiratory tract as they are breathing, talking,
singing, etc. Although the size of the SARS-CoV-2 virus varies from 0.06
to 0.14 pm [8], the virus-containing aerosol consists of particles made of
virus in a respiratory fluid, which is a complex mixture of various
organic and inorganic constituents (water, salts, lipids, proteins, bacte-
ria, other viruses) suspended in air; thus their size exceeds the diameter
of the naked virus itself. So far, multiple sizes of airborne virus-laden
particles for SARS-CoV-2 have been detected, ranging from 0.25 pm to
5 pm [9-13], which enables them to be easily transported over long
distances.

Close contact with infected individuals, poor ventilation, no air
cleaning, and prolonged exposure time indoors are the main reasons for
elevated risk of transmission and infection in buildings [14]. Building
ventilation is essential to dilute and remove aerosol, especially in highly
occupied spaces. Air cleaning can both inactivate and remove aerosols
through strategies such as germicidal ultraviolet light and physical
filtration [15]. Short-range and long-range transmissions occur indoors,

1. Introduction

The COVID-19 pandemic has caused more than 276.1 million people
to be infected (including more than 5.3 million deaths) worldwide as of
December 2021 [1]. Recently, its new variants are more contagious and
caused more severe symptoms among younger people [2-4], driving
another surge of cases worldwide. While vaccinations have been un-
derway in many countries, there are still many regions and areas in the
world that have made little progress in controlling the pandemic, such as
India and Brazil [5,6]. It is likely that COVID-19 may linger longer than
expected, turning into an “endemic” pathogen [7]. Therefore, we must
be prepared for the possibility that COVID-19 is here to stay and also
that other pandemics may occur in the future.

An important aspect of the COVID-19 pandemic is that the infection
is transmitted by inhalation of airborne particles, or an aerosol, con-
taining the SARS-CoV-2 virus. These particles are released by an infected
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Nomenclature

Ay Leakage area (m?)

B Breathing rate (m%/s)

C Contaminants concentration in the air (quanta/mg)

Cp Flow discharge coefficient

G Contaminant concentration in the infectious zone (quanta/
m3)

G Contaminant concentration in neighbor zones (quanta/rn3)

Cs Contaminant concentration of the supply air (quanta/m>)

Crec Contaminant concentration of the recirculation air
(quanta/m3)

Coa Contaminant concentration of the outdoor air (quanta/ m?)

| The percentage of mask wearing occupants

G Generation rate of quanta from the infector (quanta/m3)
M Removal efficiency of masks (%)

Minn Inhale removal efficiency of masks (%)
M

exh Exhale efficiency of masks (%)
ng Number of inhaled quanta
Ne Number of infection cases
N Number of susceptible individuals
Q Volumetric flow rate (m3/s)

Q. Volumetric flow rate of the return air (m>/s)

Qix Volumetric flow rate of the local exhaust air (m®/s)

Qac Volumetric flow rate of the air cleaner (m®/s)

Quvr Equivalent volumetric flow rate of in-room GUV devices
for pathogen inactivation m3/s)

Qdep Equivalent volumetric flow rate of aerosol deposition (m3/
s)

Qdec Equivalent volumetric flow rate of viral aerosol decay/
inactivation (m>/s)

Qexf Exfiltration flow rate to neighbor zones (m3/s)

Qint,j Infiltration from zone j (m3/s)

Qextj Exfiltration from zone j (m3/s)

t Time (s)

A% Volume (m3)

Nac Filter efficiency of the air cleaner (%)

NMERY Filter efficiency of MERV filters (%)

Nyvd Inactivation efficiency of in-duct GUV devices (%)

At Exposure time (h)

AP, Reference pressure difference (Pa)

AP;; Pressure difference between zone j and zone i (Pa)

with the difference being that at short range, the airborne particle
concentration is much higher. Long-range transmission occurs when the
aerosol travels long distances and accumulates indoors (typically
beyond 1-2 m) [16]. Both the Federation of European Heating, Venti-
lation and Air Conditioning Association (REHVA) [17] and the American
Society of Heating, Refrigerating, and Air Conditioning Engineers
(ASHRAE) [18] recognized that building ventilation plays an important
role to limit the risk of transmission [19,20]. In the guidance of
re-opening buildings, ASHRAE [21] (as of September 2021) suggests at
least the minimum amounts of outdoor air for ventilation needs to be
adopted, combined with recirculation filters MERV13 or higher. Or
alternatively, the combined effect of outdoor air, filtration and
air-cleaning devices can achieve this level (minimum ventilation +
MERV13). In addition, flushing rooms before and after occupancy,
installing in-room germicidal ultraviolet lights (GUV), and equipping
by-passing heat recovery sections were also recommended [18]. In
comparison, REHVA as of April 2021 recommends applying the princi-
ple As Low as Reasonably Achievable pollutant concentration to set the
required ventilation rate and setting the demand-control ventilation
setpoint to 550 ppm CO; (absolute value) as an indicator of good
ventilation. They also recommended using as much outdoor air as
reasonably possible and open windows more than normal if thermal
discomfort is not a concern; the recirculation dampers are required to be
HEPA filters or at least have a particulate matter efficiency of 80% for an
optical diameter between 0.3 pm and 1.0 pm based on ISO 16890 [22])
(termed ePM1) as compared to the equivalent level of 50% of a MERV
13; germicidal UV lights may be used in return air ducts or in rooms if
they can be correctly sized, installed, and maintained; and by-passing
the heat recovery section and avoiding potential leaks. Many Cana-
dian guidelines follow ASHRAE. For example, the Insititut national de
santé publique Quebéc (INSPQ) recommends as of Jan 2022 applying
adequate ventilation to occupied buildings, especially if there are
infected individuals inside the building [23].

In response to the COVID-19 pandemic, the ASHRAE Epidemic Task
Force has provided some guidelines for commercial buildings and
schools [24,25]. It was pointed out that a holistic framework would be
needed for reducing exposure to SARS-CoV-2. In addition, general
guidelines and suggestions for several specific spaces were provided,
including lobbies, elevators and conference rooms etc. However, for a
specific type of indoor space, their mechanical systems, configurations

and operations are variable and need to be assessed on a case-by-case
basis. To evaluate transmission risk and develop building/space spe-
cific mitigation strategies, many studies have been conducted. Jimenez
et al. [26] developed a publicly available spreadsheet known as the
“COVID-19 Aerosol Transmission Estimator” (COVID-19 Estimator
hereafter). The tool provides information on key input parameters based
on recent COVID-19 studies and makes it possible to evaluate infection
risks and mitigation strategies and has been detailed in a paper by Peng
et al. [27]. Existing tools, e.g., Jimenez et al.’s estimator, have been used
to evaluate mitigation measures that reduce airborne transmission risk
in specific cases, e.g., an indoor choir practice, classrooms, subways,
supermarkets, and sports stadiums. Dai and Zhao [28] calculated the
required ventilation rate to lower infection risk under 1% for different
exposure times using the Wells-Riley model [29]. They modeled typical
scenarios and concluded that the minimum required ventilation rate can
be reduced by a quarter by wearing a mask, which can be achieved by
the normal ventilation mode in most buildings. Lelieveld et al. [30]
estimated the infection risk in several indoor environments, concluding
that wearing a mask and actively ventilating rooms reduces risk by 5-10
times and is comparable to high-efficiency particulate filtering.

A study by Peng et al. [27] showed that multiple layers of protection,
such as occupancy and exposure-time reduction, mask wearing,
increased ventilation rates, and air cleaning through HEPA filtration and
GUV disinfection, are important to reduce the COVID-19 infection risk to
low levels. This is particularly true during the current situation of new
variants such as Omicron. Zhang [31] estimated that by integrating
different mitigation strategies for schools and offices, including source
control, ventilation, and air cleaning strategies, infection risk could be
reduced by a factor of 9-500. Sun and Zhai [32] modified the
Wells-Riley model by introducing two indices for social distancing and
ventilation effectiveness and showed that half occupancy density could
reduce the infection risk by 20-40% in the first 30 min of an event. In a
later study conducted by Ali et al., an archetype library of 29 building
types was developed based on standards and references, and data were
made available through an interactive website [33] using Jimenez’s
approach [27]. The urban archetype buildings allow decision-makers
and managers to compare various mitigation strategies and generalize
conclusions when urban-scale data are not readily available. As a
demonstration, the impact of six mitigation measures on infection risks
in various building types were evaluated. Additionally, Jialei et al. [34]
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evaluated the effectiveness of control strategies in mitigating the
infection risk in different scenarios and building types, including
increased outdoor airflow rates, high-efficiency filters, advanced air
distribution strategies, standalone air cleaning technologies, personal
ventilation, and face masks.

Many of these works have focused on evaluating risks in single zones
only. Empirical evidence has been reported for aerosol zonal trans-
mission in an Eastern Canadian hospital [35]. Taewon et al. [36] have
also suggested the possibility of SARS-CoV-2 transmission between
different floors of an apartment building. In their epidemiology inves-
tigation, five of nineteen reported cases claimed no direct contact with
other residents in the building. In Spain, it was reported that bathrooms
of older buildings with communal ducts may have allowed aerosol ex-
changes [37].

One multizone simulation study by Emmerich et al. [38] applied the
simulation software, CONTAM, for two infectious agents, a
tuberculosis-like particle with a diameter of 0.64 pm and a burst emis-
sion, and a squamous cell particle with a diameter of 10 pm released at a
constant generation rate. The study showed the importance of building
leakage and the impacts of an actual building system operation.
Although their study targeted healthcare facilities, it illustrated the
importance of addressing the interactions of weather conditions, me-
chanical system operations, pressure differentials, and inter-zonal
leakages in terms of airborne virus transmission. These interactions
cannot be addressed systematically without a multizone building envi-
ronment modeling approach. Another multizone contaminant transport
simulation was also performed in a hospital building to evaluate existing
air-cleaning strategies; the importance of building leakages was high-
lighted [39]. Prateek et al. simulated the indoor dispersion of airborne
SARS-CoV-2 aerosols in a medium office CONTAM model and found that
the unventilated stairwells are vulnerable to airborne viruses [40]. Shen
et al. [34] pointed out that their study represented the most typical
configurations for a building/space type, whereas a specific building
could be more complicated, and the transmission risk depends on spe-
cific configurations [31]. On the other hand, a building ventilation
renovation is often performed at the whole-system scale, so different
rooms/buildings with rooms and indoor and outdoor interactions are
essential. Indeed, a study on multizone buildings for specific building
types is important with the reopening of public buildings. Building-wide
protection instead of room-level protection will need to be evaluated
with realistic weather conditions, air leakages, and occupancies. This
will help identify loopholes in the renovation strategies, improve miti-
gation effectiveness and efficiencies, and develop building- and
climate-specific, schedule-specified solutions to meet the variable,
post-covid era needs. A few recent multizone simulation studies based
on Modelica [41,42] show the importance of pressure controls and
leakages in a hospital building [41] and HVAC filtrations on energy costs
in an office building [42]. In addition, Lopez-Garcia et al. linked a zonal
ventilation model with a multicompartment SIS Markovian model for
evaluating the infection of patients within a hospital ward [43]. How-
ever, the inter-zonal airflows model have not been studied in depth in a
detailed airflow network by the previous studies [39] and the airborne
zonal infection transmission in commercial buildings were rarely
investigated.

Conducting multizone analysis of airborne disease transmission in
buildings with a more physically-realistic setting has many benefits from
an occupant’s health, safety, and productivity perspective and for
energy-efficient operation during regular or emergent operations such as
a pandemic. Many countries and governments have recently realized the
importance of building ventilation and released new initiatives
encouraging retrofits of existing buildings for reopening and future ep-
idemics and pandemics. However, investing governmental funds to
achieve healthy, safe, and energy-efficient goals needs to be addressed,
considering the complexities of buildings and their multi-factorial in-
teractions. Furthermore, the general public guidelines provided in the
early and current stages of the pandemic may not be adequate. Thus a
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physically-realistic analysis tailored for different building types and
climates should be conducted. This paper adopts a multizone simulation
tool, CONTAM, to model SARS-CoV-2 transmissions in a US DOE pro-
totype building, which represents a generic yet realistic building of a
specific category in the US, and further estimates exposure risks based
on the Wells-Riley model by considering the dynamic interactions of
many influential parameters, including weather, occupancy, system
operation, and temperature variation. The goal is to evaluate the mul-
tizone risks of airborne transmission of viruses and compare mitigation
strategies in the context of a whole building compared to a single space.
The final simulation input project and output files of the US DOE pro-
totype buildings are also shared with this submission for future readers
to apply the same approach to other building types. The files can be
downloaded from this link: https://github.com/CUBELeonwang/C
ONTAM-Multizone-DOE.

2. Methodology
2.1. Multizone contaminant transport model

This study develops and demonstrates a new modeling approach for
SARS-CoV-2 transmission risk in multizone mechanically ventilated
spaces based on CONTAM. The US National Institute of Standard and
Technology’s multizone airflow and indoor air quality model CONTAM
[44] implements simulations using DOE prototype commercial building
models based on EnergyPlus [45]. CONTAM can analyze the complex
and dynamic interactions of ambient conditions, building system oper-
ations, and occupancy behaviors in a more physically-realistic setting.
Although EnergyPlus has an internal “airflow network” model, which is
based on an earlier version of AIRNET [46] and COMIS [47], it has many
limitations and is not designed for multizone analysis of pollutant
transmission but instead for estimation of ventilation-related energy
loads. It is also not included in the well-known EnergyPlus models of
prototype buildings to reduce simulation costs.

Using this approach, we evaluate the potential for SARS-CoV-2
airborne aerosol transmission and exposure risk in mechanically venti-
lated multizone spaces and specifically address:

- the risks of room-room and floor-floor spreading,

- building mechanical system operations, including schedules and
flow rates,

- leakages, pressure differentials, and room temperature schedules,
and

- occupancy schedules.

If room-room spreading is significant, we also use the model to
identify potentially vulnerable neighbor zones other than the source
zone. If room-room spreading is relatively low, we investigate the im-
pacts of single-zone mitigation strategies performed in the context of
actual building operation in a multizone environment. Compared to
existing SARS-CoV-2 models and tools, such as the single-zone model,
FaTIMA [48], and multizone models based on Modelica [41,42], the
proposed approach models whole-building multizone exposure risks
[29]. Some recent multizone studies include risk models, such as Pease
et al. [39], which, however, did not solve the airflow network. In
comparison, the proposed approach covers both detailed multizone
airflow and risk estimations for the DOE prototype buildings.

2.2. Airborne transmission under various mitigation approaches

In the context of the multizone simulation of airborne transmission,
the concentration of virus-containing aerosol is estimated based on a
mass conservation equation, Eq. (1) [49]. The time-change rate of the
concentration in zone i Cj(t) with volume V is a function of the gener-
ation G(t) from an infector located in zone i; external sources C(t) from
the supply of a mechanical ventilation system or Cj(t) from the
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infiltration of a neighboring zone; the losses Q, for the return to the
mechanical system, Qi from the local exhaust such as an exhaust fan,
Qq from an air cleaner, Quy; from an in-room GUV device, Qg from the
particle deposition, Qg from the virus infectivity decay/inactivation
process, and Q. from the exfiltration to neighboring zones. The loss
rates are expressed as a volumetric flow rates [m>/s]. Note that Quvr,s
Qdeps Qdec are not actually flow rates, but are expressed as equivalent
flow rates, as if it was a loss due to ventilation. A ductwork filter, such as
a MERV-rated filter (i.e., nygry) and a duct GUV device (i.e., nyyy)
contribute to lowering the supply concentration level Cy(t) of the me-
chanical ventilation system (Eq. (2)).

The impacts of mask wearing are evaluated in terms of the mask
efficiency M,y for the exhalation of the infector in Eq. (1), and Mj,y, for
the inhalation of the susceptible in the exposure equation Eq. (3). For a
given exposure time duration from t; to ty, Eq. (3) estimates the sus-
ceptible’s number of inhaled quanta (ng) at a breathing rate B with
probability of mask wearing F,,, given the airborne particle concentra-
tion in the space Cj(t) as calculated by Eq. (1). The exposure particle
counts are then used as the input for the estimation of infection risk.

dc;
d[:(liML’/\h) ( +Q: s +2me| j

- (Qr + le +’70¢Qac + QUVr + Z Qdep, k + Qdcz‘ + Z Qexf, j> Ci(t) (1)
k=1 Jj=1
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M., = mask exhale efficiency, which was assumed to be the same for
all particle sizes;

G = virus generation rate [quanta/s]; in this study a constant gen-
eration rate was used, however G can be set to vary in time in
CONTAM [27];

n = filtration efficiency with subscripts: air cleaner, MERYV filter, and
inactivation efficiency of GUV light in HVAC duct;

k = deposition surface, which include the wall, floor, ceiling, and
other surfaces;

n = number of neighboring zones;

t = time [s].

The number of inhaled quanta n; can be expressed as:

0y = B(1— My x F) / " e 3)

Where B = breathing rate (m3/s);

M;,, = mask inhale efficiency, which was assumed to be the same for
all particle sizes;

F,, = the percentage of mask wearing;

To compare the relative significance of each term, Egs. (1)-(2) are
non-dimensionalized by G(t):

V dG; 1
mzzl —Mean +m(1 —Magirv) CrecCrec () (1 =1yya) + Zme] ) NacQac +QUVr+ZQdcp k+ Qe +Zchr it0u+0, | Ci(1) (4a)
Note when Cre = C;
V. dC; 1 . -
G P7anki M + Z Oin, iC G NacQac + Quvr + Z Quep, k + Quec + Z Oext, j + Qi + Qexn + Mygpry Crec — (1 — Mygwy Mg Qrec | Ci(t) - (4D)
=1 =1
Q:CS(t) = [(1 - ”MERV)Qrﬂ(‘CreC(t) + Qaacuu(t)} (1 - ”UVd) (Za)

The outdoor air concentration, Coq, is usually zero in this context, so:
OsCy(1) = (1 = Nygry ) Qrec Cree (1) (1 — Nyvg) (2b)

Where: V = zone volume [m3] ;

Q = volumetric flow rate [m3/s] with subscripts: supply, return,
local exhaust, air cleaner, UV light in-room (equivalent), deposition
to interior surfaces (equivalent), virus infectivity decay (equivalent),
infiltration from neighbor zone including the ambient, exfiltration to
neighbor zones including the ambient, recirculation of HVAC
system;

C = active virus concentration in the air [quanta/m3] with the
following subscripts: outdoor air through HVAC system, infectious
zone i where the infectious person is located, neighbor zone j, supply,
recirculation of HVAC system;

In Eq. (4a), (1 - Meyp) is the airborne portion beyond what is removed
by the mask (Mexn is the efficiency that the mask removes upon exhale),
the rest of the terms to the right of the equal sign are the sum of all
mitigation contributions to remove this airborne portion. When 1 - Mg,
+ >(QC/G) = 0, then, the left side of Eq. (4a) will be zero, which means
the inhaled quanta concentration will be zero.

In reality, it is often that C.. < C; because of the mixing in the
ductwork and the diluting of the aerosol transport process among
different zones. So when virus aerosol reaches the MERV filter, the
actual concentration could be lower than that in the source zone. So the
efficacy of the centralized duct-level mitigations, e.g., the MERYV filter or
the in-duct GUV, may decrease with the size of the mechanical system
because of the long dilution process during aerosol transport. Thus
localized virus aerosol mitigation strategies are preferred compared to
the strategies applied in the ductwork, and larger mechanical systems
should have more localized solutions inside rooms. Because C,. < C; in
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Table 1
Estimated equivalent removal efficiencies for different mitigation strategies.
Strategy Masks Outdoor Air PAC MERV Filter In-Room GUV In-Duct GUV
Removal efficiency (%) M QoaC NacQacC MRy QrecC QuvrC (1 — Mverv)TyvaQrecC
G G G G G

reality, Eq. (4b) may overestimate the efficacy of MERV filters and GUV
in the ducts.

The above dimensionless equations reveal how different mitigation
strategies affect airborne transmission. Of interest is how significant
each term is when compared to each other and to the mask efficiency.
For an exposure time of At, the mask efficiency M is proportional to
other building component removal processes generally according to:

ocC
M~ 5 (5)

Table 1 details these equivalent removal efficiencies used in a
building to reduce the aerosol concentration and thus exposure.

The air mass balance equation is given in Eq. (6) [44]:

O+ Z Ount, j = Z Qext, j + Qi + O, (6)
= =

The infiltration, exfiltration, and internal-zonal airflow are modeled
by a power law. An example of infiltration from Zone j to Zone i is as
shown in Eq. (7) [50].

CpA, |2 0.5-n
o =—25L [Z(AP,) S AP,
@uti =000 ﬁ( )P @

Cp = flow discharge coefficient; A; = leakage area, mz; p = air
density, kg/ms; AP, = reference pressure difference, Pa; AP;; = pres-
sure difference between zone j and zone i, Pa; and n = flow exponent.

In a CONTAM simulation, the wall leakage is often divided into three
portions vertically to represent the leakages at the top edge, middle
section, and bottom edge of a wall. The pressure difference includes
three components: thermal buoyancy, wind pressure (if applicable), and
zone pressure differences due to HVAC operations. The thermal buoy-
ancy component is a function of the zone temperature difference as
defined by users (or from an energy simulation software, such as Ener-
gyPlus [45]). The wind pressure component depends on the local wind
pressure coefficient and is a function of local terrain features, building
orientation, and reference wind velocity from the weather conditions. In
this study, the well-mixed assumption of air was made without consid-
ering turbulent mixing of airflows in zones. However, in the real world,
occupants’ activities and heat sources may all interrupt airflow patterns
in the room, exerting an influence on zonal infiltrations. This could be
investigated in future studies using the CFD capabilities of CONTAM
[51,52].

2.3. Airborne infectious risk estimation

This study developed an approach, which is named “CONTAM-
quanta”, to enable the CONTAM model to estimate airborne virus
transmission in terms of quanta and calculate the probability of infection
for SARS-CoV-2. The concept of quanta for airborne transmission, a
hypothetical infectious dose unit, was first proposed by Wells in 1955
[53]. A quantum was defined as the inhaled dose needed to infect a
person. The number of infected occupants bears a Poisson relation to the
number of quanta they breathe, which means 63% of occupants will be
infected when each occupant breathes one quantum on average. This
relationship is widely known as the Wells-Riley equation [29], which is
expressed as follows:

P=—f=1-¢" ®)

where P = the probability of infection, also known as the individual
exposure risk [14], N, = the number of infection cases, Ny = the number
of susceptible.

The number of quanta inhaled ng (quanta) was expressed in Eq. (3).

Modeling is often challenged by the uncertainties in the input pa-
rameters. So although this paper reports the quanta concentrations in
different zones of a building, we recommend the risk estimation and the
comparison of different risk mitigation strategies be conducted on a
relative basis. The proposed CONTAM-quanta approach was verified by
comparing the predicted numerical results to those from the literature.
The details can be found in Appendix 1.

A few studies have investigated the quanta emission rate of SARS-
CoV-2 [28,34]. Buonanno et al. [14] proposed an approach that pro-
vided a range of estimates for different infection scenarios. Here are
some assumptions used in this evaluation approach: Firstly, the air in the
room was assumed to be well-mixed. In addition, this study assumed a
generation rate for loud speaking of 65 quanta per hour and one infector
in the source zone. Detailed assumptions for the investigated scenario
are described in the next section. We also assumed a quanta deposition
rate of 0.3 h™! estimated by Thatcher et al. [69] for particles from 0.55
to 1.54 ym in diameter, and a quanta deactivation rate for SARS-CoV-2
of 0.63 h™! [54]. The removal efficiency of air cleaning using filtration
that mechanically removes particles from an air stream depends on the
size of the particles being cleaned. This study used efficiencies for par-
ticle sizes between 1 pm and 3 pm [55]. Minimum efficiency values were
adopted for conservative estimation. The MERV filter efficiency in the
CONTAM simulation was then determined using [56]. For example, for
the MERVS filter, its quanta removal efficiency was 20%. The HEPA
filter efficiency in the PAC was 99% [57]. It is also possible to use
CONTAM with removal/deposition rates as a function of particle size.
The maximum building occupancy was based on the corresponding
EnergyPlus prototype building [58,59]. The total number of occupants
was divided into infectors and susceptibles. Infectors were individuals
who could generate “quanta” in the building, and the number of sus-
ceptibles was equal to total occupancy allowed in the building minus the
number of infectors.

To determine the acceptable level for individual exposure risk from a
public health perspective in which outbreaks need to be minimized, the
basic reproduction number Ry was used. The basic reproduction number
is defined as the expected secondary infections (N¢) caused by a typical
infector (I) among a completely susceptible population (Rg = N./I) [60].
Wells® study of airborne spread of measles in an elementary school in
1978 also used this approach. When R > 1, the virus may spread in the
population [29], so the target exposure risk level was set to Rg < 1. This
metric has also been applied in other studies [28,34,60], including a
study tracing airborne SARS-CoV-2 transmission in public buses and
subway trains [61]. Note that because of the uncertainties of the model,
Ro > 1 does not imply there will be a 100% chance of infection. From the
probability point of view, it should be interpreted on a relative basis; for
example, a lower Ry means less chance of the community virus trans-
mission or vice versa.

3. Case study - US DOE large office prototype building
3.1. Simulation model and inputs

The US DOE prototype commercial building models were created to
assess building energy efficiency measures and the development of



S. Yan et al. Building and Environment 219 (2022) 109184

Exfiltration Q,,

Fig. 1. Schematic of airborne transmission routes.
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floor; and (c) drawing of the 1st -floor plenum with the return grille and HVAC return [64].

energy standards and codes. Sixteen prototype building types were
developed to represent 70% of the commercial building stock [58]. The
corresponding CONTAM models of these DOE prototype building

models were later created for building ventilation and IAQ analysis [62].
Building parameters such as ventilation, occupancy, and building en-
velope airtightness were defined following the ASHRAE Standard
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Fig. 3. Weather parameters for Chicago (December 21st) used in simula-
tions [58].

90.1-2013 [63] and ASHRAE Standard 62.1-2013 [59]. The airflow paths
and possible mitigation strategies are illustrated in Fig. 1. This study
chose the large office prototype building model to demonstrate the
CONTAM-quanta approach (Fig. 2).

The building has 12 floors, footprint of 3563 mz, one basement, and a
flat roof. Except the basement, each floor has a central core zone (2324
mz) with one staircase, elevator (and shaft), and restroom located in the
middle of the zone, a data center, and the perimeter zones in four di-
rections. The height from floor to ceiling is 2.74 m and the floor-to-floor
height is 4.0 m because of the additional height of the plenum on each
floor. Each floor is connected to the top and bottom floors through the
staircase and elevator shafts and floor/ceiling leakages, and to the
ceiling plenum through one return grill of each zone. Internal wall
leakages between every two zones are defined as the three leakage paths
at the top, middle and bottom locations. Large internal leakage paths are
important and include the leakage path between each perimeter zone
and the core zone (as shown by the colored circles in Fig. 2b), which is
50% of the wall area; the leakage paths between the restroom (transfer
grille), staircase, elevator shaft and the core zone (as shown by the ar-
rows in Fig. 2b); and a leakage path representing the return air grill from
the core zone to the plenum.
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The HVAC system includes four individual variable-air-volume
(VAV) systems serving the basement, the 1st floor, the 2nd-11th
floors, and the 12th floor as shown in Fig. 2a with different supply, re-
turn and outdoor air (OA) rates. The total return was set to 90% of
supply to achieve the common design goal of pressurizing commercial
buildings in CONTAM [62].

The simulations were conducted for one weekday, a Typical Mete-
orological Year version3 (TMY3) weather winter design day (December
21st), in Chicago, with the hourly weather in Fig. 3. Each floor was
assumed to have 134 occupants in each core zone. One infected person
was assumed to be in the 1st floor core during working hours
(8:00-17:00) without leaving the space. The assumption that the
infected person did not leave the building was probably the worst-case
scenario with the highest exposure risk. The core zone was selected
because typically most of the office staff stay here during working hours.
The first floor was chosen as vertical transmission risks exist in the
elevator shaft and stairs (Fig. 7). Vertical transmission evidence for the
SARS-CoV-2 has been previously reported [36]. The VAV system started
at 6:00 and turned off at 22:00. The CONTAM model was created to
match the operation and occupancy schedules of the EnergyPlus model.
The maximum design flow rates determined by the EnergyPlus simula-
tion were used as inputs for the HVAC supply rates in the CONTAM
model [65].

Table 2 summarizes the key simulation parameters used in this study.
The effectiveness of different strategies on mitigating virus aerosol
exposure risks was investigated, including increasing outdoor air
ventilation rates, equipping the building with air-cleaning devices such
as MERV filters, PACs with HEPA filters, and in-room/in-duct GUV, and
layering with personal mask wearing. The baseline OA rate from the
DOE prototype building model (see the table in Fig. 2a) with a MERV8
filter was defined as the baseline (BL) case “MERV8 + BL”; whereas the
total supply and return flow rates of the VAV systems were kept the same
for all strategies.

3.2. Simulation results

3.2.1. Room-to-room quanta transmissions and exposure risks
The multizone analysis starts with understanding how the airflow

Table 2
Input parameters for the CONTAM-quanta simulation of the DOE large office prototype building 1st-floor core zone.
Inputs Parameters References
Zone geometry Volume (m3)/Area (m2) Core 6376/2324 [65]
Perimeter West (Perimeter East) 608/224.5
Perimeter North (Perimeter South) 803/288
Restroom 277/100
Stairs (Elevator Shaft) 75.7/27.6
Data Center 98.6/36.0
Zone occupancy Infector 1 -
Susceptibles 133 [65]
Initial quanta concentration Concentration (quanta/m®) 0 -
Quanta generation Quanta generation rate (quanta/h) 65 [14]
Breathing rate (m®/h) 0.72 [66]
Generation duration 8:00-17:00 (9 h) -
Deposition and deactivation Surface deposition rate 0.3h7! [67,68]
Viral particle deactivation rate 0.63h7! [69]
Germicidal in-room GUV removal rate 4n7t [70]
Ultraviolet light in-duct GUV removal efficiency 87% [71]
MERVS8 removal efficiency 20% [56]
MERV removal MERV11 removal efficiency 65% [56]
MERV13 removal efficiency 85% [56]

PAC airflow rates PAC1

PAC2

PAC3

PAC4

HEPA removal efficiency

Mask wearing percentage
Exhale removal efficiency
Inhale removal efficiency

Mask

0.46 m®/s (975 CFM)
1 m®%/s (2140 CFM)
1.45 m®/s (3075 CFM)
17 m*/s (36,000 CFM)

From manufacturer

99% [571
0 or 100% -
50% [72]
30%
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patterns on the same floor for the baseline case (MERV8+BL), (i.e., inter-
zonal airflows between the core zone and the neighbor zones) impact
room-to-room quanta transmission. The ambient environmental condi-
tions and the operation of HVAC systems impact the zonal airflows.
Fig. 4a illustrates the transient airflows for the five paths (Fig. 2b) on the
1st floor with the positive values for the inflows to the core zone. The
airflow of the Perimeter South zone varies the most, whereas other flows
are more stable throughout the day. The inter-zonal outflows tend to be
relatively more steady than the inflows, which were more subject to the
ambient conditions because they were connected to the perimeter zones.
Fig. 4b shows the 9-h average inter-zonal total airflow rates between two
zones of the 1st floor: the average of the summation of all airflow paths
between the two zones with the airflow directions indicated by the ar-
rows (Fig. 4b). Although the HVAC system pressurizes the building
during the winter (the return is 90% of the supply as shown by Fig. 2a,
three zones (Perimeter North, Perimeter West, and Perimeter South) all
have the inflows to the Core Zone as a result of the dominating wind
direction of the day of 180° ~ 240° (Southwest winds) and 4-8 m/s. The
outflows from the Core Zone to the Restroom, Elevator shaft, and Stair
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were significantly higher than other paths due to the combined impacts
of the pressurization of the HVAC system and the stack effects in these
spaces. The Restroom is even more underpressurized due to an exhaust
fan operating from 6:00 to 22:00 at 0.15 m>/s. Another potential
transmission route is the return grilles at the ceiling of the 1st floor to the
plenum (Fig. 2c). Because all return airflows go through the plenume
return grilles back to the VAV systems, the leakages in the plenum also
potentially contribute to airborne transmision to the stairs and the
elevator shafts as indicated by the airflow directions in Fig. 2c. This
would result in potential floor-floor transmissions through these vertical
spaces.

Fig. 5a reports the simulated transient quanta concentrations in all
zones of the 1st floor when the infector was located in the 1st-floor Core
Zone (Fig. 2b). For the baseline case (MERV8+BL OA), during the initial
two h (8:00-10:00), the quanta concentration accumulated in the zones
rapidly; it reached steady state after 10:00. The average quanta con-
centration in the Core zone was more than twice the levels of other zones
except for the Restroom, which has the 2nd highest quanta level. It is
because that one return grille was installed in the Restroom to balance
airflows in the building. Fig. 5b shows the accumulated individual
exposure risk for an occupant in different zones on the 1st floor over the
working hours. At the end of the nine working hours, the infection risk is
less than 2% in the Core Zone, 1.6% in the Restroom, about 1% in the
Elevator shaft, Stair and Datacenter, and less than 0.7% in all other ones
of the 1st floor.

Fig. 5c explains the fate of all the airborne quanta at the end of
working hours on the 1st floor. More than half of the airborne quanta
(57%) stays in the source zone (Core). Because all air returns to the VAV
system through the plenum, this explains the non-zero concentration
levels in the Perimeter North, West and South despite only inflows from
these zones to the Core Zone. In other words, these quanta concentra-
tions mostly come from the return air from the Core Zone through the
VAV system. This shows that a poorly-balanced pressure distribution
could create potential inter-zonal transmission risks. Thus, it is preferred
to avoid spaces with intensively negative pressures, preventing the
possible transmission risk. In summary, the room-room transmission
routes in the 1st floor were: Core—Restroom through the restroom re-
turn grill; Core—Staircase and Core—Elevator shaft through leakage
paths; Core—Data Center through internal partition path; and Cor-
e—Perimeter Zones through the plenum returns.

3.2.2. Floor-floor quanta transmissions and exposure risks

The HVAC pressurization and stack effect in the staircase and
elevator shafts could contribute to floor-floor transmission, but the 1st
floor ventilation does not because it has its own individual VAV system.
Here, for the baseline case (MERV8+BL OA), we report the relative
exposure risks of all zones in the building compared to the risk in the 1st-
floor Core Zone when the infected person is in the 1st-floor Core Zone (i.
e., Pfioor-zone/P1st-core) i Fig. 6. At the 1st floor, the 1st-floor Core Zone
has the highest exposure risk, followed by the Restroom, Elevator Shaft
and Stair. The “Elevator” discussed in this study refers to the elevator
shaft in the building. On the higher floors, the elevator shaft and stair are
the most infective zones. Noteably, at the 7th floor, the Core and Rest-
room zones’ risks start to increase and the 12th floor risk gets a suprising
rebound.

The above observations may be explaind by the pressure profiles in
the stairs and elevator shaft as shown by Fig. 7. Higher risks of the
elevator shaft than that of stairs at the lower floors (<the 4th floor) can
be explained by their higher inflows to the elevator shaft (Fig. 4b) and
the stronger stack effect than the stairs (Fig. 7). However, the elevator
shaft risks continuously decrease with the height because the stronger
stack effect tends to drive more non-polluted air from the neighbor zones
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into the elevator shaft, thus helping to dilute the space. This continues
until the 7th floor, where the airflow from the stairs starts to enter the
Core Zones carrying the airborne quanta because the neutral pressure
plane (NPP) of the stairs is established above the 6th floor. This explains
why the restrooms above the 6th floor have non-zero risks. The elevator
shaft NPP forms on the 11th floor, above which the airborne quanta of
both the stairs and elevator shaft starts to infiltrate to the 12th floor. As a
result, the Core Zone and Restroom of the 12th floor have higher risks
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Fig. 7. Average pressure profiles of the Core Zones, Stairs and Elevator shaft.

than lower floors. These results show that the floor-floor transmission is
possible as a result of the dynamics of pressure distributions in a whole
building, and higher floors could become vulnerable due to the com-
bined impacts of the stack effects and pressurization of the HVAC sys-
tems. To compare the multizone to the single-zone analysis futher,
Appendix 2 discusses the difference between the CONTAM-quanta
approach and other single-zone models (i.e., COVID19 Estimator,
REHVA calculator, FaTIMA), and multizone models (i.e., CONTAM
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without the quanta approach).

3.2.3. Mitigations of exposure risk

The previous analysis shows that the most vulnerable space is where
the infective source is located (1st-floor Core Zone), which is also the
most populated. Therefore, the following risk mitigation analysis is
focused on this zone. The results of predicted exposure risks for the
occupants’ nine-h exposures in the 1st-floor Core Zone are demonstrated
in Fig. 8a. The acceptable risk level (Rg = 1) was calculated to be 0.75%
for this zone. For the baseline case, the exposure risk was estimated to be
1.83% without mask wearing. By increasing the OA rate to 1.3BL, 2BL or
100% fresh air, the exposure risk would drop to 1.79%, 1.66%, and
1.12%, respectively. The upgrade of the MERVS filter to a MERV11 or
MERV13 reduces the risk to 1.30% and 1.22%. Adding germicidal GUV,
the in-duct GUV would decrease the baseline exposure risk to 1.19%,
while the room GUV could lower the risk to 0.89%. In addition, adding
PACs would also contribute to effective mitigation. The use of PACs with
recirculating airflow rates of 0.46 m3/s (PAC1, 0.71 ACH), 1 m®/s
(PAC2, 1.55 ACH) and 1.45 m®/s (PAC3, 2.25 ACH) would reduce the
exposure risks to 1.73%, 1.60% and 1.51%, respectively. The air cleaner
with the highest flow rate of 17 m3/s (PAC4, 26.3 ACH) would help limit
the risk to 0.51%, achieving an acceptable risk level (0.75%). The per-
formance of PAC4 was based on a large-capacity prototype air cleaner
that had been developed by this study’s industrial partner. In compari-
son, wearing masks is the most effective and can keep Ry < 1 for all
evaluated mitigation strategies.

10

It should be noted that the risk estimation was conducted mainly for
comparing different mitigation strategies. For each of the mitigation
strategies, the relative risk reduction compared to the baseline is shown
in Fig. 8b. Upgrading the MERV filters from MERVS8 to MERV11 and
MERV13 tend to be more effective than adding PACs (PAC1 to PAC3,
from 0.46 m®/s to 1.45 m3/s). The use of MERV13 and in-duct germi-
cidal UV with the Baseline OA provides similar performance to that of
100% OA. When the 100% OA strategy (the blue dot in Fig. 8b) is
adopted, the most relative reduction compared to baseline that can be
achieved is 40%; to reduce the risk even further, in-zone strategies need
to be adopted also such as operating PACs or in-room GUV.

Infection risk and the impact of duct mitigation strategies (MERV
filters and in-duct GUV) for the elevator shaft and stairs were also
investigated, and results are shown in Fig. 8c and Fig. 8d. As shown in
Fig. 6, aerosols could transmit through the building via the elevator shaft
and stairs. This means that floor-to-floor transmission is possible, and
mitigations are needed. MERV13 and GUV-in-duct were effective miti-
gations, leading to an average of 30% risk reduction in the elevator
shaft. This suggests that mitigations in the HVAC ducts of the building
not only reduce risks in the source zone but also play a significant role in
reducing the transmission between floors.

4. Discussion

For the evaluated mitigation strategies, Fig. 8b shows that doubling
outdoor air ventilation did not effectively reduce exposure risks unless
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Fig. 9. Comparison of sources and losses of virus aerosol in the large office
building core zone to mask efficiency (M ~ QC/G).

100% OA was applied. When the outdoor air percentage was adopted as
100%, the exposure risk was reduced to 1.12%, 40% down from the
baseline case. However, operating the HVAC system with 100% fresh air
raises concerns over energy cost and thermal comfort indoors. It is
relatively difficult to implement high OA ventilation rates in many
existing systems. In reality, some existing buildings implemented a
“Pandemic Mode” operation by increasing OA rates 1.3-2 times the
baseline ventilation rates. In the current study, the analysis shows that
the relative reduction in risk achieved by increasing OA flow rates by 1.3
or 2 were minimal when compared to other strategies.

Other active mitigation strategies should be implemented to reduce
the risk level further, for example, retrofits that include upgrading
MERV filters, and/or adding PACs or germicidal UV lights into the
building zones. In this study, three types of MERV filters were investi-
gated: MERV8, MERV11, and MERV13. Results show that upgrading
from MERV8 to MERV11 reduced substantially individual exposure
risks. For the baseline outdoor air ventilation scenarios, exposure risks
fell by 29% for MERV11 and 36% for MERV13. Thus, upgrading MERV
filters is effective, though a trade-off between risk mitigation and eco-
nomic cost needs to be considered due to the elevated pressure drops
with higher MERV filters. In the large office building of this study, a
MERV11 upgrade combined with other measures, e.g., PAC and
germicidal UV, was effective at achieving the desired risk reduction.

Adding PACs or in-room GUV increased the total equivalent air
change rate to the Core Zone without interfering with the existing HVAC
system operation. The portable air cleaners evaluated in this study
covered a large range of capacity, from 0.5 to 42.5 m>/s, which were
based on the information provided by the industrial collaborator. These
PACs were equipped with filters with an assumed single-pass efficiency of
99%. Among the investigated products, it was found that large capacity
PACs (>17 m%/s) effectively lowered exposure risks below Ry < 1. Thus,
the capacity of the PAC should fit the room size; for large volume areas,
large capacity PACs or multiple small capacity PACs can be considered.
Similar observations also apply to the GUV devices: in-room GUV in
general performed better than the in-duct GUV devices in the current
study.

Multizone modeling also enables an in-depth analysis of the sources
and losses of viral aerosol in the core zone. The parameter % (Eq. (5)) is
compared to the efficacy of masking (M in Eq. (5)) to better understand
whole building mitigation strategies compared to individual strategies
and to sources. The comparison is reasonable because mask wearing is
commonly recognized as one of the most effective risk reduction stra-
tegies and thus can be used as a baseline for evaluating the risk miti-
gation efficacy; it however relies on the individual to wear a mask
compared to the building strategy that relies on building systems design
and operation. This is achieved by summing the airflows, Q, and time-
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dependent zone concentrations, C, for all components as illustrated by
Eq. (4b). Fig. 9 shows that the “Reentry” (Aerosols re-entering the Core
Zone from neighboring zones) was 1.4%. This means that 1.4% of all
generated quanta re-entered the Core Zone. Much of the generated
airborne quanta stayed in the Core Zone (3.3%), and 2.5% remained in
all the neighboring zones. The baseline OA rates flushed 18.6% of all
generated, and for MERVS filter, it filtrated 22.8%. The “Core Zone
Losses” and “Neighbor Zone Losses”, which include the virus’ natural
inactivation, deposition, and exfiltration in the Core Zone and all
neighbor zones, contributed to a loss of 26.4% and 29.7% of all gener-
ated quanta, respectively. As a comparison, if mask wearing was
enforced, the most effective reduction would be 50%, which is the
typical efficiency value for a mask [26]. Therefore, Fig. 9 shows that
mask wearing would be more effective than the combined effects of the
baseline OA and MERYV 8 in this case study. In addition, it also shows
that although there may be inter-zonal spreading in the building, the
losses in the neighbor zones would also be high.

For all evaluations in this study, the air within the zones was
assumed to be well-mixed. However, this assumption may simplify the
real exposures in buildings. There could be additional turbulent mixing
that happens within and between internal zones in the building due to
heat sources, movement of occupants, flows created by doors opening,
etc. Differential exposure risks for individuals at different locations in
the zone could be considered in future studies by utilizing the CFD ca-
pabilities of CONTAM [51,52].

Office environments are often crowded, poorly ventilated places
where staff share the space for prolonged working hours. It has been
reported that work environments are one of the most common venues
for SARS-CoV-2 transmission [73]. An epidemiological investigation of a
superspreading event in an open-plan office in Switzerland found that
one index person in the office directly infected 67-83% of the team
members [74]. In another study conducted in England, the attack rate
was reported to be 55% in a public-facing office [75]. Though the
events, office configurations and room ventilation conditions varied,
these evaluations suggest that, in real working situations, the trans-
mission risks could be high. Infected cases reported by these studies not
only worked at their desks, but also attended meetings in conference
rooms during working hours.

Prateek et al. used steady-state simulations showing that stairwells
can potentially experience higher aerosol concentrations than other
conditioned zones of an office building [40]. In our study, exposure risks
in stairs and elevator shafts of the large office building were also found
to be higher than that for perimeter zones and the data center (Fig. 5a).
This suggests that virus-laden aerosol could transmit to stair and
elevator shafts, where mitigations such as PACs and GUV lights should
be considered. Jensen evaluated the effect of integrated IAQ strategies
(source control, ventilation, and air cleaning) on reducing infection risks
in open-plan offices [31]. In this evaluation, a risk reduction factor
(RRF) was estimated for each of the strategies such as doubling the
ventilation, adding semi-open partitions etc. Compared with the RRF,
this study provides a more precise quantification of cleaning perfor-
mance for mitigation strategies and enables a reasonable comparison. In
another assessment of laboratory and office environments of
SARS-CoV-2 transmission, the typical office room (two air exchanges per
hour) was suggested to be at least vacant for 2.5 h [76]. However, the
assessment of pre-flush strategies was not included in this study, and it
can be investigated in the future.

Though the approach proposed by this study could serve as an
effective way for designing mitigation strategies in buildings, un-
certainties cannot be avoided in risk assessments. The classic Wells-Riley
model has been used to evaluate airborne exposure risks since the 1970s
[29], helping the public understand airborne infection risks. However,
the accurate estimation of the “quanta” generation rate remains unclear,
although great efforts have been made to understand the quanta gen-
eration rate for SARS-CoV-2 under different conditions. Uncertainties in
estimated input parameters can also contribute to the variation in risk
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estimation, such as breathing rates, filter efficiency, GUV inactivation
efficiency, mask inhale/exhale efficiency, and other key parameters.
Therefore, uncertainties and the stochastic nature of the input parame-
ters could be included in future studies, such as was done in the Skagit
Valley Chorale Outbreak study [54].

5. Conclusions

Under the health threats posed by the SARS-CoV-2 virus and, in
particular, its highly infectious variants, aerosol transmission indoors
must be addressed. Engineering control strategies can improve the in-
door air quality in a building. To assess what strategy is most effective, a
modeling approach was derived in this study that could be applied to
many different building types and an analysis was undertaken to
comprehensively compared mitigation strategies for a DOE prototype
office building. The modeling approach described by this study allows
for an evaluation of the whole-building as a multizoned structure, and
the effectiveness of ventilation and air-cleaning components in the
building could be effectively evaluated and compared. The large office
scenario simulated in this study served as a good example for imple-
menting mitigation strategies. For the baseline case, the zone-to-zone
and floor-to-floor spread were possible though the risk was signifi-
cantly lower in all zones compared to the source zone. The use of a duct-
treatment strategy could approach the effectiveness of 100% outdoor
air, and adding room cleaning devices such as portable air cleaners and
in-room GUV light could further enhance the air cleaning. More building
types could be analyzed in future studies.

This study demonstrates how the multi-zone analysis of a DOE pro-
totype building could be conducted and explained the detailed analysis
steps of addressing airflows, pressure profiles, airborne quanta levels,
and associated transmission risks. The combined effects of the HVAC
system operation (e.g., winter pressurization), stack effect, and the
ambient weather conditions could play a significant role in the potential
whole building transmission, even to a space far away from the infected

Appendix 1. Verification of CONTAM-quanta Approach
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space. The single-zone or box-type models cannot achieve this level of
understanding because they address the airborne quanta transmission
assuming that the whole building is a single zone.

The purpose of this risk analysis was not to predict the absolute level
of risk in infection in a building, but rather to compare the relative
reduction of risks among different mitigation strategies. The current
study focuses on one building type. Building-specific studies are
important and should be conducted considering the complexities of
different building uses and occupancies. Similar studies can be con-
ducted for other DOE multizone prototype building types, such as hotels,
schools, retail stores and hospitals, and with different climate zones. For
achieving this purpose, the current study also shares all the input files
with detailed settings of the large office prototype building with the
community to facilitate future studies.
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The CONTAM multizone contaminants transportation simulation has been validated by many previous studies in terms of both airflow/ventilation
and pollutant predictions [77,78]. Therefore, this verification focused on applying the CONTAM-quanta model to the Skagit Valley Chorale super-
spreading event [79], and comparing results with those from the COVID-19 Aerosol Transmission Estimator [26]. The single-zone CONTAM case —
FaTIMA [48] was used to model the quanta transmission. The verification details are illustrated in Table A1. It should be noted that the FaTIMA tool
was not originally designed for modeling aerosols in terms of quanta, instead, it models the transmission of infective particles. In this study, we
implemented the proposed CONTAM-quanta approach in FaTIMA and verified it in this section. Note a verification is to confirm the accuracy of a
numerical approach when compared to the previous analytical approach with the same input parameters. This step is important because it ensures the
numerical programming of a software tool is able to reproduce the results in the literature.

The transient airborne concentration predictions are compared as follows. Figure A1 shows that the predicted airborne concentrations agrees well
with the values predicted using the formula underlying the COVID19 Aerosol Transmission Estimator [26]. In addition, the final airborne aerosol
concentration levels were both at 0.56 quanta/m® and exposure risks at the end of the 2.5 h event were predicted to be 88.6%. Thus, the proposed
CONTAM-quanta approach can provide comparable results on estimating exposure as previous studies.

Table Al
Comparison of CONTAM (FaTIMA)-quanta single-zone and COVID19 Aerosol Transmission Estimator [26].

CONTAM (FaTIMA)-quanta COVID19 Aerosol Transmission Estimator

Zone volume 810 m® 810 m®

Generation Number of infectors 1 Number of infectors 1
Particles/Quanta generation rate 970 quanta/h Infective person 970 quanta/h

Removal Supply air rate 567 m®/h Ventilation with outside air 0.7h7!

Return air rate 567 m%/h (0.7h’1)
Exhaust air 567 m®/h (0.7h™1)
Air cleaner (Filter) 0

Surface deposition 0.3h7!
Inactivation of the virus 0.63h71

CONTAM (FaTIMA)-quanta.

Exhaust air 567 m%/h (0.7h™ 1)
Additional control measures 0

Surface deposition 0.3h7!
Inactivation of the virus 0.63h71
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Fig. Al. Transient airborne contaminants concentration predictions during the 2.5h Choir duration (CONTAM-quanta vs COVID19 Aerosol Transmission Estimator).

Appendix 2. Comparisons between CONTAM-multizone and FaTIMA-singlezone modeling

The comparisons between CONTAM multizone simulations and singlezone FaTIMA simulations of the baseline case (Baseline OA + MERV8) are
illustrated as follows. The differences were due to zone-to-zone transmissions through air leakages and the central ventilation system (VAV in the
Large Office). The single-zone FaTIMA only allows steady-state weather conditions while the multizone modeling adopts the Chicago TMY3 weather.
The infiltration was also negected by FaTIMA. In CONTAM modeling of the Large Office building, the VAV systems were modeled by a series of air-
handling units across different floors, which reflects more realistically the multizone aerosol transmissons, e.g., via return grills. In comparison, one
simple supply/return system was applied in FaTIMA. The comparison of the differences is summarized in Table A2 between the proposed CONTAM-
quanta approach from this study and other single-zone models (i.e., COVID19 Estimator, REHVA calculator, FaTIMA), and multizone model (i.e.,
CONTAM).

0.0045 1
% 0.004 -
= Zone-to-zone transmissions via air leakages and VAV
g 0.0035 - ventilation systems
S
g 0.003 -
=
£0.0025 A
S
S 0.002 -
g 0.0015 -
g=
g 0.001 4 = Multizone -Core (Source zone)
]
. 0.0005 _’4 Singlezone FaTIMA -Core (Source zone)
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Time

Fig. A2. Comparisons between single-zone and multi-zone simulations of the Large Office.
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Table A2
Comparison between different tools for airborne aerosole modeling

Building and Environment 219 (2022) 109184

COVID19 Estimator [26]

REHVA calculator [80]

FaTIMA [48] CONTAM [44] CONTAM-quanta

Building details - -
HVAC details - -
Occupancy schedule - -
Weather impacts - -
Multi-zone analysis - -

Occupant exposure
Infection risk
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