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ARTICLE INFO ABSTRACT
Editor: Pavlos Kassomenos The Wells-Riley model is extensively used for retrospective and prospective modelling of the risk of airborne
transmission of infection in indoor spaces. It is also used when examining the efficacy of various removal and

Keywords: deactivation methods for airborne infectious aerosols in the indoor environment, which is crucial when selecting
Infection risk the most effective infection control technologies. The problem is that the large variation in viral load between

Airborne transmission
Wells-Riley model
Respiratory virus

individuals makes the Wells-Riley model output very sensitive to the input parameters and may yield a flawed
prediction of risk. The absolute infection risk estimated with this model can range from nearly 0 % to 100 %
depending on the viral load, even when all other factors, such as removal mechanisms and room geometry,
remain unchanged. We therefore propose a novel method that removes this sensitivity to viral load. We define a
quanta-independent maximum absolute before-after difference in infection risk that is independent of quanta
factors like viral load, physical activity, or the dose-response relationships. The input data needed for a non-
steady-state calculation are just the removal rates, room volume, and occupancy duration. Under steady-state
conditions the approach provides an elegant solution that is only dependent on removal mechanisms before
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and after applying infection control measures. We applied this method to compare the impact of relative hu-
midity, ventilation rate and its effectiveness, filtering efficiency, and the use of ultraviolet germicidal irradiation
on the infection risk. The results demonstrate that the method provides a comprehensive understanding of the
impact of infection control strategies on the risk of airborne infection, enabling rational decisions to be made
regarding the most effective strategies in a specific context. The proposed method thus provides a practical tool
for mitigation of airborne infection risk.

Nomenclature

Cc CO, concentration in the space [ppm]

¢ the quanta-response relationship [%a]

oy viral load in the respiratory tract [EMA]

Co CO,, concentration in the outdoor air [ppm]

AP g5, maximum absolute infection risk difference [%)]

Gp CO, generation per person [m]

IR inhalation rate ["‘73]

Adec biological decay rate [1]

Adep gravitational deposition rate [}]

Avent ventilation rate [}]

S n sum of total removal rates [}]

N inhaled dose of fictious quantas [quanta]

n(t) quanta concentration at time t [445]

mp, number of persons in the space [-]

S quanta emission source rate [£4%]

Sco, CO, emission rate [ppm|

t exposure time [h]

1% room volume [m3]

Vexh the total volume of respiratory fluid exhaled per unit of
time, [2 ]

1. Introduction
1.1. Airborne infection control strategies in the built environment

The main lesson from the COVID-19 pandemic is that the very real
risk of even more lethal and infective respiratory viruses that may occur
in the future makes it imperative to develop protocols for the reduction
of cross-infection in indoor environments (Morens et al., 2023; Hodson,
2022). Effective infection control and prevention strategies must be
developed. Additionally, because the primary route for cross-infection
has been found to be airborne transmission (Tan et al., 2023; Rayegan
et al., 2023), the focus should be on the solutions and technologies that
specifically reduce airborne transmission. Airborne transmission is un-
derstood as the transmission of diseases caused by the direct inhalation
of virus-carrying respiratory droplets and/or aerosols which can vary in
size, small aerosols remaining suspended in the air for extended periods
(Wang et al., 2021). Depending on the airflow field, such aerosols can
potentially travel distances longer than 1 to 2 m away from the infected
individual(s) (Xie et al., 2007; Bourouiba et al., 2014). Combined with a
relatively slow virus inactivation rate (Dabisch et al.,, 2021), the
airborne route of transmission of infectious aerosols can therefore create
a significant health risk throughout an entire indoor volume.

Even before airborne transmission was acknowledged by the World
Health Organization (WHO) as the major mode of SARS-COV-2 spread
(Lewis, 2022), we had seen a re-emergence of airflow supply and dis-
tribution methods as the preferred engineering means for controlling
airborne infection. Supplying clean outdoor air, highly efficient

filtration of recirculated air and installing portable air cleaners have all
been considered as effective methods for reducing cross-infection
because they remove or dilute virus-laden aerosols and droplets. Deac-
tivation methods for aerosolized viruses have also been considered.
They comprise adjusting air temperature and relative humidity (RH)
(Dabisch et al., 2021) and using ultraviolet (UV) light (Biasin et al.,
2021). As a result of new research (Luo et al., 2023), lowering the pH
value of the air is now additionally being considered for virus
deactivation.

Numerical studies using validated computational fluid dynamic
(CFD) simulations have demonstrated that higher ventilation rates
dilute infectious aerosols and reduce the risk of cross-infection (Mota-
medi et al., 2022; Mariam et al., 2021). WHO recommends ventilation
rates corresponding to at least 10 L/s per person in buildings (WHO,
2021). In May 2023, the US Center for Disease Control and Prevention
(CDC) announced recommendations regarding ventilation rate aimed at
reducing indoor transmission of the SARS-CoV-2 virus and set the rate at
5 air changes per hour (h-1) (Furlow, 2023). They were subsequently
followed by the American Society of Heating, Refrigerating and Air-
Conditioning Engineers (ASHRAE) who published Standard 241 in
which equivalent outdoor air supply rates for infection control are
prescribed for different types of spaces, to ensure a low risk of cross-
infection (ASHRAE Standard 241, 2023). In addition to that, other
guidelines for post-COVID target ventilation rates have been issued by
the Federation of European Heating, Ventilation and Air Conditioning
Associations (REHVA) (Nordic Ventilation Group, 2022) and the Lancet
COVID-19 Commission (The Lancet COVID-19 Commission Task Force
on Safe Work, Safe School, and Safe Travel, 2023). The effective use of
ventilation requires not only the definition of airflow rates but also of
proper air distribution that ensures high ventilation efficiency (Izadyar
and Miller, 2022); this issue is among others addressed by Standard 241
(ASHRAE Standard 241, 2023). This standard and other documents
provide additional recommendations on the use of air purifiers, ultra-
violet light and/or the filtration of recirculated air to achieve reduced
cross-infection (WHO, 2021; ASHRAE Standard 241, 2023; The Lancet
COVID-19 Commission Task Force on Safe Work, Safe School, and Safe
Travel, 2023).

The effective use of the control strategies mentioned must be shown
to reduce the risk of cross-infection. To achieve this goal, a model is
needed for risk estimation and evaluation, so that they can be compared
in terms of how well they achieve this goal. The most frequently used
model for this purpose is the Wells-Riley model (Sze To GN and Chao,
2010). The model is used to estimate the absolute risk of cross-infection
when knowing in principle how much virus is emitted and what removal
methods are being applied, including engineering control methods.
Unfortunately, the Wells-Riley model is very sensitive to input param-
eters, particularly the viral load. Considering the large variation in the
virus emitted by infected individuals even when they are engaged in the
same physical and vocal activity, and the variability of the viral load that
will lead to cross-infection, the model provides a very unreliable esti-
mate of the absolute infection risk (P) because the same removal
mechanism can provide different risk reduction in two identical building
typologies. This drawback greatly reduces the ability of the model to
identify the most effective solutions for reducing the risk of cross-
infection. The variation in viral load can be substantial, potentially
differing by several orders of magnitude. According to some studies, the
calculated absolute infection risk using the Wells-Riley model can range
from nearly 0 % to 100 % even when other factors such as removal
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mechanisms and room geometry remain constant (Aganovic et al.,
2021). As a result, estimates of the risk of cross-infection that use
different assumptions regarding input variables, especially viral load,
will lead to very different estimates of the absolute infection risk (Jones
et al., n.d.), making it difficult to reliably compare the effectiveness of
different engineering solutions.

In view of the above limitations of the Wells-Riley model, the pri-
mary purpose of the present work was to amend it by developing a
method that would allow the model estimates to remain independent of
assumptions regarding viral load. This amendment would enable the
users of the model to avoid drawing flawed conclusions. To achieve this
objective, a method is proposed in which the relative impact of different
inactivation and infection control mechanisms over the entire range of
source emission rates (viral loads) is calculated.

1.2. Theoretical (modelling) background

Almost all web-based tools for predicting airborne transmission risk
in indoor environments during the COVID-19 pandemic used the Wells-
Riley model (de Oliveira et al., 2021; Mikszewski et al., 2021a; Aganovic
et al., 2023; Harmon and Lau, 2022; Chatoutsidou and Lazaridis, 2019;
Peng et al., 2022) as a basis for calculations. The Wells-Riley model is
based on a simple exponential dose-response model in the following
form:

P=1-¢™%) @

where N is the inhaled dose of fictitious quantas of virus, where one
quanta (N = 1) corresponds to the number of TCIDsy (50 % Tissue
Culture Infectious Dose) doses which cause infection among P =1 —
e ! = 63.2 % of susceptible individuals.

The airborne transmission of respiratory viruses in the form of
aerosols over long distances makes it possible to represent the dynamics
of quanta concentration using mass balance equations. Two main as-
sumptions allow the calculation of the concentration of quanta in an
indoor space using the mass balance equation: i) immediate dilution of
the expelled virus from the source (the infected person); and ii) the
uniform spatial distribution of virus-carrying aerosols. The time-
dependent quanta concentration n(t) in the air can then be determined
by solving a non-steady-state first-order mass balance equation:

dn(r)

VGTZS—VOVZ([)OZA:> n(t)
— Aot S - Aet
=nyee > +V072/1.(176 > ) (2)

given that the quanta removal mechanisms } 2 [}] and the quanta
emission source rate S [#9"] are known. Furthermore, given the sus-
ceptible person’s inhalation rate IR (m>/h), the total number of quanta

inhaled n in an exposure time t is (np = 0) (Jones et al., 2021):

N:IRo/tn(z)dt:IRoV Szﬂ.<z+e§:_l> 3)
0 L]

The final form of the mass-balance equation coupled with the
exponential dose-response model, also known as the Wells-Riley equa-
tion, has the following form:

—So—L& o </+“Zm‘>
ey S %) @

As we can see from Eq. (2) the airborne virus concentration within a
space is dependent on the quanta emission rate S defined as:

P=1—¢

S=cyocioVey ()

¢; — the quanta-response relationship is defined as the ratio between
one infectious quantum and the infectious dose expressed in viral copies,
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i.e., the number of viral RNA copies required to infect at least 63.21 % of
susceptible persons, [%ad]

The variation in the viral load presented as a probability density
function based on a log-normal distribution is shown in Fig. 1 for
different viruses).

The variability in the emission rate of virus depending on physical
and vocal activity cannot be precisely estimated as it depends to a large
extent on an individual and on his/her disease status. Because of this
high variability, the calculated infection risk will have high output
variation. This variation is shown in Fig. 2 for a simple case of a standing
and speaking infected individual in a 150 m® room after 2 h of exposure.
The figure shows that even though the total volume of respiratory fluid
exhaled Vexh was assumed to be constant, which is unrealistic, the
calculated risk ranged from 0 to 100 % in the case of SARS-CoV-2 and
Adenovirus.

The quanta-response relationship c; differs for various virus strains.
During the COVID-19 pandemic, due to the lack of data for SARS-CoV-2,
many of the papers based the quanta-viral copies relationship on the
dose-response model for SARS-CoV-ldeveloped by Watanabe et al.
(Watanabe et al., 2010). Even though more data became available as the
pandemic progressed (Aganovic and Kadric, 2023), the exact dose-
response relationship for SARS-CoV-2 is still regarded as unknown.

These dose-response relationships are difficult to derive not only
because of a lack of human challenge data but also because they vary
between different virus variants. This means that the dose-response
relationship, or more specifically the quanta-RNA copies relationship
for the original SARS-CoV-2 Wuhan strain, is not the same as for the
other variants of the SARS-CoV-2 virus. It follows that the infection risk
will differ for other types of respiratory viruses. Consequently, a high
infection risk due to exposure to a high spatial concentration of RNA
copies of one virus strain does not necessarily translate to a high infec-
tion risk for another virus variant or type.

Taking the above into account, the present work proposes the use of
the Wells-Riley equation for estimating the risk of cross-infection and
thereby comparing infection control strategies independently of the
quanta estimation rate parameters, namely c,, ¢; and V. The approach
compares how various removal methods relatively affect the absolute
infection risk for constant source and room geometry conditions. This is
done by comparing the absolute infection risks using Eq. (1) when
increasing or decreasing the removal mechanism, while accounting for
the diverse range of quanta estimation rates as shown in Fig. 3. This
method makes it possible to compare different ventilation rates or virus
inactivation methods, such as altering the room’s relative humidity, or
the influence of UV lighting for the same boundary conditions.

In simpler terms, the aim is to determine the maximum value of the

—Adenovirus
Influenza
Measles

—Rhinovirus

—SARS-CoV-2

Probability density function (-)

Log,oC, (RNA/mL)

Fig. 1. The probability density function for an assumed log-normal distribution
of the viral load ¢, (RNA/MI) (extracted from Iddon et al. (Iddon et al., 2022))
for certain airborne respiratory viruses (extracted from Iddon et al. (Iddon
et al., 2022)).
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Fig. 2. Infection risk P (%) distributions for standing and speaking infected individuals in a 150 m® room after 2 h of exposure. Boxes span the interquartile ranges,
while whiskers depict the 1st-99th percentile outliers and the 50th percentile denoted by the vertical line in each box. The infection risk variations are due only to

variations in the viral load c,, as Ve and ¢; were kept constant.
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Fig. 3. The change in the infection risk distribution P(%) as a function of viral load ¢, when changing the total removal mechanism) A,. Increasing ) A, is depicted

by blue arrow lines, while decreasing »_ A, is shown by red arrow lines.

absolute difference function APy e = 100% e PZ o PZ i for the

quanta estimation rate range Spin < S < Smax-
2. Methods

The time-dependent quanta concentration n(t) can be solved using
the non-steady-state mass balance Eq. (2) in a room of volume V and at a
certain time interval t. The quanta removal mechanism from Eq. (2) can
be simplified as follows:

D 4= v+ Adep + e ©)

For a given quanta emission rate S, the absolute infection risk dif-
ference when changing the removal mechanism rate from Y1, to Y 4,
is then given by:

—Se—& ( "Z/Iz.’l) _Se— IR ( "Z/‘Iﬂl)
APy, =P —Py=e V'le le —e V'Zl‘ Z“
@]

When planning the use of engineering control measures for airborne
transmission risk, it is important to define the applicable range of the
source rates considered. This range can be determined by calculating the
local extremes of the source function, Eq. (5), defining quanta emission
rate or viral load. We thus need to define the maximum of the AP g max @S
a function of the quanta emission rate S. To do so, the function APy, , Eq.
(7), can be defined as follows:

APab.x. :fl(S) — e—aoS _e—b-S’

where the source rate range is defined as follows:
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Smin < S < Spmax and > 0&b > 0&a < b.
The local maximum can be found by solving for the following de-
rivative:

f,(S)= —aeec ™ +beec ™ =0

This yields a solution that f;(S) will reach its extreme value for

)

Sextreme = D-a-

The local minimum can be then defined for the lower value of
f1(Smin) O f1(Smax)-

If min(APgps. (Smin) , APaps. (Smax) )—>0%then the absolute change in
cross-infection risk will have the following range (as illustrated in

Fig. 4):
in (5)

b—a

0% < AP (S) < AP s

(8)

In other words, the maximum absolute difference between two sce-
narios with different removal mechanisms will occur for:

)

AP max = APaps, )
b—a
where for the non-steady-state solutions:
IR e 2 |
= 10
¢ V-Zh'(” Sh ) a0
IR e M
b= 11
V.ZM'(’+ Sk ) (1)
and for the steady-state solutions:
IRet
— 12
“TVe Sk 12)
IRet
— _ 1
Ve i as)

Inserting a and b into AP, = €795 — e*S results in a solution which
has the following form for the steady-state condition:

A Z‘z
AP = € 2272221 — ¢ 2.0h 14)

If APgpsmax > O then there is a relative decrease in infection risk after

— X2, X4 =154CH —— Y2, %2, =55ACH YA, %2 =115 ACH

60 ; - —_

b
o N In{Z
< \ _—| AP, = AP, T
3\/ \ P abs.max abs. b—a
% N—"
£ —
oS 40 \
3 \
[ \
ol \
0 B -
0 2000 4000 6000 8000 10000
quanta
S )

h

Fig. 4. An example of how to determine the maximum absolute difference for
the exponential (Wells-Riley) infection risk probability.
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applying infection risk measures.
The Sextreme for steady-state conditions can be back-calculated as

4‘21"::—2
Sexrene = — zn<1 —e‘ﬁ> Vel 1s)
or
/‘.lln%
Sextreme = — In <1 - eﬁ) Vel (16)
b
Eq. (9) should be used with caution because Seureme = ’ZQ may be

outside the range for quanta estimation outliers for a given virus

(Mikszewski et al., 2021b). In the present method, the range will be

defined by the 99th percentile of the range for the quanta estimation

rates based on a normal distribution of the viral load c, as provided by

Mikszewski et al. (Mikszewski et al., 2021b) and as shown in Table 1. So,
Smin = 0%(no infected persons present) and Spa = Sogo.

If the Sextreme = % lies outside the range defined by the the 99th
percentile (Sgg9,) then the absolute difference can be defined as follows:

In(®
If bE‘;) > Sog99 then APgpsmax = APaps. (So9% )-

The main reason we chose the absolute difference 100% e

DI
PZ N

Py, —

PZ i rather than the relative difference 100% e is that the

absolute difference is specific only for one quanta value while the
relative is not. Decreasing the infection risk from 50 % to 10 % and from
0.05 % to 0.01 % for different source input values will result in the same
relative decrease of 80 %, but the absolute difference will differ sub-
stantially, by 40 % and 0.04 % respectively. In other words, the absolute
comparison is a better representation of reducing the maximum poten-
tial airborne infection threat than the relative comparison.

In the proposed methodology, the gravitational deposition rate was
approximated at Agp = 0.24 h~! (Chatoutsidou and Lazaridis, 2019)
while the biological decay (h™Y was assumed to depend on the virus
type and variant and indoor environmental conditions including relative
humidity and temperature. Assuming that relative humidity has a
negligible effect on the size change and thus on the deposition rate of
aerosols in the range of 20 % to 70 % (Aganovic et al., 2022a), then any
relative changes in quanta concentrations for a given quanta/viral load
source will depend only on changes in ventilation rate Ay, and/or the
biological decay rate, 4., ventilation being an engineering infection
control measure. Removal by ventilation can be based on recent rec-
ommendations (WHO, 2021; Furlow, 2023; ASHRAE Standard 241,
2023; Nordic Ventilation Group, 2022; The Lancet COVID-19 Commis-
sion Task Force on Safe Work, Safe School, and Safe Travel, 2023). It can
also be proxied by the CO, mass balance model but the same boundary
and time-step conditions as used for the quanta mass balance model
must be used. The concentration of CO5 above background level (AC =
C — Cp) and virus concentration in air n(t) can be solved using the non-
steady-state mass balance equation taking the same room volume V (as

Table 1

It
The 50th (Ssow), and 99th (Segy,) percentile of quanta emission rates S [quan a]

as a function of the expiratory activity and activity level, presented in the table
as Sso [Sogu]-

Virus Resting, oral Standing, Light activity, speaking
breathing Speaking loudly

Adenovirus 0.78 [126] 3.9 [629.79] 66.0 [1.07010%]

Influenza 0.035 [3.15] 0.17 [15.69] 3.0 [265.74]

Measles 3.1 [1.64¢10%] 15 [8.17¢10%] 260 [1.38010°]

Rhinovirus 0.21 [17.70] 1.0 [88.17] 18 [1493.56]

SARS-CoV- 0.55 [339.42] 2.7 [1690] 46 [2.86010%]

2
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for the quanta mass balance) and identical time. Then the ventilation
removal mechanism can be defined as Ayenr = Avent—co, = VV where V is
the virus-free supply airflow rate to the room (m®/h) needed to reach the
desired CO; level (corresponding to the effect obtained by ventilation
with outdoor air) using the non-steady-state mass balance equation as
follows:

. dAC(1)
dt

14

= Sco, — Ve AC(t) @ > jco, => AC(1)

- Sco _
= AC Z/l\m—cuzor +72 (1 _ Z/lw,,,,mz.x>
0oee Ve Z /1(:02 o e

a7

Where AC = C — Cy is the difference between the CO5 concentration in
the space C (ppm) and Cj is the background concentration. Further, the
CO> source rate Sco, in Eq. (2) can be calculated as:

SCO: = np L] Gp (18)

The only parameter is the age- and activity-level-specific G, and this
can be calculated according to Battermann as a function of metabolic
rate (activity level) and skin area (Batterman, 2017); these equations are
omitted in the present paper and can be found in Battermann et al.
(Batterman, 2017). In the case when the room was initially unoccupied,
i.e,, np = 0 and AC, = 0, Eq. (2) becomes:

Sy

n(t) = ° (1 _ e—(mHoz +/1.1u,,+/1m)-r ) (19)
( ) Ve (/lvem—C()z + ldep + jvdef)

3. Results

An application of the proposed methodology will now be described.
It is assumed that by using infection control measures the total removal
rate increases from > 4; = 2.0 h~'to > i =40 h7%; for simplification
it is assumed that the total removal rate is the same for all viruses in the
room volume of V = 150 m®. The infection risk and the absolute dif-
ference in the infection risk is calculated for the 1st, 5th, 50th, 95th, and
99.9th percentile of quanta emission rates for steady-state conditions in
the case of the following respiratory viruses: (i) Adenovirus; (ii) Influ-
enza; (iii) Measles; (iv) Rhinovirus; and (v) SARS-CoV-2. The quanta
emission rate for each virus at different confidence intervals is derived
from Mikszewski et al. (Mikszewski et al., 2021b) and Aganovic et al.
(Aganovic et al., 2023). By using the difference between the absolute
valuesAPg,; = P; — P, calculated by using Eq. (4) and the APgsmax
calculated for steady state using Eq. (9), the difference in infection risks
before (at a removal rate of 2 h’l) and after (at a removal rate of 4 h
taking the infection control measure are calculated and shown in
Table 2:

In the example presented in Table 2 we show that by deriving the
absolute infection risk difference 0 < APg;s < 25.0% using Eq. (9) we
narrow down the range of possibilities for reducing infection risk when
considering different inactivation mechanisms. In other words, the

Table 2
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maximum absolute probability decrease that can be achieved by
increasing the removal rate from 2.0 to 4.0 ACH is 25.0 % for a quanta
rate of 415.8 %"w.; the removal rate can also be the deactivation rate
corresponding to the effects defined by the removal rate range.

Table 2 shows that absolute difference varies for different virus types
and quanta percentile values. It shows that even for the wide range of
quanta rate conditions, the maximum absolute infection risk will be the
same for all viruses, as defined by APy max,and will not be higher than
the maximum (in Table 2 the maximum difference in the risk infection
was 24.9 % for different quanta which is lower than the maximum ab-
solute risk difference). The proposed absolute infection risk difference
thus allows accurate estimation of the range of the effect on the infection
risk when comparing two removal mechanisms. The approach illus-
trated in Table 2 is independent of the person’s activity, viral load, or
even virus strain.

The application of the methodology can also be demonstrated by
comparing different infection control measures in a hypothetical class-
room. These measures include: (i) relative humidity; (ii) ventilation rate;
(iii) ventilation effectiveness; (iv) filtration efficiency of recirculated air
(100 % recirculation); and (v) upper room ultraviolet germicidal irra-
diation (UVGI). The same room is considered as in the previous scenario
(V = 150 m3) but different inactivation rates A4, are considered for the
various viruses based on the data derived from experimental studies
(Aganovic et al., 2022b). The five measures listed (3 12) are compared
to the reference scenario (> A1) using APgps max, i-€., Eq. (9) for steady
state conditions. The reference scenario is RH = 50-55 % for all
considered viruses except for Measles (RH = 68-70 %), a ventilation rate
of 0.5 h' except for the relative humidity and UVGI when the ventilation
rate is set to keep the CO5 concentration < 1000 ppm (Ayens = 2.87 h’l),
ventilation effectiveness &, = 1 with no recirculation and no UVGI. In
the case of recirculation, a MERV 5 filter is assumed in the reference
scenario. The APy ey for the five measures are shown in Table 3.

The absolute APgpsmex Shows the opportunities and limits when
implementing the specific infection control measure. It depends on the
virus types and they have different inactivation rates.

In the case of RH, humidification may decrease the cross-infection
risk by up to 8.3 % for influenza and up to 5.4 % for SARS-CoV-2,
while increase the absolute difference risk for up to 66.32 % for rhino-
virus and almost 11 % for adenovirus, which is similar to what has been
observed before (Aganovic et al., 2021; Aganovic et al., 2022a). The
effect on immunological response of changing RH is not considered here.

Ventilation decreases the risk regardless of the virus type. The rela-
tive impact depends on the inactivation rate of the virus considered: the
highest impact can be observed for SARS-CoV-2 (14, = 0.48 h™1) and the
lowest for Rhinovirus (Ag. = 23.96 h™Y). It is interesting to note that
although the differences between the assumed inactivation rates for
SARS-CoV-2 and Influenza are almost negligible (A4, = 0.485 h™1), the

In(®
calculated value bs‘;) > Sggy, for Influenza so APy (Sog9,) Was used rather

b
than APy, (IZEH) ), resulting in lower maximum absolute differences for

The absolute difference in infection risk APgs = P; — Py (S) by changing the removal rate from 2 h'to4h L Sis the quanta emission rate (quanta/h)

Virus APy = Py — P2 (S) AP upsmax (Smax)
(Eq. (4)) (Eq. (9))
0.1% 5% 50 % 95 % 99.9 %
Adenovirus <0.0 % -0.3% -9.3% -1.8% <0.0 % -25.0%
(8.001072) 1.8) (66.0) (2400.0) (5.7010%) (415.8)
Influenza <0.0 % <0.0 % —0.5% —~10.0% -12.3%
(8.201073) 0.1) (3.0) (72.0) (1164.5)
Measles <0.0 % -0.1% -22.8% <0.0 % <0.0 %
(3.00107%) (0.6) (260.0) (1.110%) (5.70107)
Rhinovirus <0.0 % —0.1% —2.9% —24.9 % <0.0 %
(0.0) (0.8) (18.0) (420.0) (6.4010%)
SARS-CoV-2 <0.0 % <0.0 % —0.4% —21.4% <0.0 %
(9.101073) (2.001072) (2.4) (222.2) (1.2010%
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Influenza.

Increasing and decreasing ventilation effectiveness is shown to have
effects similar to those of ventilation rate but results in different
magnitude of the effects for different viruses. Improving ventilation
effectiveness is shown to reduce the risk while decreasing ventilation
effectiveness is predicted to considerably increase the infection risk for
SARS-COV-2, Influenza, and Adenovirus.

We also calculated AP g mqc When implementing increasing ventila-
tion rate, ventilation efficiency, filtration, and UVGI irradiation at the
same time. Table 3 shows that the absolute effects are not additive.
Adding one more strategy will decrease the absolute risk APgpsma but
the combined effect of different measures was lower than the sum A
P s max Of the reductions obtained by taking each measure individually.

4. Discussion

Throughout the last pandemic, the risk of infection was estimated
mainly using the Wells-Riley model for airborne infection. For instance,
Kurnitski et al. (Kurnitski et al., 2023) proposed a ventilation design
method based on quanta emission rate at median viral load, allowing the
calculated target ventilation rate to be a function of the number of oc-
cupants, room volume, and ventilation effectiveness. However, this
approach, which combines a mass balance equation with the concept of
quanta in the Wells-Riley model, depends on the assumptions regarding
quanta emission rate which is highly influenced by an infected person’s
viral load and physical activity, which may vary by several orders of
magnitude. This variation can be the source of bias and serious error.
Consequently, the variability in viral loads among individuals and across
different respiratory viruses, coupled with the variability between in-
dividuals in terms of their physical activities, introduces a significant
fragility to the Wells-Riley model. The resulting infection risk output is
highly sensitive to the input conditions, which can result in a broad
range of calculated risks even when other environmental parameters
remain unchanged. Application of the Wells-Riley model can easily bias
estimation of effectiveness when comparing different control measures
effectiveness at a fixed quanta emission rate.

While our method builds upon prior research in quanta-independent
infection risk modelling, including the work of Jones et al. (Jones et al.,
2021) and Peng and Jimenez (Peng and Jimenez, 2021), we propose an
alternative approach to address a specific limitation of the Wells-Riley
model. Previous research has indeed considered relative infection risk
assessment (percentage change) independent of quanta estimation rates
under steady-state assumptions and assuming that the infection risk
equals the quanta concentration, as highlighted by Jones et al. (Jones
et al., n.d.) and Iddon et al. (Iddon et al., 2022). The novelty of our
approach is that we do not rely on these assumptions. Instead, we
introduce the concept of absolute difference risk (percentage-point
changes), which is valid for both steady-state and non-steady-state so-
lutions, and assume the infection risk can be calculated using the
exponential Wells-Riley model.

The proposed method is summarized in Fig. 5; it is independent of
variables such as viral load, droplet emission rate, and physical activity.

In the proposed method, a reference scenario of the worst possible
removal rate, i.e., low ventilation rate and effectiveness, no other
removal mechanisms, can be established for the rooms in question. By
applying infection risk control measures for the reference scenario, it is
easy to calculate how much the infection risk can be reduced and to
select the most effective measures. Input data needed for this calculation
are just the removal rates, room volume, and occupancy duration.
Furthermore, the steady-state condition results in a more elegant solu-
tion, dependent only on removal mechanisms before (3 4;) and after
(3" 42) applying the infection control measures:

Z*z N
ZLII”W Z'/ZMZMAZ
APupsmax = € Z)AYZ)A] —¢
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Table 3

APgpsmax calculated using Eq. (9) for various engineering infection control
strategies for five different airborne viruses at the steady state conditions. (+) =
relative increase in infection risk & (—) = relative decrease in infection risk.

Apabs max
(Eq. (9))
SARS- Influenza  Rhinovirus  Measles Adenovirus
CoV-2
Relative humidity (RH) [34]"
Increasing RH 50  N/A —-8.3% N/A N/A N/A
% — 65 %
Increasing RH 50 -5.4% N/A N/A N/A N/A
% — 70 %
Increasing RH 50  N/A N/A + 66.3 % N/A +10.9 %
% — 80 %
Decreasing RH N/A N/A ~0.0 % N/A N/A
50 % — 30 %
Decreasing RH -1.2% +3.6% N/A N/A +0.9 %
50 % — 20 %
Ventilation (outdoor air)”
Increasing 0.5 —28.7 —28.7 % —22% —6.0 % -17.2%
h'-20h' %
Increasing 2.0 -32.1 —24.6 % —5.2% -12.3 —25.1 %
h?'-60h' % %
Increasing 0.5 —56.0 —53.4 % —-7.4% -18.2 —40.7 %
h'-60h"' % %
Ventilation effectiveness®
Decreasing ¢, = +25.9 +259% +2.0% +56% +156%
1.0 - 0.3 %
(2.0h™H
Decreasing &, = +34.4 +27.2% +55% +13.1 + 26.8 %
1.0 - 0.3 % %
(6.0h™h
Increasing &, = -12.5 -12.3 % —-0.7 % -21% —6.7 %
1.0 - 2.0 %
(0.5h™h
Increasing ¢, = -19.8 —16.5% —2.7% —-6.7 % —-14.8 %
1.0 - 2.0 %
(2.0h™h
Filtration efficiency (100 % recirculation)™?
MERV5— MERV ~ -21.0 —20.8 % -1.4% -39% -11.9%
10 %
MERV 10 — —15.6 —14.4 % —-1.6% —4.2% —-10.6 %
MERV 13 %
MERV 5 - HEPA  -37.9 —37.6 % -3.3% -9.0% -24.1%
%
MERV 10 — —18.2 —-16.8 % -2.0% —51% —-12.6 %
HEPA %
MERV 13 — -28% —-23% —0.3% —0.9 % —-2.0%
HEPA
Upper room UVGI (Aganovic et al., 2023; McDevitt et al., 2010)*>¢
None — Low -6.3% —49% —0.9 % —-22% —4.8%
None — Medium -11.7 —-8.8% -1.8% —4.3% —9.0 %
%
None — High —20.4 -14.4 % —-3.5% —-82% -16.2 %
%
Combined measures
Increasing 0.5 —46.2 —45.2 % —4.87 % —-12.65 —-31.4%
h*'-20ht' % %
+ Increasing ¢,
=1.0- 2.0
Increasing 2.0 -51.7 —-34.7 % -11.8% -25.0 —43.8 %
h'-60h' % %
+ Increasing &,
=1.0- 20
Increasing 2.0 —59.6 —57.8 % -7.6 % -18.9 —42.7 %
h'-60h' % %
+ Increasing &,
=1.0- 20+

(continued on next page)
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Table 3 (continued)

APgps max
(Eq. (9))
SARS- Influenza  Rhinovirus  Measles Adenovirus
CoV-2
MERV 5 —
HEPA
Increasing 2.0 —56.8 —36.9 % —-14.4 % —29.4 —48.6 %
h'-60h' % %
+ Increasing €,
=1.0- 2.0+
UVGI (high)

@ Considered for the same classroom in Example 1 with the ventilation rate set
to keep CO, concentration < 1000 ppm, i.e., the ventilation rate is Ayen; = 2.87
hl.

b Inactivation rate is kept constant g, = 0.48 h™! for SARS-CoV-2, Agec =
0.485 h™! for Influenza, Ag,c = 23.96 h~? for rhinovirus and g, = 1.741 h™! for
Adenovirus for the range RH = 50-55 % (Aganovic et al., 2022b) and Agec =
7.736 h™! at RH = 68-70 %.

¢ Ventilation effectiveness ¢, = 1 at a constant ventilation rate (fully mixed
conditions).

4 particle removal efficiency g, values used for filters: nyprys=17 %;
Mverv10=50 %5 Mpery13=90 %; 1Epa=99.9 %. N/A -not available inactivation
rates at given RH values. Based on different upper room susceptibility constant
Zyp (m?/J) values (Aganovic et al., 2023), Ayveriow = 0.67 hl, AuvGLmed = 1.35
h™, Ayverngn = 271 h ™

A quanta-independent approach

The maximum absolute infection risk difference (%) between two
scenarios with different removal mechanisms }; A1 and Y A,:

o) i)

APgpsmax = 100 - (e‘“ﬁ —e P b-a
Non-steady-state solutions:

IR e~ Izt IR
=ven 55 ) &b=ymy

a

Steady state solutions:

q =Rt _ IRt
T VYA, Ty

3
IR —inhalation rate (%); V — room volume (m?3); t- exposure time (h)

Fig. 5. The method proposed in this paper that improves the application of the
Wells-Riley infection risk model. The method defines the absolute difference
independent of quanta emission rate and thus independent of viral load,
physical activity and virus type.

The quanta-independent infection risk assessment method illustrated
in Table 3 is expected to be a useful tool for public health, infection
control and engineering experts who must compare the maximum effect
of different mitigation strategies in terms of how well they reduce the
airborne cross-infection risk.

It is also possible to use the Wells-Riley-based design approach
(Kurnitski et al., 2023) to assess some measures whose effectiveness can
be compared with a reference scenario using this new method. There-
fore, the proposed quanta-independent approach can provide solid ar-
guments, as it is based on the absolute difference, for the selection of
relevant measures and can be applied together with quanta-based
methods. Future research could investigate which emission rates in-
terventions exert the most significant change and compare this range to
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the total possible emission rates. This analysis would reveal the pro-
portion of emissions that fall within the optimal range for maximum
impact of removal mechanisms. This aligns with the concept of the
“goldilocks zone” discussed by Iddon et al. (Iddon et al., 2022), indi-
cating the narrow window within which interventions are most
successful.

It must be noted that all the limitations related to the Wells-Riley
model assumptions still apply, as summarized in previous studies
(Aganovic et al., 2021; Aganovic et al., 2022b). While our method fo-
cuses on overcoming uncertainty surrounding quanta emission rate
estimation, it is important to acknowledge that the uncertainty of
removal rates for biological and deposition processes was not explicitly
considered in this study. In addition, our study primarily focuses on
scenarios where one or more occupants are infected, as our method aims
to address infection risk estimation in situations where viral trans-
mission is possible. This focus allows for a clear demonstration of our
method’s applicability in scenarios with varying levels of infection
prevalence. However, it is important to note that our method does not
explicitly consider scenarios where no individuals are infected. Future
research should aim to incorporate these additional sources of uncer-
tainty in the model to provide a more comprehensive understanding of
infection risk dynamics in indoor environments.

5. Conclusions

We proposed a method for calculating the impact of airborne infec-
tion control strategies in a shared indoor volume. The method is inde-
pendent of viral load, droplet emission rate, and the dose-response
relationship for a given virus and is based on the Wells-Riley model. The
method estimates the maximum possible absolute difference APg; =
P; — P, between infection risks before (P; ) and after (P,) applying given
control measures. For non-steady-state conditions, the method requires
input information on the room volume, exposure time, inhalation rate,
and removal rates before and after applying the infection control stra-
tegies. For steady-state conditions, the only input the model requires are
the total removal rates before and after implementing control measures.
We have demonstrated the application of the method for different vi-
ruses and infection control methods. We also showed that combining the
different methods will not additively reduce the potential absolute risk
reduction. The method offers decision-makers a more robust tool for
creating safer and more cost-effective indoor environments.
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