
Environmental Science:
Atmospheres

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

5 
D

es
em

be
r 

20
23

. D
ow

nl
oa

de
d 

on
 2

02
6-

02
-2

1 
3:

25
:1

4 
vm

.. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Size dependent e
aSchool of the Built Environment, University
bWelsh School of Architecture, Cardiff Unive

† Electronic supplementary informa
https://doi.org/10.1039/d3ea00115f

Cite this: Environ. Sci.: Atmos., 2024, 4,
43

Received 23rd July 2023
Accepted 27th November 2023

DOI: 10.1039/d3ea00115f

rsc.li/esatmospheres

© 2024 The Author(s). Published by
ffectiveness of engineering and
administrative control strategies for both short-
and long-range airborne transmission control†

Xiaowei Lyu, a Zhiwen Luo*b and Li Shaoa

Ventilation is recognized as an effective mitigation strategy for long-range airborne transmission. However,

a recent study by Li et al. revealed its potential impact on short-range airborne transmission as well. Our

study extends their work by developing size-dependent transmission models for both short- and long-

range airborne transmission and evaluates the impact of various control strategies, including ventilation.

By adopting a recently determined mode-dependent viral load, we first analyzed the role of different

sizes of droplets in airborne transmission. In contrast to models with a constant viral load where large

droplets contain more viruses, our findings demonstrated that droplets ranging from ∼2–4 mm are more

critical for short-range airborne transmission. Meanwhile, droplets in the ∼1–2 mm range play

a significant role in long-range airborne transmission. Furthermore, our study indicates that

implementing a size-dependent filtration/mask strategy considerably affects the rate of change (ROC) of

virus concentration in relation to both distancing and ventilation. This underscores the importance of

factoring in droplet size during risk assessment. Engineering controls, like ventilation and filtration, as

well as administrative controls, such as distancing and masks, have different effectiveness in reducing

virus concentration. Our findings indicate that high-efficiency masks can drastically reduce virus

concentrations, potentially diminishing the impacts of other strategies. Given the size-dependent

efficiency of filtration, ventilation has a more important role in reducing virus concentration than

filtration, especially for long-range airborne transmission. For short-range airborne transmission,

maintaining distance is far more effective than ventilation, and its effectiveness is largely unaffected by

ventilation. However, the influence of ventilation on virus concentration and its variation with the

distance mainly depend on the specific transmission model utilized. In sum, this research delineates the

differential roles of droplet sizes and control strategies in both short- and long-range airborne

transmission, offering valuable insights for future size-dependent airborne transmission control measures.
Environmental signicance

Airborne transmission, including both short- and long-range spread, is the primary route of infection for respiratory diseases within indoor environments.
However, previous studies have oen overlooked the inuence of ventilation on short-range airborne transmission and the impact of droplet size. To address
these research gaps, we developed size-dependent transmission models for short- and long-range airborne transmission, allowing for a re-evaluation of various
control strategies' effectiveness. Our results highlight that ventilation can reduce virus concentration by approximately 10% for short-range airborne trans-
mission. We also nd that size-dependent control strategies can signicantly alter the rate of change in virus concentration in relation to size-independent
strategies. These ndings provide new insights into airborne transmission control and stress the importance of considering both ventilation and droplet size
when developing effective mitigation strategies.
1 Introduction

Short- and long-range airborne infection transmission control
is crucial for limiting COVID-19's spread indoors. Short-range
of Reading, UK

rsity, UK. E-mail: LuoZ18@Cardiff.ac.uk

tion (ESI) available. See DOI:

the Royal Society of Chemistry
airborne transmission refers to the inhalation of air-suspended
virus-laden droplets in close proximity1,2 and is identied as the
predominant route of SARS-CoV-2 transmission in close
contact.3 Conversely, long-range airborne transmission refers to
the inhalation of infectious aerosols at a distance and oen
leads to outbreaks of COVID-19 in poorly ventilated spaces.4,5

Great efforts have been made to identify effective strategies for
controlling both short- and long-range airborne transmissions,
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with ventilation, ltration, social distancing, and mask wearing
being widely adopted.6–8

Ventilation and ltration are mainly designed to reduce
long-range airborne transmission.8–11 A study by Shen et al.11

found that doubling the ventilation rate could reduce long-
range airborne transmission by approximately 37%. The same
study revealed that high-efficiency lters offer risk reductions
comparable to increased outdoor ventilation. Meanwhile,
maintaining a critical social distance addresses short-range
transmission (including large droplet transmission and short-
range airborne transmission), especially given the heteroge-
neous spatial distribution of expelled virus-laden droplets.12–14

When the distance exceeds 2 m, the effects of short-range
airborne transmission would diminish with airborne virus
concentration in the jet, dropping to the background virus
concentration level.15 Wearing masks, as a source control
strategy, can reduce both short- and long-range airborne
transmission.16,17 Notably, a well-sealed N95 mask can lead to
more than 95% risk reduction for both short- and long-range
airborne transmission.11,15

Despite the high effectiveness of those control strategies,
they are primarily assessed throughmodels that treat short- and
long-range airborne transmission as two independent trans-
mission routes. However, recent studies suggest a continuum
from short- to long-range airborne transmission, leveraging
a macroscopic aerosol balance model.1,18–20 Virus concentration
in the expired jet decreases with the distance and merges into
the background air. During this decay process, background
room air provides dilution to the expired jet through entrain-
ment. This entrainment process reveals an interplay: viruses
contained in the background room air contributing to long-
range airborne transmission can also affect short-range
airborne transmission.1,18–20 Consequently, engineering control
strategies of ventilation and ltration can affect both short- and
long-range airborne transmission. Furthermore, the effective-
ness of maintaining social distance as a control for short-range
transmission may also be affected by ventilation. Given these
insights, it's imperative to re-evaluate the effectiveness of both
engineering and administrative control strategies in light of this
expanded understanding of airborne transmission.

In fact, there are a few recent studies that considered the
impact of long-range airborne transmission on short-range
airborne transmission in assessing different control strategies.
Wagner et al.21 evaluated the effectiveness of various control
strategies for near-eld transmission by directly adding up
short- and long-range airborne transmission. They found that
the impact of distancing on risk reduction is also affected by
ventilation, especially when the air change rate (ACH) is high.
However, the additive nature of long-range effects on short-
range transmission remains a topic of debate. In a separate
study, Li et al.1 reassessed the effectiveness of ventilation on
short-range airborne transmission reduction, with consider-
ation of the contaminated room air entrainment. They high-
lighted the detrimental effects of inadequate ventilation on
short-range airborne transmission and advocated for a baseline
ventilation rate of 10 L s−1. However, besides ventilation, other
44 | Environ. Sci.: Atmos., 2024, 4, 43–56
control strategies such as ltration and masks and their inter-
actions should also be reassessed.

In addition, droplet size is pivotal in airborne transmission,
affecting it in at least two primary ways. First, different respi-
ratory activities can produce varying droplet size distributions,
resulting in different roles of droplets in airborne trans-
mission.22,23 Recent studies suggested that the viral load of
SARS-CoV-2 may be highly size-dependent, with most RNA
copies coming from ne particles (diameter# 5 mm), e.g., up to
85% of detected RNA copies were found to come from ne
particles,24,25 which is possibly due to the different generation
mechanism and origin sites in the respiratory tract.26 The high
viral load in ne particles may redene the role of droplet size in
airborne transmission, but it has not yet been estimated.
Second, droplet size can affect the surface deposition rate,
ltration efficiency, mask efficiency, etc., and further affects the
effectiveness of different control strategies.27–29 However, many
earlier studies employed constant values in their analyses,
including a constant viral load, raising questions about the
accuracy of such models.4,30,31 It's essential to discern if results
differ when considering size-dependent strategies versus xed
values.

Extending from the newly developed macroscopic aerosol
balance model that links short- and long-range airborne
transmission,1 this study aims to estimate the effectiveness and
impacts of engineering control strategies (i.e., ventilation and
ltration) and administrative control strategies (i.e., masks and
distancing) in reducing virus concentration for short- and long-
range airborne transmission. We prioritize two focal points: (1)
droplet size's impact; (2) ventilation's role in short-range
airborne transmission. Our approach is threefold. First, we re-
estimate the role of different sizes of droplets in airborne
transmission, integrating mode-dependent viral load from
Stettler et al.32 (Section 3.1). Then, we emphasize the importance
of adopting size-dependent control strategies instead of
constant variables in airborne transmission due to the impact
of droplet size (Section 3.2). Finally, we re-evaluate the effec-
tiveness of different control strategies for airborne transmission
(including short- and long-range airborne transmission)
(Section 3.3).

2 Methods
2.1 Virus concentration estimation

To estimate virus concentration for short- and long-range
airborne transmission, the room space was divided into two
zones, specically, jet zone and room zone, see Fig. 1. Exhaled
droplets with an initial diameter of d0 # 50 mm are considered
in the jet zone and contribute to short-range airborne trans-
mission. Only exhaled droplets with an initial diameter of d0 #
10 mm will spread to the room zone and contribute to long-
range airborne transmission.1,23 A critical distance of 2 m is
adopted to distinct short- and long-range airborne routes.
When the distance between the infector and susceptible indi-
vidual is less than 2 m, the individual will inhale viruses from
the jet zone, otherwise, from the room zone.1
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 A simple size-dependent model of the continuum from short-range to long-range inhalation routes (modified from Li et al.1).

Table 1 BLO model parameters for speaking

Mode B L O

N (cm−3) 0.0540 0.0684 0.00126
CMD (mm) 1.61 2.40 144.7
GSD 1.30 1.66 1.80
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2.1.1 Long-range airborne transmission. Virus-laden
droplets in the room zone are assumed to totally evaporate;
therefore, the droplets in the room zone have a nal diameter
(d1).1 Based on a shrinking factor of 0.5, d1 = d0/2.23

We assumed that there is only 1 infector and 1 susceptible
person indoors, and the outdoor virus concentration is equal to
zero. The steady-state size-dependent virus concentration in the
room zone is derived from the mass balance equation based on
a well-mixed assumption and expressed as:1,33

ClðdÞ ¼ ð1�mðdÞÞC0ðdÞB
qðdÞ (1)

q(d) = qv + qd + qf(d) + qs(d) (2)

where Cl(d) is the room virus concentration attached to
a droplet in the room air with a diameter of d. C0(d) represents
the virus concentration in exhaled breath for a specic droplet
(with a diameter of d) in room air. It is important to note that to
obtain the virus concentration in exhaled breath, the droplet
must be transferred back to its initial diameter. m(d) is size-
dependent mask efficiency for droplets with d diameter. B is the
breathing rate adopted as 0.54 m3 h−1 to represent a sitting/
standing individual.34 q(d) is the equivalent ventilation rate due
to ventilation (qv), virus deactivation (qd), lter ltration (qf) and
particle settling (qs), see eqn (2). The virus deactivation rate is
constant and adopted as 0.63 h−1.35

2.1.2 Short-range airborne transmission. Virus-laden
droplets in the jet zone are composed of two parts, specically,
droplets entrained from the room zone and droplets exhaled
from the mouth. The entrained droplets are assumed to
completely evaporate and therefore have nal diameters, while
those initially exhaled droplets are assumed to not evaporate
and therefore have initial diameters.1

Based on a dilution factor of S, room air with low virus
concentration can dilute the jet zone where the virus concentra-
tion is high. Here, S is equal to 0.32x/dm, where x is the distance
between the susceptible individual and infector and dm is the
mouth diameter of 20 mm.1 The size-dependent virus concen-
tration (Cs(d)) in the expired jet zone can be expressed as eqn (3).
© 2024 The Author(s). Published by the Royal Society of Chemistry
CsðdÞ ¼ ð1�mðdÞÞC0ðdÞ
S

þ
�
1� 1

S

�
ClðdÞ (3)

It is important to note that the jet zone contains droplets
within 50 mm, while the room zone only contains droplets within
5 mm. Therefore, Cl(d) is equal to zero when d > 5 mm in eqn (3).
2.2 Size-dependent variables

2.2.1 Droplet size distribution and viral load. We adopt
a tri-mode lognormal distribution (BLO model) provided by
Johnson et al.23 to represent droplet size distribution for speaking.
The specic parameters are shown in Table 1. The three modes
are believed to represent droplets that are bronchiolar (B), laryn-
geal (L) and oral (O) in origin, respectively. It is important to
highlight that Johnson et al.23 did not account for the evaporation
of droplets in Omode; thus, the droplets in Omode do not retain
their initial diameter. However, given the evidence provided later
which shows that only a small fraction of the virus is contained in
droplets within 50 mm in O mode, we assume that this oversight
has minimal impact on our assumption made in Section 2.1.2
that droplets in the jet do not evaporate.

In light of recent evidence that most RNA copies come from
ne particles (d1 # 5 mm) which are most likely to be produced
in the lower respiratory tract,25,36 we scale the viral load in B and
L modes relative to O mode of the exhaled droplets following
the method proposed by Stettler et al.32 We operate under the
assumption that B and L modes have a higher viral load than O
mode, with the ratio of viral load in B and L modes to O mode
being r. As a consequence, the total virus quantity (nvirus) con-
tained in breath air can be expressed as follows:
Environ. Sci.: Atmos., 2024, 4, 43–56 | 45
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Table 2 Base case parameters

Parameters Range Base case Source

Space volume
[m3]

— 34 41

ACH [h−1] 0.1–10 0.5 21 and
42

Filtration No ltration, MERV 6, MERV8,
MERV12, HEPA

No
ltration

40

Distance [m] 0.5–2 1 12 and
43

Mask No mask, cloth mask,
surgical mask

No mask 21
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nvirus = vOrVB + vOrVL + vOVO (4)

where vO is the viral load for O mode. VB, VL, and VO refer to the
total droplet volume in B, L and O modes, respectively.

Accepting the result from Coleman et al.24 which states that
approximately 85% of viruses are contained in droplets with
a diameter of 5 mmor less, we can establish the relationship that
nvirus(d# 0.5)/nvirus= 0.85. Substituting this into eqn (4), we can
solve for the viral load ratio, r, as:

r ¼ VOðd# 0:5Þ � 0:85VO

0:85VBL � VBLðd# 0:5Þ (5)

Here VBL is the total droplet volume of B and L modes.
Considering the study by Coleman et al.,24 the detected

droplets are understood to be evaporated droplets. Conse-
quently, the droplet volume in eqn (5) pertains to evaporated
droplets. Recalling the BLO model, Johnson et al.23 corrected
only the droplets in B and L modes for evaporation. Therefore,
we need to convert only the droplets in B and L modes to their
evaporated state for VBL in eqn (5), using an evaporation factor
of 0.5. Similarly, the ratio r calculated for droplets with nal
diameters needs to be adjusted to represent the ratio at the
mouth by multiplying it with a correction factor of 0.125 (which
is the evaporation factor raised to the third power).

Based on the calculations above and using the BLO model
detailed in Table 1, the ratio r is around 6 × 104 for initial
droplets in B and L modes relative to evaporated droplets in O
mode. It should be noted that Stettler et al.32 established the
viral load ratio of B (or L) mode relative to O mode but did not
specify the actual viral load. Given that a wide viral load range of
102 to 1011 copies per mL has been found,37 we opted to use the
median value of 107 copies per mL as the average viral load (vavr)
for droplets at the mouth4 and further calculated the mode-
dependent viral load following eqn (6). The results show a viral
load of ∼3 × 1010 copies per mL for B and L modes and ∼5 ×

105 copies per mL for O mode.

vavr ¼ vOVO þ 6� 104 � vOðVB þ VLÞ
VO þ VB þ VL

(6)

It should be noted that in eqn (6), VB and VL are calculated
based on droplets with initial diameters (as corrected by John-
son et al.23) and VO is calculated based on droplets with nal
diameters as the droplets in O mode haven't been corrected for
evaporation by Johnson et al.23

2.2.2 Settling rate. The droplet settling rate (K) is highly
dependent on droplet size.

The settling rate for droplets with diameter (d) # 10 mm is
obtained from a tted equation according to previous
measurements:1

K = 0.4636d − 0.1869 (7)

Meanwhile, for droplets with diameter (d) > 10 mm, the settling
rate can be calculated through a simplied equation as follows:1,38

K ¼ vs

H
(8)
46 | Environ. Sci.: Atmos., 2024, 4, 43–56
where H is the settling height (m), and vs is the droplet settling
velocity and can be expressed as:

vs ¼ rd � rf

18mf

gd2 (9)

where rd is the droplet mass density (1000 kg m−3), rf is the
density of air uid (1.2 kg m−3), g is the gravitation constant (9.8
m s−2), and mf is the uid dynamic viscosity (1.81× 105 Pa s).39

By adopting the above equations, the droplet settling rate
can be easily obtained. For instance, the settling rate for drop-
lets with a diameter of 5 mm and 15 mm is approximately 2.1 h−1

and 8.1 h−1 respectively. It should be noted that the settling rate
of droplets for long-range airborne transmission should be
calculated with a nal diameter.

2.2.3 Mask efficiency. Two types of masks are considered in
our study, specically, cloth mask and surgical mask. The effi-
ciencies of the two types of masks are modelled based on data
from the study of Wagner et al.21 The mechanical tting equa-
tions are adopted due to their improved correlation for cloth
and surgical masks, see eqn (10). As expected, surgical masks
have a higher efficiency than cloth masks.

m(d) = 1 − (am × ln(d) + bm) (10)

where am = 0.0767 and bm = 0.5397 for cloth masks and am =

0.0722 and bm = 0.8628 for surgical masks. It should be noted
that in calculating mask efficiency, the diameter should be the
initial diameter for droplets without evaporation and the nal
diameter for droplets that are totally evaporated.

2.2.4 Filtration rate. Four types of lters (i.e., MERV 6,
MERV 8, MERV 12 and HEPA) are included in our study to
compare the effectiveness of different lters. The ltration
efficiency (hlter) is calculated by adopting the t equation
from the study of Hecker and Hofacre.40 The nal ltration
rate is equal to ltration efficiency (hlter) multiplied by the
recirculation rate (lr), where lr is adopted as a constant value
of 3 h−1.41
2.3 Control strategy and base case

We estimate the effectiveness of two administrative control
strategies (masks and social distancing) and two engineering
control strategies (ventilation and ltration) for a small office
room. Only 1 infector and 1 susceptible person with the most
© 2024 The Author(s). Published by the Royal Society of Chemistry
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common indoor activity of “sedentary activity – speaking” are
considered in the indoor environment. The adopted ranges of
different control strategies and environmental parameters for
the base case are shown in Table 2.
3 Results and discussion
3.1 Size-dependent virus concentration under different
control strategies

By applying a three-mode droplet size distribution coupled with
a mode-dependent viral load,23,32 we nd that exhaled droplets
with d0 # 10 mm play a more important role in airborne trans-
mission than larger droplets. This observation aligns with
recent ndings presented by Y. Wang et al.44 The droplet size-
dependent virus concentration in exhaled breath air is shown in
Fig. 2. Around 90% exhaled viruses come from droplets with d0
# 10 mm, with a peak virus concentration observed at ∼4 mm.
This le skewed size-dependent virus concentration is consis-
tent with previous measurements that detected a high viral load
in ne particles.45–47 Based on this distribution, it can be
inferred that respiratory activities producing a larger number of
small droplets can expel more viruses, underscoring their
signicance in airborne transmission.23,32 This might provide
an explanation for ndings suggesting singing as a potent
transmission source,5 given that singing releases a larger
number of small droplets.48,49 However, many earlier studies,
which employed a constant viral load, posited that respiratory
activities like coughing and sneezing, which produce a larger
number of larger droplets, were more likely to spread
viruses.4,30,50,51 In light of our ndings, such assumptions may
require reconsideration. When factoring in the mode-depen-
dent viral load, the roles of different respiratory activities and
the efficiency of control strategies might need reevaluation.
Fig. 2 Droplet size-dependent virus concentration in breathing air.

© 2024 The Author(s). Published by the Royal Society of Chemistry
Based on droplet size-dependent virus concentration in
breath air illustrated in Fig. 2, the viral load fraction attributable
to speaking respiratory activity is close to 0.9. This viral load
fraction, as determined by Li et al.,1 represents the proportion of
expired viruses spreading in the jet zone that can spread to the
room zone. With a higher viral load fraction, room air viruses
canmore signicantly affect short-range airborne transmission.
Although Li et al.1 compared the normalized concentration
across various viral load fractions (ranging from 0.1 to 0.9), they
did not specify a particular fraction value. Our results indicate
that by dening a nal diameter of 5 mm as the threshold for
droplets spreading to room air1 and employing an evaporation
factor of 0.5,23 roughly 90% of exhaled viruses can spread to the
room air. This underlines the substantial inuence of room air
viruses on short-range airborne transmission and suggests that
by altering room air virus concentrations, ventilation can wield
a signicant inuence on short-range airborne transmission,
especially when compared to a lower viral load fraction.

The droplet size-dependent virus concentration in ambient
room air under different control strategies is shown in Fig. 3.
Droplets with different diameters contribute differently to
airborne transmission. For short-range airborne transmission
(#2 m), approximately 90% of the viruses in the expired jet are
contributed by droplets # 10 mm, peaking around ∼2–4 mm,
when taking into account room air virus entrainment. For long-
range airborne transmission (distance > 2 m), viruses all come
from droplets # 5 mm (peaking around ∼1–2 mm) as we take 5
mm as the critical nal diameter for droplets spreading to room
air. It should be noted that although current studies have
assessed infection risk by aggregating viruses from different-
sized droplets and assuming they have equal infectivity,12,51

droplets of various sizes can actually deposit in different loca-
tions within the respiratory tract, leading to varying infectivity
Environ. Sci.: Atmos., 2024, 4, 43–56 | 47
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Fig. 3 Droplet size-dependent virus concentration in the jet zone (within a distance of 2 m from the infector (solid line)) and room zone (with
a distance of >2 m from the infector (dashed line)) with different control strategies of: (a) ventilation; (b) filtration; (c) distancing; (d) masks.
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levels.52,53 Simply aggregating viruses from droplets of all sizes
to estimate infection risk can introduce biases, skewing evalu-
ations regarding the role of diverse virus-laden droplets in
transmission dynamics. Consequently, in our study, we priori-
tize virus concentration as our evaluative metric over infection
risk. Our results intuitively depict the size-dependent virus
concentration in the surrounding air under different control
strategies, providing references for size-dependent infection
risk estimation and giving inspirations of how to develop more
effective control strategies with consideration of droplet size
impact in future studies. As shown in Fig. 3, ventilation and
ltration can only reduce droplets of size smaller than 5 mm
(impacting room air directly), while distancing and masks can
affect droplets within the entire diameter range studied (#50
mm). Amplifying the efficiency of ltration and masks, espe-
cially targeting specic droplet dimensions (e.g., 1–4 mm), could
offer a pragmatic route to enhance control over airborne
transmission.

3.2 Impact of size-dependent control strategies on airborne
transmission

In this study, we have considered how size-dependent control
strategies, such as ltration and masks, can alter the size
distribution of airborne droplets in both the jet zone and the
room zone, see Section 3.1. This change may, in turn, inuence
the effectiveness of non-size-dependent control strategies, such
48 | Environ. Sci.: Atmos., 2024, 4, 43–56
as ventilation and physical distancing, in controlling the
airborne transmission of viruses. Our objective here is to
determine whether size-dependent strategies like ltration/
masks can inuence the effectiveness of non-size-independent
strategies like ventilation and distancing in reducing virus
concentration in the air. Fig. 4 and 5 present the rate of change
(ROC) in virus concentration in relation to the ventilation and
distance. The illustration compares scenarios without lters or
masks against those with lters or masks, both with size-
dependent and with size-independent (constant) efficiencies.
This constant efficiency represents the average of the size-
dependent efficiencies as inferred from our research. To illus-
trate, ltration efficiencies of approximately 55% for MERV 6
lters and 97% for MERV 12 lters were determined, while
mask efficiencies were found to be around 76% for cloth masks
and 99% for surgical masks, respectively. The ROC provides
insight into the rapidity of changes in virus concentration with
respect to the ventilation/distance. A negative ROC suggests
a decrease in virus concentration with an increase in the
ventilation/distance, and vice versa. A high absolute ROC value
indicates a steep change in virus concentration for a slight
modication in the ventilation/distance. In contrast, a low
absolute ROC value signies a more gradual change in virus
concentration.

Fig. 4 and 5 demonstrate that compared to the constant
efficiency of ltration, size-dependent ltration can
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Rate of change of virus concentration with ventilation/distancing for short-range airborne transmission when with constant and size-
dependent efficiency of filters/masks and when without filters/masks. (a) Ventilation–filtration; (b) ventilation–mask; (c) distancing–filtration; (d)
distancing–mask.
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signicantly change the rate at which virus concentration
changes with respect to ventilation for both short- and long-
range airborne transmission (Fig. 4(a) and 5(a)). However, it has
little impact on the rate of change with respect to distancing for
short-range airborne transmission (Fig. 4(c)). On the other
Fig. 5 Rate of change of virus concentration with ventilation for long-
efficiency of filters/masks and when without filters/masks. (a) Ventilation

© 2024 The Author(s). Published by the Royal Society of Chemistry
hand, size-dependent mask usage inuences the rate of change
in virus concentration with respect to both distancing (Fig. 4(d))
and ventilation (Fig. 4(b)). This may be because the ROC is
predominantly inuenced by the absolute changes in virus
concentration. Since the absolute change in virus concentration
range airborne transmission when with constant and size-dependent
–filtration; (b) ventilation–mask.
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with distancing for short-range airborne transmission is much
larger than with ltration, the ROC is almost unaffected by the
types of lters used. Overall, adopting droplet size-dependent
efficiencies for ltration andmasks can cause the ROC curves to
deviate further from zero when compared to using constant
efficiencies. This indicates a steeper change in virus concen-
tration with respect to ventilation or distance when size-
dependent ltration and masks are employed.
Table 3 Ventilation thresholds (L per s per p) derived from adopting
constant filters/masks and size-dependent filters/masks for short-
range airborne transmission with a 2 m distance from the infector

Size-dependent
control strategies Constant Size-dependent

MERV 6 2.4 7.1
MERV 12 0.9 0.9
Cloth mask 1.9 3.8
Surgical 0.9 0.9

Fig. 6 Relative virus concentration for (a) short-range airborne transmis
referred to in Table 2.

50 | Environ. Sci.: Atmos., 2024, 4, 43–56
Many previous studies considered the impact of droplet size
in risk assessment.46,54 In contrast, others have opted for a more
simplied approach by assigning constant values to size-
dependent parameters, such as ltration and mask efficien-
cies.50,55,56 Our results emphasize the necessity of factoring in
size-dependent efficiencies for ltration and masks when eval-
uating different control strategies for airborne transmission.
The rate of change (ROC) adopted in our study can provide
insight into potential diminishing returns, aiding in the
determination of an optimal ventilation rate or distancing
strategy to mitigate infection risk. Some studies, like Jia et al.,57

have sought to identify ventilation benchmarks to regulate
airborne transmission by determining a ROC threshold that
approaches zero. Yet, our ndings indicate that the specic
ventilation benchmark might uctuate considerably based on
the choice between size-dependent ltration efficiencies and
constant efficiencies for lters and masks. In the context of our
study—a small office room accommodating two individuals (1
infector and 1 susceptible person)—we adopted a ventilation
sion and (b) long-range airborne transmission, with the variable range

© 2024 The Author(s). Published by the Royal Society of Chemistry
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benchmark of 10 L per s per person to determine the ROC
threshold for infection risk control in scenarios without ltra-
tion or masks, in line with recommendations made by other
studies.1,57 To attain an equivalent ROC, the necessary ventila-
tion rate thresholds vary in scenarios that involve the use of
either constant or size-dependent lters/masks. These differ-
ences in ventilation rate thresholds are detailed in Table 3. It's
noteworthy that the ventilation rate threshold exhibits a more
pronounced increase when subjected to either a lower size-
dependent ltration or a lower size-dependent mask.
3.3 Effectiveness and impact of different control strategies

Fig. 6 and 7 illustrate the relative concentration reduction
resulting from different control strategies. The term “relative
concentration (=(concentration)studied-case/(concentration)base-
case)” refers to the virus concentration relative to the base case
value described in Section 2.3. A small value of relative
concentration indicates high effectiveness of the control
strategy in reducing virus concentration.58 In addition to rela-
tive concentration, the term of “concentration range = ((relative
concentration)max/(relative concentration)min)” was used to
reect the impact of different control strategies on virus
concentration, with a higher concentration range indicating
a greater impact.21 The maximum or minimum value of relative
concentration is determined by the range of each control
strategy adopted. In terms of visualization, the color intensity in
the heatmap can visually represent the magnitude of relative
concentration, with the red color indicating higher virus
concentration than the base case, while blue indicating lower
virus concentration than the base case. The variation in color
reects the magnitude of the concentration range, with
a greater variation indicating a large concentration range and
therefore a greater impact of the corresponding control strategy
on virus concentration. Specic values related to the relative
concentration and concentration range of our studied case can
be found in Table 4.

Fig. 6 depicts that using masks is the most effective control
strategy and has the greatest impact on reducing virus
Fig. 7 Relative virus concentration compared to the base case as a func
and (b) long-range airborne transmission.

© 2024 The Author(s). Published by the Royal Society of Chemistry
concentration for both short-range airborne transmission (33-
fold concentration range) and long-range airborne trans-
mission (25-fold concentration range). The minimum relative
concentration achieved by masks is approximately 0.03 and 0.04
for short- and long-range airborne transmission, respectively.
Additionally, masks can signicantly attenuate the impact of
ventilation and ltration on the reduction of virus concentra-
tion (refer to Fig. 8). This suggests that with the use of a high-
efficiency mask, the importance of other control strategies is
diminished. However, the efficiency of masks is highly depen-
dent on the material ltration efficiency and the t to users'
face.7,17,59 If poorly tted, the leakage of a mask can even reach
70–85%.60 Therefore, even though a high-efficiency mask can
achieve a signicant reduction in virus concentration, the
impact of other control strategies cannot be ignored. Improving
the t of masks through technological advancements and
increasing their usage rate through policy measures are crucial
steps towards effective transmission control in the future.

Fig. 6 and 7 demonstrate that engineering control strategies
of ltration and ventilation exhibit a diminishing return
phenomenon in reducing virus concentration for short- and
long-range airborne transmission, indicating that controlling
airborne transmission solely through engineering control
strategies may not be sufficient. The impact of ventilation and
ltration is greater for long-range airborne transmission (up to
7.5-fold concentration range) than that for short-range airborne
transmission (up to 1.1-fold concentration range). Their effec-
tiveness is also much higher for long-range airborne trans-
mission than for short-range. For short-range airborne
transmission, approximately 0.92–0.94 minimum relative
concentration can be achieved by engineering control strate-
gies, reducing virus concentration up to ∼10% compared to the
base case. For long-range airborne transmission, the minimum
relative concentration is between 0.17 and 0.39. This indicates
a much more important role of engineering control strategies
for long-range airborne transmission than for short-range
airborne transmission.9,61–63 Furthermore, ventilation demon-
strates a more crucial role than ltration in decreasing virus
tion of different variable pairs for (a) short-range airborne transmission
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Table 4 Relative virus concentration for each parameter for short- and long-range airborne transmission. Concentration range =
concentrationmax/concentrationmin

Parameters Base case (range)

Short-range airborne transmission Long-range airborne transmission

Rel. conc. at
param. min.

Rel. conc. at
param. max.

Concentration
range

Rel. conc. at
param. min.

Rel. conc. at
param. max.

Concentration
range

Ventilation 0.5 ACH (0.1–10) 0.92 1.03 1.1 0.17 1.27 7.5
Filtration No (no, MERV 6/8/12, HEPA) 0.94 1 1.1 0.39 1 2.7
Distance 1 m (0.5–2) 0.55 1.90 3.5 — — —
Mask No (no, cloth/surgical mask) 0.03 1 33.3 0.04 1 25

Fig. 8 Relative virus concentration compared to the base case as a function of different variable pairs for short-range airborne transmission: (a)
without a mask; (b) with a surgical mask.

Fig. 9 Relative concentration derived from the diffusionmodel and jet
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concentrations, particularly in the context of long-range
airborne transmission. The minimum relative concentration
achieved through ltration is roughly twice as high as that
achieved through ventilation for long-range airborne trans-
mission. This discrepancy arises from the size-dependent
nature of ltration efficiency. Smaller droplets exhibit lower
ltration efficiency compared to their larger counterparts. In
contrast, ventilation can remove droplets of all sizes, thus
making it more efficacious than ltration.

Fig. 6 and 8 demonstrate that distancing is a more effective
control strategy than ventilation for short-range airborne
transmission.6,12,13,64 The concentration range for distancing is
around 3.5-fold. The minimum relative virus concentration
reaches approximately 0.55 when maintaining a 2 m distance.
As depicted in Fig. 8(a), the relationship between the relative
concentration and distance remains relatively unchanged when
the ventilation rate exceeds approximately 1 ACH. This is
different from the study by Wagner et al.,21 where ventilation
exhibited a more pronounced impact on the variation of virus
concentration with the distance. Among the plausible expla-
nations is that we used different models to simulate short-range
airborne transmission. In our study, the dispersion of initially
exhaled viruses in the expired jet is solely inuenced by the
distance. However, in the study of Wagner et al.,21 a modied
diffusion model was adopted, making the dispersion of initially
exhaled viruses to be dominated by both ventilation and
distancing. A high ventilation rate can generate signicant virus
52 | Environ. Sci.: Atmos., 2024, 4, 43–56
dispersion in their study, thereby enhancing the importance of
ventilation for the control of short-range airborne transmission
and also inuencing how virus concentrations vary with the
distance. We have conducted a comparative study of these two
models for short-range airborne transmission, see Fig. 9
(specic information can be found in the ESI Appendix†).

The relative concentrations displayed in Fig. 9 represent the
virus concentration, which is initially normalized by the
model with different ACH.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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concentration at the mouth and then compared to the base
case. Our results reveal that the effectiveness of ventilation in
reducing virus concentration for short-range airborne trans-
mission varies considerably between the two models used.
Notably, even with the same level of ventilation, the relative
concentration differs signicantly. Moreover, at a low air
change rate per hour (ACH), the relative concentration derived
from the diffusion model decreases more dramatically with an
increased distance compared to the results from a high ACH. In
contrast, the gradient of the relative concentration derived from
the jet model remains relatively consistent across varying ACH
values. These observations underscore that the diffusionmodel,
when used to simulate short-range airborne transmission, may
amplify the inuence of distancing on reducing virus concen-
tration. The variations in outcomes among our studies revealed
a research gap related to how to better simulate short-range
airborne transmission through analytical models. The choice of
the model can lead to divergent assessments of control strategy
effectiveness.

4 Limitations

Our study contains several major limitations. Just as described
by Li et al.,1 steady-state well-mixed room air and a steady
expired jet were assumed for simulating short-range airborne
transmission, while in reality, unsteady-state and unevenly
distributed room air viruses can exist.65–67 Additionally, expired
ows are typically not constant but intermittent. In line with
this observation, a recent study by Jia et al.57 attempted to use
a two-stage jet in place of a steady one to simulate the inter-
mittent nature of respiratory activity in the context of short-
range airborne transmission. This approach could potentially
be adopted in future evaluations of different strategies for
transmission control. Besides, the simplied jet model assumes
stagnant ambient air, neglecting the potential impact of
ambient turbulence on droplet dispersion,68,69 while it was
found by a measurement that the dispersion of low-velocity
droplets released by non-violent respiratory activity such as
breathing can be signicantly affected by ventilation-induced
air currents.7 Moreover, the 2 m threshold distance for short-
range airborne transmission can be somewhat arbitrary, which
may change whenmore realistic expired-jet data are available in
future.1 Similarly, the 50 mm threshold for the droplet diameter
in the respiratory jet also represents a generalization.1 Varia-
tions in indoor environments, characterized by differing
temperatures and humidity levels, can inuence this threshold
by affecting the evaporation and deposition dynamics of these
droplets.70 Finally, mask usage can in fact affect the trans-
mission of expired viruses in the jet zone,57 and we did not
account for this impact in our study.

5 Conclusion

A recent study by Li et al.1 proved the impact of ventilation on
short-range airborne transmission through relating short- and
long-range airborne transmission using a macroscopic aerosol
balance model. Our research builds upon theirs, delving deeper
© 2024 The Author(s). Published by the Royal Society of Chemistry
into the effects of droplet size and assessing the efficiency of
various control strategies for both short- and long-range
airborne transmission.

The impact of droplet size on airborne transmission was
evaluated, and it was found that droplets with different diam-
eters have different contributions to airborne transmission.
Droplets with an initial diameter (d0) less than 50 mm are
considered for short-range airborne transmission, while those
less than 10 mm are considered for long-range airborne trans-
mission. By adopting a tri-mode droplet size distribution and
a mode-dependent viral load, it was found that most exhaled
viruses contributing to airborne transmission are from droplets
with an initial diameter less than 10 mm. If a critical nal
diameter of 5 mm (with an evaporation factor of 0.5) is taken for
long-range airborne transmission, then the viral load fraction,
which represents the fraction of exhaled virus suspended in the
expired jet that can spread to the room zone, is close to 0.9. For
long-range airborne transmission, all viruses are contained in
droplets # 5 mm with a peak virus concentration observed at
∼1–2 mm. For short-range airborne transmission, ∼90% of the
viruses are contained in droplets # 10 mm with a peak virus
concentration observed at ∼2–4 mm when considering the
entrainment of room air viruses to the expired jet. These results
intuitively reect the different roles of droplets in short- and
long-range airborne transmission, providing references for size-
dependent airborne transmission control for future study.
Additionally, it was found that due to the impact of droplet size,
size-dependent control strategies (i.e., ltration and masks) can
affect the rate at which virus concentration changes with non-
size-dependent control strategies such as ventilation and
distancing. This emphasizes the importance of adopting size-
dependent efficiency instead of constant values for ltration
and masks in evaluating the effectiveness of non-size-depen-
dent control strategies.

The effectiveness and impacts of engineering and adminis-
trative control strategies were estimated for short- and long-
range airborne transmission, respectively. Our results indicate
that the engineering control strategies of ventilation and
ltration both exhibit diminishing returns in their effectiveness
at reducing virus concentration. Furthermore, these strategies
were found to be more efficacious for long-range airborne
transmission than for short-range airborne transmission.
Moreover, due to the size-dependent efficiency of ltration,
ventilation assumes a more signicant role than ltration in
reducing virus concentration, particularly in the context of long-
range airborne transmission. The minimum relative concen-
trations achieved by ventilation and ltration are approximately
0.17 and 0.39, respectively, for long-range airborne trans-
mission, and only around 0.92 and 0.94 for short-range airborne
transmission. For short-range airborne transmission,
distancing was found to be more effective than ventilation in
reducing virus concentration. A relative virus concentration of
∼0.55 can be achieved by maintaining a 2 m distance. Our
ndings also indicate that ventilation has a minimal effect on
the variation of virus concentration with respect to distancing.
Nonetheless, the extent of this inuence, as well as the efficacy
of ventilation in controlling short-range airborne transmission,
Environ. Sci.: Atmos., 2024, 4, 43–56 | 53
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is largely contingent upon the specic model utilized for such
transmission. Using masks was found to be the most effective
control strategy for short- and long-range airborne transmission
control and could attenuate the impacts of other control strat-
egies. ∼0.03 and ∼0.04 relative virus concentrations can be
achieved using surgical masks. But due to the leakage of masks,
indoor transmission control cannot solely rely on their use. A
combination of engineering and administrative control strate-
gies should be considered for effective indoor airborne trans-
mission control.
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