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Two and half years into the COVID-19 pandemic, there is quite a lot of
confusion over public health guidance necessary in order to reduce disease
infection risks, from room air ventilation, the use of air cleaners, and type of
mask and whether or not to wear a mask. This paper describes the development
of a novel web-based calculator for use by the public to assess COVID-19
infection risks between a source and receiver in a typical room. The aim is to
inform the disease infection risk in response to varying exposure times, mask-
wearing, and viral variant in circulation. The calculator is based on the state-of-
the-art research evidence, i.e., a room air ventilation model, mask infiltration
efficiencies, room cleaner efficiencies, the quanta emission rates of various viral
variants of COVID-19, and the modified Wells Riley equations. The results show
that exposure times are critical in determining transmission risk. Masks are
important and can reduce infection risk especially over shorter exposure times
and for lower source emission quantum. N95 respirators are by far the most
effective, especially for Omicron, and the results indicate that N95 respirators
are necessary for the more infectious variants. Increasing fresh air ventilation
rates from 2ac/h to 6ac/h can have a considerable impact in reducing
transmission risk in a well-mixed space. Going from 6 ac/h to 12ac/h is less
effective especially at lower exposure times. Venues can be classified in terms of
risk, and appropriate high ventilation rates might be recommended for high-
risk, speaking loudly and singing, such as classrooms and theatres. However, for
low risk, quiet and speaking softly venues, such as offices and libraries, higher
ventilation rates may not be required; instead, mechanical ventilation systems in
combination with air cleaners can effectively remove small fraction size aerosol
particles. The web-based calculator provides an easy-to-use and valuable tool
for use in estimating infection risk.
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Introduction

Since the first reported case at the end 0f 2019, the SARS-
CoV-2 pandemic has inflicted heavy burdens on economic
activities globally. The viral particles transmit primarily
through the dried residua of respiratory droplets exhaled
from infected persons, which can suspend in the air for a
prolonged period (CDC, 2020). Successive waves of COVID-
19 have periodically disrupted social and economic
activities. Indoor venues such as offices, schools, and
restaurants are subject to repeated shutdown and
reopening, in response to public health measures adopted
at the local and state levels.

Public health measures remain largely incoherent, despite,
or perhaps because of the rapidly emerging research evidence.
There remain confusion over the effectiveness of building
operational and personal hygiene practices, such as the rate of
fresh air supply, whether or not to wear a mask, or whether to
use air cleaners. For instance, there is an absence of agreement
upon the rate of fresh air supply needed to mitigate disease

transmission in an indoor environment. Six Air Changes per
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Hour (ACH) in indoor spaces has been recommended by the
World Health Organization (WHO, 2020) and subsequently
adopted by professional air ventilation guidelines in many
countries (Guo et al., 2021). The effectiveness of such practice,
however, remains disputed in literature. Recent studies have
shown sufficient air ventilation alone may not prevent disease
transmission (Huang et al., 2022); other parameters, from the
mode of air ventilation to patterns of air movement in relation
to particle dispersion and deposition, should also be of
concern (Hussein et al, 2021). Further, there are
uncertainties over the necessity of mask-wearing or the
types of masks to be worn in order to mitigate the
transmission of COVID-19. The US Centers for Disease
Control and Prevention (CDC), for instance, has initially
discouraged the public from wearing masks in early 2020.
It has later reconsidered and recommend masks to be worn,
including even some home-made cloth masks to address the
shortage of mask supply (CDC, 2021). The CDC reversed the
rules again in early 2022, with some 70% of Americans no
longer required to wear a face mask in indoor environments,
except in public transport conveyance such as subways, buses,

Air Intake

Natural Natural
Exfiltration « Infiltration
Portable Air
Receiver Cleaner Source
FIGURE 1
A conceptual diagram of airborne disease transmission of COVID-19 in an indoor room.
TABLE 1 The quanta emission rates from a primary patient by viral variant and levels of physical activities.
Physical activities Quiet & sedentary  Speaking Speaking loudly Singing
viral
variant
Omicron (B.1.1.529) 24 (estimation) 94 (estimation) 201 (estimation) 920 (estimation)
Delta (B.1.617.2) 4-31 g/hr Huang et al. 69.2 Bertone et al. (2022) 148 (estimation) 676 q/hr
(2022)
Original (B.1.617) 1 g/hr Buonanno et al. 5-31 g/hr Buonanno et al. 100 q/hr Buonanno et al. 460-970 q/hr Miller et al. (2020); Prentiss et al.
(2020) (2020) (2020) (2020)
Frontiers in Built Environment 02 frontiersin.org


https://www.frontiersin.org/journals/built-environment
https://www.frontiersin.org
https://doi.org/10.3389/fbuil.2022.986923

Huang et al.

TABLE 2 Mask filtration efficiencies for particles of 2 um by mask type.

Masks Inward filtration efficiency
(IFE)(%)

Cloth Mask 40

Surgical Mask 45

NO95 Respirator 95

and airplanes (Tanne, 2022). Similar relaxation in mask-
wearing can also be found in the UK and elsewhere
(Jackson and O’Connor, 2022).
recommendable by CDC also vary widely, from home-made
cloth mask to N95 respirators (CDC, 2021). The volatile mask
guidance appears to have been influenced by practical

The types of masks

concerns rather than sound scientific evidence, such as
mask supply and the public willingness to comply. Lastly,
public health guidance remains equivocal over whether air
cleaners, a portable device which removes a fraction of viral
aerosol particles, should be adopted to protect citizens in
indoor environments, and much less clear on whether they
should be used in combination with enhanced mechanical
despite evidence from recent
studies supportive of doing so (He et al., 2021; Saw et al,

2022).

ventilation  systems,
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Outward filtration efficiency Source
(OFE)(%)

50 Pan et al. (2021)
75 Pan et al. (2021)
95 Labelled value

This paper describes the results from an analysis of airborne
infection risk between a source and receiver for a typical room
with varying exposure times. The aim is to inform the public of
disease transmission risks and appropriate mitigation measures,
such as occupancy schedules, air ventilation rates, and the types
of masks needed in order to reduce indoor transmission.
Infection risk is estimated for a source and receiver for a
range of fresh air ventilation rates and for different mask
wearing situations. Three types of mask are considered, an
NO95 respirator (95% Inward and Outward Efficiency), a
surgical mask (45% and 75% Inward and Outward Efficiency)
and a less effective cloth mask (40% and 50% Inward and
Outward Efficiency). The evaluation uses the Well-Riley
equation, assuming the space is a single well-mixed zone. The
formulas developed in this study have been developed into an
online calculator accessible through the public domain.
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Disease infection risks for the original variant without face masks, assuming the exhale quanta emission rate of 1 (A), 18 (B), 100 (C), and 460 (D)

quanta/hour for the Source.
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FIGURE 3

Disease infection risks for the original variant, assuming the receiver and the index patient are both wearing cloth masks with the exhale quanta
emission rate of 1 (A), 18 (B), 100 (C), and 460 (D) quanta/hour for the Source.

Relevant works

The quantity of viral particles emitted by index cases, the
concentration of airborne viral particles in an indoor
environment, and the inhalation exposure and infection risks
in relation to COVID-19, have been well established in the
research literature. The quantities of viral aerosols emitted by
index patients have been estimated and generally these values
vary depending on the viral variant and the types of physical
activities that the index cases are engaged in. For patients
contracted with the original strain of COVID-19 (B.1.617),
the rates of viral “quanta” have been estimated to be in the range
of 4.9-31 quanta per hour (q/hr.) for patients engaged in light
activities while speaking (Buonanno et al., 2020), 60 q/hr.
during domestic activities (Huang et al, 2021), and over
100 g/hr. for speaking and walking (Buonanno et al., 2020).
Higher estimates, in the range of 460 and 970 g/hr., although
rare, have suggested during super-spreading events of COVID-
19 (Miller et al., 2020; Prentiss et al., 2020). The quanta
emission rate for Delta cases has been estimated between
4 and 31 q/hr during sedentary and quiet settings (Huang
et al, 2022), and at 69.2 q/hr during speaking (Bertone
et al, 2022). Details on the quanta emission rates of the
Omicron variant are still emerging. Based on epidemiological
data from South Africa, Yang and Shaman (2022) estimated
that the Omicron variant is estimated to be 36% more
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transmissible than Delta, and 100% more than the original
viral strain.

The concentration of airborne viral particles in an indoor
environment have been reported by the engineering and public
health literature, using various fluid mechanics models. For
instance, Computational Fluid Dynamics (CFD) models have
been employed to study airborne disease transmission in
enclosed environments, including aircraft cabins (Liu et al,
2021), buses (Ou et al, 2022), a movie theatre (Liang et al,
2021), and multi-family residential buildings (Niu and Tung,
2008). Alternative zonal airflow network models, originally
developed to assess heat and moisture content inside buildings
(ASHRAE, 2009), have been used to study the concentration of
airborne pathogens such as the SARS virus (Li et al., 2006),
Influenza (Zhu et al., 2020), and COVID-19 (Huang et al., 2021).

The inhalation exposure of susceptible persons and the
subsequent disease infection risks have been estimated in
epidemiological studies. The most common approach is the
Wells-Riley (WR) equation (Riley et al., 1978), which has
been widely used in epidemiological studies of airborne
diseases, such as Tuberculosis, influenza, and COVID-19
(NardellSze To and Chao, 2010; Nardell, 2016). Researchers
used “quanta” as a hypothetical infectious dose unit, each
quantum represents the minimum dose of inhaled airborne
viral pathogens necessary to cause an infection (Wells, 1955),
regardless of the numbers of infectious viral particles involved.

frontiersin.org
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Disease infection risks for the original variant, assuming the receiver and the index patient are both wearing surgical masks with the exhale
quanta emission rate of 1 (A), 18 (B), 100 (C), and 460 (D) quanta/hour for the Source.

An alternatively approach is to count the viral RNA copies
exhaled by patients and those present in air samples (Milton
etal., 2013; Yan et al., 2018), although the quantity of viable viral
particles capable of inflicting new infections is difficult to
measure precisely.

Published studies generally agree that inadequate fresh air
ventilation is among the key factors enabling disease
transmission in enclosed spaces (Morawska et al, 2020;
Lendacki et al., 2021; Li et al., 2021). A WHO working group
have suggested that 6 Air Changes per Hour (ACH) needs to be
achieved broadly in indoor spaces, from schools to workplaces
(WHO, 2020); similar guidelines have been adopted by various
levels of governments and professional associations worldwide in
order to enhance air ventilation (Guo et al., 2021).

A portable air cleaner is a small device capable of removing
fine particles and purify the air. Their effectiveness remains
debated, since their performance is considered unstable,
depending on their location, operating schedule, the size of
the room, and the ambient air ventilation conditions
(Novoselac and Siegel, 2009; Shaughnessy and Sextro, 2006).
Portable air cleaners have received growing attentions during
the COVID-19 pandemic for their use in poorly ventilated
spaces. For instance, He et al. (2021) studied the protective
effect of air cleaners in a poorly ventilated classroom. They

concluded that air cleaners can substantially reduce airborne
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transmission risk across the entire space, more so than
increasing the air ventilation rates alone, although one needs
to adjust the locations and number of air cleaners in order to
achieve the optimal performance. In another study, Saw at al.
(2022) modeled the effectiveness of portable air cleaners in a
common hospital ward in Kuala Lumpur, Malaysia using
Computational Fluid Dynamics. They concluded that a
single device can achieve an aerosol particle removal
efficiency under 25%, while multiple devices can achieve
somewhat between 36.44% and 59.91%, depending on the
location of cleaners and the air ventilation conditions of the
room. Public health guidance has been slow in response to latest
evidence, and portable air cleaners have been so far mentioned

sparsely.

Methods

In this study, the estimation of indoor disease infection risks
has been determined by the following steps: 1) estimation of viral
aerosol generation, 2) calculation of indoor concentration, 3)
calculation of inhalation exposure, and 4) computing infection
risks (Figure 1).

The rates of exhaled viral emission from an index case
(qi’olde") were estimated based on existing literature, as shown

frontiersin.org
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Disease infection risks for the original variant, assuming the receiver and the index patient are both wearing N95 respirators with the exhale
quanta emission rate of 1 (A), 18 (B), 100 (C), and 460 (D) quanta/hour for the Source.

in Table 1. The two distinct values of qit‘c‘dex

contracting the original strain and the Delta variant of COVID-
19 have been estimated from published studies (Miller et al.,
2020; Prentiss et al., 2020; Buonanno et al., 2020; Buonanno et al.,
2020; Bertone et al., 2022; Huang et al., 2022). In the absence of
explicit data in the literature, the quanta emission rates from

for index patients

Omicron cases have been linearly interpolated from those
estimated for the original and the Delta variants, based on the
increased transmissibility data reported by Yang and Shaman
(2022).

In cases where masks were worn, the viral emission rates
become qg}‘de"*(l — OPE), where OPE is the Outward Protection
Efficiency of the mask, which quantifies its capacity to filter out
particles from outward breath to the surrounding air for source
control. OPE equals 50%, 75% and 99% when occupants wear
cloth masks, surgical masks, and N95 respirators respectively.
Table 2 summarizes the mask efficiencies used in this study. The
inward and outward filtration efficiencies (IPE & OPE) relate to
particles of 2 um in size, which is considered the most likely to
deposit in the respiratory tract when wearing a mask (Pan et al,,
2021). For a cloth mask they were assumed to be 40% and 50%,
for a surgical mask 45% and 75%, and for an N95 respirator IPE
and OPE were both assumed to be 95%.

The viral concentration (C)) in the room can be solved using
a mass conservation equation shown in Formula (1). Assuming
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mass conservation hold, the airborne viral aerosol generated
from index patient(s) minus the rate of its removal by air
ventilation, viral decay, and air cleaners (if any) equal zero in
a steady-state condition

— C'#ACH*V — C#V10™% — C" %V %1, #Noe,
1)

index

qut,,

where g™ and C}, are the rate of viral aerosols added to the
room by index patient(s) and the concentration of infectious
viral aerosols at the nth hour; ACH is the air exchange rate of
the room; V is the volume of the room; k; is the empirically
estimated airborne viral survival rate for SARS-CoV-2, which
has been estimated at -0.25 (quanta/m®hr) according to van
Dormagen et al. (2020). V,. and #,_ are the airflow rate and
filtration efficiency of portable air cleaners, assumed to be
720 m’/hr. and 100% respectively. The cleaner is assumed to
be a standard box fan design in accordance with a recent study
by He et al. (2021). Ny is the total numbers of air cleaners
in use.

The quantity of viral aerosols inhaled by a susceptible
person in the room (g.) is estimated using Formula (2) in
accordance with a modified WR equation by Gammaitoni and
Nucci (1997), which accounts for the time-varying exposure
under transient conditions. g) is expressed as a function of the
ambient quanta concentration, the length of exposure, the

frontiersin.org
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pulmonary breathing characteristics, and the mask protection
efficiency.

q = JN C! x Vg x0t(1 - IPE), 2)
1

where C} was the airborne viral concentration at the time step #;
Vg is the inhalation rates estimated for working-age population,
estimated according to the EPA exposure factors handbook
(EPA, 2011) at 4.3 x 107> m*/min for sedentary activities, and
at 1.3 x 107 m’/min for speaking and singing (light intensity
activities). N is the total number of time steps during the length of
exposure. 0f was a miniscule time period, during which the viral
concentration can be regarded as stable. IPE is the Inward
Protection Efficiency of masks, which is the fraction of viral
particles filtered for protection of the wearers. IPE equals 0%
when no mask is worn, or 40%, 45% and 99% when occupants are
wearing cloth masks, surgical masks, or N95 respirators
respectively (Table 2).

The disease infection risks (P) arre calculated as a probability
function of time-weighted average inhaled infectious viral quanta
(%), which can be expressed in Formula (3) below according to

the WR equation (Riley et al., 1978).
P=1-exp (-q)). (3)

The air and viral particles inside the room are assumed to be
well-mixed, following the basic assumption of the WR approach.
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Results

The disease infection risk for the original variant of SARS-
CoV-2, considering the various levels of physical activities the
index patient is engaged in and the various mask-wearing
scenarios, are summarized in Figures 2-5 accordingly. Similar
analyses are summarized in Figures 6-9 for the Delta variant
and 10 to 13 for Omicron. The above results apply to a
standardized room assumed to be 4 m x 4 m x 3m,
although the input volume of the room is allowed to vary
in the web-based calculator. The four levels of activity may be
taken to represent (a) quiet, (b) speaking, (c) speaking loudly
and (d) singing.

In general, the exposure times are found to be critical in
determining transmission risks. An exposure of over 2-3h
results in a rapid increase in risk, which can be observed
across all scenarios (Figure 2tol3). Increasing fresh air
ventilation rates from 2ac/h to 6ac/h can have a considerable
impact in reducing transmission risk in a well-mixed space.
Ventilation rates from 6 ac/h to 12ac/h are less effective
especially at lower exposure times.

Masks are found to be important; the disease transmission
risks are significantly higher without masks, even if the room is
well ventilated. For a short exposure time (1 h), wearing a cloth or
a surgical mask can effectively lower the disease infection risks to
about 3% with low quanta emission rates from the source

frontiersin.org
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(Figure 3A), compared to some 10% without masks under similar
conditions (Figure 4A). This suggests that it might be safer to
operate venues such as offices, study rooms, and library,
providing that mask-wearing is enforced, and the indoor
space is well ventilation. Such protective effects decrease
under higher source emission rates (Figures 3B-D), when the
index patients are speaking loudly or singing, suggesting that
wearing cloth or surgical masks are insufficient in high-risk
public venues such as classrooms, lecture halls or theatres.
Venues can be classified in terms of risk, which can be
observed by the consistent increase in infection risks from quiet
(a) to speaking (b), to speaking loudly (c) and to singing (d)
represented in Figures 2-14. This suggest that appropriate high
ventilation rates might be recommended for high-risk, speaking
loudly and singing, such as classrooms and theatres. However,
for low risk, quiet and speaking softly venues, such as offices
and libraries, higher ventilation rates may not be required. So,
the recent 6ac/h WHO guideline (2020) intended for all types of
venues may not be appropriate, as ventilation conditions are
likely to depend on the levels of activities associated with each

venue.
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The findings suggest that home-made cloth masks as previously
advocated by the CDC guideline (2021) may not be sufficient in
suppressing the more infections viral variants. The cloth masks
become relatively less effective in reducing transmission of Delta
(Figure 7) and Omicron (Figure 11), whereas disease infectious risk
can exceed 10% during short exposure times in a poorly ventilated
room (ventilation rate 2 ACH). Better protective effects can be found
for surgical and N95 masks, in which disease infectious risks are
about 5% and below 1% respectively under the above conditions
(Figures 8, 9, 12, 13).

The more infectious variant, such as Omicron (Figure 10tol3),
constitutes higher transmission risks than the Delta (Figures 5-9),
and higher still then the original variant (Figures 2-5). This is
induced by the higher quanta emission rate of the index patients
infected with the Delta and Omicron variant. An N95 respirator is
by far the most effective mask, especially for Omicron, and is able
to reduce infection risks to generally below 3% within an 8-hour
period, and below 10% under a high source emission rate of 920 q/
hr and 2 ACH (Figure 13). This finding would justify the
recommendation that wearing an N95 mask is necessary for
more infectious variants, provided that compliance is acceptable
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Disease infection risks for the Omicron variant without face masks, assuming the exhale quanta emission rate of 24 (A), 94 (B), 201 (C), and
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Disease infection risks for the Omicron variant, assuming the receiver and index patient are both wearing a cloth face mask (40% and 50%
Inward and Outward Filtration Efficiencies): Assuming the exhale quanta emission rate of 24 (A), 94 (B), 201 (C), and 920 (D) quanta/hour for the
Source.
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Disease infection risks for the Omicron variant, assuming the receiver and index patient are both wearing surgical face mask (55% and 75%
Inward and Outward Filtration Efficiencies): Assuming the exhale quanta emission rate of 24 (A), 94 (B), 201 (C), and 920 (D) quanta/hour for the
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FIGURE 13

Disease infection risks for the Omicron variant, assuming the receiver and index patient are both wearing an N95 respirator face mask (99%
Inward and Outward Filtration Efficiencies): Assuming the exhale quanta emission rate of 24 (A), 94 (B), 201 (C), and 920 (D) quanta/hour for the
Source.
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to the public. Also, the results suggest that venues could be
classified in terms of risk and appropriate high ventilation rates
recommended for high risk activities.

Increasing fresh air ventilation rates from 2ac/h to 6ac/h can
have a considerable impact in reducing transmission risk in a well-
mixed space, which can be more effective in reducing risks than
going further from 6 ac/h to 12ac/h. This can be observed in Figures
2A-13A, in which the magnitude of risk reduction from the red line
(2 ACH) to the orange line (6 ACH) is greater than those from the
orange (6 ACH) to yellow (12 ACH). So, the recent 6ac/h guideline
from WHO (2020) may not be necessary for all types of venue,
especially for those of lower risks and short exposure time.

Portable air cleaners, according to modelled results, offer
significant protection against disease infection. Computed disease
infection risk for the Omicron variant for a room with a single air
cleaner (Figure 14), is significantly lower than for a room without
(Figure 10). For the small room used in this example, its protective
effect is comparable to those of wearing a surgical mask for both the
source and the receiver (Figure 12), although its effectiveness may be
reduced when the cleaner is located further away from the source, as
has been suggested by existing studies (He et al., 2021).

A web-based calculator has been developed and hosted at the
following web address accessible to the public https://www.arch.
hku.hk/research_project/covid-19-infection-risk-calculator. The
graphical user interface of the calculator is shown in Figure 15
below. It was developed using the HTML programming
language. The input parameters include the room volume
(m?), the air change rate (ACH), the exposure time (min), the
level of physical activity (i.e., quiet, speaking, speaking loudly,
and singing), mask-wearing practice (no mask, cloth, surgical,
and N95 mask), the use of a portable air cleaner, and the viral
variant in circulation, currently including the Omicron (B.1.1.
529), the Delta (B.1.617.2), and the original variant (B.1.617). The
output is the disease infection risk for a susceptible person (%).

Conclusion

This paper describes the analysis of airborne infection risk
between a source and receiver for a typical room with varying
exposure times and mask-wearing assumptions. The results show
that the Omicron variant has a much higher transmission risk
than the Delta variant, which has a higher transmission risk than
the original variant. Exposure times are critical in determining
transmission risk with an exposure time over 2-3 h resulting in a
rapid increase in risk. Masks are found to be important and can
reduce infection risk especially over shorter exposure times and
for lower source emission quantum. N95 respirators are by far
the most effective, especially for Omicron, and the results
indicate that N95 respirators are necessary for the more
infectious variants. Increasing fresh air ventilation rates from
2ac/h to 6ac/h can have a considerable impact in reducing
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transmission risk in a well-mixed space. Going from 6 ac/h to
12ac/h is less effective especially at lower exposure times.

Venues may be classified in terms of risk, and appropriate
high ventilation rates might be recommended for high-risk,
speaking loudly and singing, such as classrooms and theatres.
However, for low risk situations, quiet and speaking softly
venues, such as offices and libraries, higher ventilation rates
may not be required. So, the recent 6ac/h guideline from
WHO (2020) may not be appropriate for all types of venue.

The study contributes to research literature in estimating
indoor transmission risks of COVID-19. It is the first to include a
wide range of indoor and occupant attributes in risk calculation,
including various room air ventilation rates, source quanta
emission rates, length of exposure, levels of activities, the
types of masks worn by the index and susceptible person(s),
and the use of portable air cleaners. The development of a novel
web-based calculator can serve as a useful tool for use in
estimating infection risk for the public.

The study is limited in several aspects. The removal of viral
aerosol by deposition has not been accounted for, nor has the
degree of mask fitness; the potential drop of infiltration
coefficient due to incorrect facial seal is not factored in this
study. Ventilation efficiency, a measure of the mixing behavior of
air and the distribution of viral aerosols within the room, will
have an effect in determining how much fresh air is delivered to
the breathing zone, either mechanically or through natural
infiltration; this has not been considered at this stage. For the
reasons above, the study provides an approximation of risk and
should be used with caution. The next step is to continuously
the  web-based
research evidence, such as the quanta emission rates of new

update calculator, to include new

viral variants.
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