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Public transport environments are thought to play a key role in the spread of SARS-CoV-2 worldwide.
Indeed, high crowding indexes (i.e. high numbers of people relative to the vehicle size), inadequate clean
air supply, and frequent extended exposure durations make transport environments potential hotspots
for transmission of respiratory infections. During the COVID-19 pandemic, generic mitigation measures
(e.g. physical distancing) have been applied without also considering the airborne transmission route.
This is due to the lack of quantified data about airborne contagion risk in transport environments.

In this study, we apply a novel combination of close proximity and room-scale risk assessment
approaches for people sharing public transport environments to predict their contagion risk due to
SARS-CoV-2 respiratory infection. In particular, the individual infection risk of susceptible subjects and
the transmissibility of SARS-CoV-2 (expressed through the reproduction number) are evaluated for
two types of buses, differing in terms of exposure time and crowding index: urban and long-distance
buses. Infection risk and reproduction number are calculated for different scenarios as a function of
the ventilation rates (both measured and estimated according to standards), crowding indexes, and travel
times. The results show that for urban buses, the close proximity contribution significantly affects the
maximum occupancy to maintain a reproductive number of <1. In particular, full occupancy of the bus
would be permitted only for an infected subject breathing, whereas for an infected subject speaking,
masking would be required. For long-distance buses, full occupancy of the bus can be maintained only
if specific mitigation solutions are simultaneously applied. For example, for an infected person speaking
for 1 h, appropriate filtration of the recirculated air and simultaneous use of FFP2 masks would permit full
occupancy of the bus for a period of almost 8 h. Otherwise, a high percentage of immunized persons
(>80%) would be needed.

© 2022 China University of Geosciences (Beijing) and Peking University. Production and hosting by

Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/

licenses/by-nc-nd/4.0/).

1. Introduction

and the US Centers for Disease Control and Prevention (CDC)
(WHO, 30 April 2021; US CDC, 7 May 2021) have eventually recog-

The COVID-19 pandemic, caused by the SARS-CoV-2 virus, has
disrupted modern society and presented a significant challenge
to indoor environments, where virus transmission mainly occurs
(Blocken et al., 2020; Luo et al., 2020; Chang et al., 2021; Miller
et al, 2021; Morawska et al., 2021). Among the different pathways
of infection transmission, the World Health Organization (WHO)
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nized the airborne transmission of inhalable airborne respiratory
particles (i.e. particles below 100 pm in diameter capable of
remaining suspended in the air) as the dominant mode of respira-
tory infection in indoor environments with respect to spray borne
particles (larger particles quickly settling due to their inertia), and
fomites (i.e. contaminated surfaces) (Morawska and Milton, 2020;
Kriegel et al., 2020; Marr and Tang, 2021; Miller et al., 2021). Thus,
indoor environments with a high crowding index (number of peo-
ple relative to the room size) and inadequate clean (pathogen-free)
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air supply represent sites where the highest risk of microbial infec-
tion occurs (Li et al., 2007; Buonanno et al., 2020a; Correia et al.,
2020; Miller et al., 2021). During the COVID-19 pandemic, the
measures implemented by governments have not been targeted
to reduce the transmission of the virus for all three mechanisms
of transmission (airborne respiratory particles, sprayborne respira-
tory particles, and fomites). Indeed, the primary mitigation mea-
sures adopted have been physical distancing and hand hygiene,
which address sprayborne respiratory particles and contaminated
surfaces, but have limited effectiveness on transmission through
airborne respiratory particles (Chen et al., 2020). This is due to
the lack of data relating to quantified airborne contagion risk in
indoor environments. Indeed, the first experimental evidence of
SARS-CoV-2 RNA concentration in indoor air in the presence of
an infected person (Lednicky et al., 2020; Liu et al., 2020; Nissen
et al., 2020; Stern et al., 2021) as well as traces of SARS-CoV-2
RNA on air conditioning filters and ambient air in buses (Moreno
et al., 2021) were only recently reported in the scientific literature.
Thus, given the millions of commuters using public transport every
day in the world, there is an obvious need for further information
on the risk of airborne contagion so that effective prevention mea-
sures can be implemented. In particular, airborne transmission of
SARS-CoV-2 on buses has emerged as a concern in light of multiple
outbreaks since the onset of the pandemic (Luo et al., 2020; Shen
et al., 2020). Buses have historically been associated with transmis-
sion of Mycobacterium tuberculosis (Mohr et al., 2012) and measles
virus (Perkins et al. 1947; Helfand et al., 1998), with one case
report for variola (smallpox) virus (Suleimanov and Mandokhel,
1972). Therefore, mitigation of airborne transmission of respira-
tory pathogens on buses represents an important topic even
beyond the COVID-19 pandemic.

The significance of airborne transmission has highlighted the
need to have appropriate pathogen-free air supply rates (i.e. air
exchange rates) to reduce the spread of SARS-CoV-2 (Buonanno
et al., 2020a; Morawska et al., 2021; Stabile et al., 2021). Despite
numerous studies quantifying air exchange rates in indoor
microenvironments, no existing ventilation standard so far devel-
oped by national authorities or international professional societies
(e.g. ASHRAE 62.1 [2019]) takes into consideration the require-
ments for infection control in non-healthcare settings (Morawska
et al., 2021). In addition, there are no specific technical regulations
or standards for buses focused on ventilation and air exchange rate.
Regulation n°107 of the UNECE (United Nations Economic Com-
mission for Europe) on the uniform provisions concerning the
approval of vehicles, including buses, does not consider the venti-
lation systems and defines the maximum bus capacity considering
only the available internal surface and the maximum permissible
load. Nevertheless, some countries have a standard for buses; for
example, the German standard VDV 236 (2015) requires 15 m> h!-
person~! of clean air, and the Chinese standard JT/T 888 (2014)
requires 20 m> h™! person~! of clean air.

The purpose of this study was to quantify the risk of airborne
transmission in buses and identify mitigation strategies to reduce
the transmission potential of SARS-CoV-2 infection for safe trans-
portation of passengers and to control the spread of the pandemic.
To this end, we performed risk assessment simulations considering
airborne transmission both in close proximity to an infected pas-
senger (i.e. within 1.5 m) and at more distant locations in the
bus breathing shared air (referred to as “room-scale”). For the close
proximity component, we applied a computational fluid dynamics
(CFD) approach, whereas for the room-scale component we
applied a simplified zero-dimensional model based on a virus mass
balance that allows prospective analyses. Simulations were per-
formed considering various exposure scenarios in the bus environ-
ment taking into account the characteristics of the emitting
subject, microenvironment, ventilation, and exposed subjects also
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including the effect of mitigation strategies. As the Delta variant
(B.1.617.2 SARS-CoV-2) is now dominant across much of the world,
and is recognized as more infectious than previous variants, the
risk assessment proposed here focuses on this variant.

2. Materials and methods

To quantify the risk of airborne transmission of viruses in buses
and to identify mitigation strategies to reduce the transmission
potential of SARS-CoV-2 infection for safe transportation of com-
muters, the approaches proposed by Cortellessa et al. (2021) and
Buonanno et al. (2020a) are used. In particular, we evaluate air-
borne transmission resulting from inhaling virus-laden airborne
particles at two different spatial scales: i) in close proximity, i.e.
within approximately 1.5 m of an emitting subject; and ii) at
room-scale, i.e. sharing the same indoor environment of the
infected subject and then inhaling particles that remain suspended
in air. The dichotomy of close proximity versus room-scale air-
borne transmission has also been referred to as short-range versus
long-range transmission (Chen et al., 2020). Individual risk of
infection (i.e. the ratio between the number of new infections
and the number of exposed susceptible individuals, hereinafter
referred as IR, and IR;) and reproductive number (i.e. the
expected number of new infections arising from a single infectious
individual, hereinafter referred as R, and R) for both close prox-
imity and room-scale are evaluated adopting an exposure-to-risk
approach developed and presented in our previous papers
(Buonanno et al., 2020a,b; Stabile et al., 2021). This approach is
summarized and customized for close proximity and room-scale
assessments. Different scenarios are studied with ventilation rates
estimated according to regulatory standards and measured
through an ad-hoc experimental campaign and crowding indexes
required by regulatory authorities.

2.1. Evaluation of the individual risk of infection and reproductive
number for close proximity transmission

The close proximity approach consists of a Eulerian-Lagrangian
based model for the analysis of respiratory particle dispersion in
close proximity represented by a breathing/speaking infected sub-
ject (emitter) and a susceptible subject (receiver) in the case of
face-to-face orientation and stagnant air conditions. A CFD tech-
nique is adopted for the three-dimensional numerical description
of velocity, pressure, and temperature fields, along with the motion
and interaction of the respiratory particles with the fluid. The fully
opensource finite volume based OpenFOAM software is employed
as a fully open and flexible tool with complete control of the vari-
ables chosen for particle dispersion assessment. The adopted
Lagrangian particle tracking (LPT) approach is based on a dispersed
dilute two-phase flow and allows the respiratory particle motion
inside the air flow to be determined. In particular, the spacing
between respiratory particles in the exhaled air plume is suffi-
ciently large and the volume fraction of the respiratory particles
is sufficiently low (<1073) to justify the use of a Eulerian-
Lagrangian approach, in which the continuum equations are solved
for the air flow (continuous phase) and Newton’s equation of
motion is solved for each respiratory particle. The continuity equa-
tions are widely described in the available scientific literature
(Massarotti et al., 2006; Scungio et al., 2013; Arpino et al., 2014)
while the respiratory particle motion equations, solved for an
unsteady incompressible Newtonian fluid and considering the drag
and gravity forces acting on the particle, are described in
Cortellessa et al. (2021) and not reported here for brevity. Further
details are reported in the Supplementary Material where the par-
ticle emission rates as a function of the particle size for breathing
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activity are also summarized (Table S1). Particle emission rates
adopted for close proximity modeling were obtained considering
peak flow rates and velocities at the mouth of the infected subject
in order to simulate the worst condition (i.e. adopting a conserva-
tive approach) in terms of risk of infection due to the close proxim-
ity route of transmission.

The close proximity airborne transmission risk is evaluated
using the volumetric dose of airborne particles pre-evaporation
(Vag-airborne-pre) inhaled by a susceptible person during face-to-face
interaction with an infected person in one minute of exposure
(mL min~'). We use the pre-evaporation volume because the dose
of RNA copies inhaled relates to the original volume rather than the
evaporated volume, as particles retain their RNA load while losing
water during the instantaneous evaporation occurring upon expi-
ration. This dose of inhaled RNA copies can be approximated as
the product of Vi airborne-pre (ML min~"), the viral load (c,, RNA
copies mL™!) of the infected person, and the duration of face-to-
face interaction (T, min). Values for Vy_airborne-pre When the infected
person is speaking are taken from Cortellessa et al. (2021) for sep-
aration distances of up to 1.75 m, whereas original estimates for
Vd_airborne-pre When the infected person is breathing only for separa-
tion distances of up to 0.5 m are reported in the Supplementary
Material (Table S2). CFD models for both speaking and breathing
activities do not consider mask use because masks completely alter
the close proximity particle flow regime, thus reducing the close
proximity risk. In our calculation we consider that the close prox-
imity risk is negligible in a scenario where the infected person
wears a mask.

To model ¢, we used the preliminary data posted by von
Wintersdorff et al. (2021) that confirms that higher c, values are
associated with Delta variant infections; in particular, we fit the
statistical distribution of the ¢, data obtained by von
Wintersdorff et al. (2021) on their 87 sequence-confirmed Delta
variant infection data with a lognormal c, distribution, yielding a
mean and standard deviation of 7.1 and 0.70 log;o RNA copies
mL~!, respectively.

To calculate the probability of infection (P}, %) from close prox-
imity airborne transmission, we used a common exponential dose-
response model as follows:

Co-Vy_ai _pre T
_ d a}l{xillnjorne pre (%)
Pp=1-e 63

(1)
where HIDg3 represents the human infectious dose for 63% of sus-
ceptible subjects. For the Delta variant, a HIDg3 value of 700 RNA
copies was adopted based on the thermodynamic equilibrium
dose-response model of Gale (2020). We point out that the term
(¢y*Vd-airborne-preT/HIDg3) represents the term hereafter referred to
as “dose of quanta” (Dg).

The close proximity individual risk of infection (IR;,) of the
exposed person was then calculated by integrating, for all the pos-
sible ¢, values, the product between the conditional probability of
the infection for each c, (P(c,)) and the probability of occurrence of
each c, value (Pg):

IR = / (Pi(cy) @ Pey)dc, (%) )

For the purposes of our modelling analysis, we assume an
infected person on a bus has close proximity interaction (speaking
or breathing) with only one susceptible person; in other words,
just one susceptible person is within 1.5 m and in a face-to-face
orientation for the whole exposure time (i.e. travel time). This
hypothesis of perfect face-to-face orientation amongst infected
and susceptible persons is the most critical scenarios; indeed, this
condition maximizes the risk of infection of the exposed subject. As
a result, the close proximity reproduction number (Rs) (i.e. the
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number of secondary cases amongst the susceptibles in close prox-
imity to an infected subject) is equivalent to the close proximity
individual risk of infection (IRs).

2.2. Evaluation of the individual risk of infection and reproductive
number for room-scale transmission

The room-scale approach is based on a box model in which a
virus mass balance equation is applied, estimating the emission
of an infected subject and predicting exposure concentrations
and infection risks for prospective scenarios. The approach is based
on the following hypotheses: the emitted particles are instanta-
neously and evenly distributed in the environment, and the latent
period of the disease is longer than the time of the model
(Gammaitoni and Nucci, 1997). Infected people breathing and/or
speaking and susceptible people sitting and/or standing (in case
of urban buses) are considered.

For room-scale airborne transmission assessment, the predic-
tive estimation approach developed by Buonanno et al. (2020a,
b), and already applied in Moreno et al. (2021) and Stabile et al.
(2021), was adopted. The approach requires six steps: (i) evalua-
tion of the quanta emission rate (hereinafter referred as ERg,
quanta h™1); (ii) estimation of the exposure to quanta concentra-
tion in the environment (referred as n(t,ER,)); (iii) evaluation of
the dose of quanta received by exposed subjects (D4(ERy)); (iv) esti-
mation of the probability of infection based on a dose-response
model (P(ER,)); (v) evaluation of the individual risk of the exposed
person (IR;s); and (vi) evaluation of the room-scale reproduction
number (R,s) based on crowding. The abovementioned quantum
is defined as an inhaled dose of RNA copies of SARS-CoV-2 that
can cause infection in 63% of susceptible people in an indoor envi-
ronment, whereas the quanta emission rate is the number of
quanta released into the air per unit of time as a function of the
expiratory activities of an infected subject, respiratory parameters,
and activity levels. The approach estimates the quanta emission
rate of an infectious subject based on the viral load in the respira-
tory fluid and the concentration of particles expired during differ-
ent activities; moreover, it considers the metabolic rate and
respiratory activity of the emitting subject and the activity of the
exposed subject.

This approach represents an important step forward, as previ-
ously the viral load emitted was difficult to estimate; in fact, a
backward calculation was used to estimate the emission of an
infected subject based on retrospective assessments of outbreaks
only at the end of an epidemic (Myatt et al., 2008; Rudnick and
Milton, 2003; Sze To and Chao, 2010; Wagner, Coburn and
Blower, 2009).

The quanta emission rate (ER;, quanta h™') is evaluated as:

ER;=¢,-¢;-IR-Vy4(quanta h™") (3)

where c, (RNA copies mL™!) is the viral load in the saliva (as defined
in Section 2.1), ¢; (quanta RNA copies) is a conversion factor defined
as the ratio between one infectious quantum and the infectious
dose expressed in viral RNA copies (assumed as in Section 2.1), IR
is the inhalation rate (m® h™') of the infected subject, which is a
function of the subject’s activity level and age, and Vj is the droplet
volume concentration expelled by the infectious person (mL m3).
IR and V, data are reported in Buonanno et al. (2020a). The resulting
statistical distributions of the quanta emission rate values (ER,,
quanta h™1), expressed as log,o (average + standard deviation), are
1.19 + 0.68 and 1.84 + 0.68 for oral breathing and speaking,
respectively.

The indoor quanta concentration in the environment n(t,ER,) is
evaluated for each possible ER; value using the equation:
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ER, -1
IVRR-V’

where no (quanta m~3) is the initial quanta concentration in the bus
(assumed to be zero), IVRR (h™!) represents the infectious virus
removal rate and is the sum of three contributions (Yang and
Marr, 2011): (i) AER (h™1), the air exchange rate; (ii) k (h~!), the par-
ticle deposition rate on surfaces (equal to 0.24 h™~!, (Chatoutsidou
and Lazaridis, 2019)); (iii) A (h™!), the viral inactivation rate (equal
to 0.63 h™', (van Doremalen et al., 2020)); I is the number of infec-
tious subjects, and V is the volume of the buses considered.

The dose of quanta received by an exposed subject (Dg) to a cer-
tain quanta concentration, n(t,ERq), for a certain exposure time, t,
can be evaluated by integrating the quanta concentration over
time as:

n(t, ERy) = np - eV 4 (1-e™®)(quantam™3)  (4)

Dy(ER,) = IR /O 'n(t)dt(quanta) 5)

Here IR represents the inhalation rate of the exposed subjects
that, once again, depends on their activity level and age.

The probability of infection (PI, %) of exposed persons is evalu-
ated based on the same exponential dose-response model consid-
ered for close proximity:

Pi(ER,) = 1 — e PR (%) (6)

Once again, we point out that close proximity and room-scale
approaches are based on the same exposure-to-risk evaluation;
indeed, Eq. (6) is practically the same as Eq. (1).

The room-scale individual infection risk of an exposed person
(IRys) is calculated by integrating, for all the possible ER; values,
the product between the conditional probability of the infection
for each ER; (Pi(ER4)) and the probability of occurrence of each
ER, value (Pggg):

IRy = / (P/(ER,) - Peg, )ER, (%) (7)
ERg

The room-scale reproduction number (R,) represents the
expected number of secondary cases arising from the exposure
and is simply calculated as the product of IR,; and the number of
susceptible passengers on the bus. When considering both close
proximity and room-scale airborne transmission, the total number
of expected secondary cases arising from the bus trip (Reyent) is the
sum of R, and Rys.

With a view towards minimizing the spread of infection, such
that the bus exposure results in fewer than one secondary trans-
mission on average, the number of susceptible passengers should
be monitored to maintain a condition where Reyene < 1. To this
end, the maximum number of susceptibles that can stay simulta-
neously in the confined space under investigation for an acceptable
Revent < 1 (hereafter referred to as maximum room occupancy,
MRO), considering a single close proximity interaction and room-
scale airborne transmission, is:

MRO — 1—IRy

(susceptibles) (8)

TS

2.3. Scenarios

The individual infection risk of susceptible subjects and the
overall transmission potential (expressed as reproduction number)
are evaluated for two types of buses, differing in terms of exposure
time and crowding index, as follows: i) urban buses (class I) char-
acterized by a short exposure time and high crowding index and ii)
long-distance buses (class II and class III) characterized by long
exposure time and a low crowding index. The bus classes are
defined by the Regulation n°107 of UNECE on uniform provisions
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concerning the approval of vehicles, including buses, as shown in
Table 1. In class Il buses, standing passengers are allowed, although
they are unlikely to carry standing people over long distances,
making class II and III buses practically identical. Thus, only class
Il buses were considered in the simulation of long-distance buses.

Infection risk and reproduction numbers are calculated for dif-
ferent scenarios, with ventilation rates estimated according to reg-
ulatory standards as well as being measured through an ad-hoc
experimental campaign, and crowding indexes required by regula-
tory authorities. For long-distance buses with long exposure times
(>120 min), the room-scale airborne transmission risk will domi-
nate and act to reduce the MRO and consequently increase the
effective distances between passengers. For reference, the close
proximity risks are negligible beyond 1.75 m in the case of speak-
ing and 0.5 m in the case of breathing (see Supplemental Material).
Conversely, for the short exposure time and high crowding of class
I buses, the close proximity risk may affect the MRO. As such, the
close proximity risk was only specifically considered for urban
bus scenarios and, on the basis of the assumption mentioned
above, it is negligible for scenarios where commuters wear masks
(and thus it has not been considered).

2.3.1. Simulated scenarios

The individual infection risk of susceptible subjects and the
reproduction number are evaluated for two types of buses: urban
buses (class I) and long-distance buses (class III). The individual
bus capacity depends on the size of the vehicle, the seating config-
uration, and the regulation regarding standees (Table 2). In the pre-
sent work, we consider a widely-used conventional bus (Victor and
Ponnuswamy, 2012), approximately 12 m long and with a maxi-
mum passenger capacity depending on the class in which it is used.
The bus dimensions considered in this work are 12 m x 2.55 m x
2.3 m (L x W x H) equal to a volume of 70 m>. For accurate calcu-
lation of the actual internal volume, the volume occupied by the
seats is removed as well as the volume occupied by passengers.
The crowding index, suggested by Regulation n°107 (ECE-R107,
2015) on the uniform provisions concerning the approval of vehi-
cles, including buses, amounts to 93 and 51 occupants (seated + s-
tandees, excluding the driver) for class I and class Il buses,
respectively. Considering a density of humans of 1010 kg m—3
(Deziel, 2021), the mass of a passenger of 68 kg (ECE-R107,
2015), and the crowding index expected by Regulation n°107
(ECE-R107, 2015; Table 2), the volume occupied by passengers is
6 m> and 3 m? for class I and class III, respectively. Moreover, the
volume occupied by the seats expected by Regulation n°107
(ECE-R107, 2015) is equal to 1.4 m>® and 2 m?>, for class I and class
111, respectively.

The heating, ventilation and air conditioning (HVAC) system
plays a key role in the airborne transmission of respiratory infec-
tions within a bus because it adds clean, pathogen-free air to the
indoor environment as a fraction of its flow rate. The data on buses
and HVAC systems have been found by consulting technical data
sheets provided by manufacturers. The considered HVAC system
can provide a maximum flow rate of 4400 m> h™! including both
recirculated air and outdoor fresh air. Detailed legislation on the

Table 1
Classes of buses according to Regulation n°107 of the UNECE (ECE-R107, 2015).

Class 1 Vehicles constructed with areas for standing passengers, to
buses allow frequent passenger movement
Class II Vehicles constructed principally for the carriage of seated
buses passengers and designed to allow the carriage of standing
passengers in the gangway and/or in an area that does not
exceed the space provided for two double seats
Class 111 Vehicles constructed exclusively for the carriage of seated
buses passengers
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Table 2
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Characteristics of the buses in terms of maximum occupancy, volume, crowding index, and ventilation rate.

Bus class Maximum occupancy suggested by Volume Crowding index Air exchange rate due to outdoor fresh air (EN 1432-1)
the (ECE-R107, 2015) regulation (m?) (person m~3) (h™h
Seats Standees Tot

I 36 57 93 63 1.5 22

111 51 - 51 65 0.8 12

minimum outdoor fresh air to be supplied in buses is missing, thus
the reference value for urban and suburban rolling stock, suggested
by EN 1432-1 (2006), is typically adopted: it is equal to 15 m> h™!-
person! (i.e. ~4.17 Ls™! person') or 22 h~! and 12 h™! for class I
and III, respectively (Table 2). The recirculated air should be trea-
ted using filters able to capture and remove particles with different
efficiencies depending on the filter used. If this does not occur, the
recirculated air will not enhance the air exchange rate guaranteed
by the outdoor air supply. In the simulations performed here, we
considered three different efficiencies for filtering the recirculated
air: no filtration, filtration through a G3 filter, and filtration
through a M6 filter (ISO 16890-1, 2016). All the simulations for
urban buses were carried out with no filtration of the recirculated
air. Considering the distribution of the particles emitted by an
infected subject during speaking (distribution post-evaporation fit-
ted by seven size ranges as reported in Cortellessa et al.(2021), and
the efficiency declared by regulation ISO 16890-1 (2016), the filters
guarantee a weighted average removal efficiency of 4% for G3 and
40% for M6 filters, respectively.

The actual air exchange rate in buses is also affected by the
opening of windows and doors, which increases the air exchange
rate. This typically occurs in urban buses, which are characterized
by frequent stops, when doors must be opened, and high crowding
indexes leading to windows being kept open. For this reason, the
actual ventilation rate for urban buses (class I) were measured
through an ad-hoc experimental campaign as described in
Section 2.3.2.

The simulations are performed considering one infected pas-
senger (I = 1) in a fully susceptible population. We point out that
the proposed methodology would easily allow simulating further
scenarios with more than one infected subject. Nonetheless, for
the sake of brevity we limited the simulations to one infected sub-
ject; indeed, one infected over 93 passengers represents an extre-
mely high percentage (roughly 1%) which is larger than the typical
infection rate occurring worldwide during the pandemic. The
exposed susceptibles were considered to be performing activities
in sitting and standing positions and inhaling at IR = 0.54 m> h™!
(Adams, 1993; ICRP, 1994). Travel times on buses vary widely
between urban and long-distance buses depending on the number
of stops, travel distance, and traffic patterns. The travel time con-
sidered is: (i) 24 min for urban buses (class I), which is the average
time spent by a commuter on an urban bus in Italy (ISTAT, 2019);
and (ii) travel time up to 8 h for long-distance buses (class IIl). The
urban bus scenarios were simulated considering that all the 93
commuters stayed simultaneously for 24 min in the bus. This is a
rare case, but it represents the worst situation and should be con-
sidered as a conservative approach.

Our modelling scenarios also consider the use of face masks by
bus passengers, because universal masking has been a primary
public health strategy during the COVID-19 pandemic. In the sce-
narios with this mitigation solution, all the commuters wear a
mask, both infected and susceptible, and we consider both surgical
and FFP2 masks. For the surgical masks, we assume a 40% reduc-
tion in inhaled particles (Eikenberry et al., 2020), seen as the pro-
duct of the reduction of the emission of the infected subject and
the inhalation of the susceptibles. For the FFP2 masks, the overall

considered reduction effect was assumed to be 80% (Poydenot
et al., 2021). These values take into account the actual use of the
mask, not just the nominal efficiencies of the filter media.

Emission and exposure assumptions for the scenarios in the
prospective assessment for urban buses (class I) and long-
distance buses (class III) are summarized in Tables 3 and 4,
respectively.

Table 3

Scenarios simulated for urban buses (class I): emission duration and respiratory
activity. Descriptions of the scenarios and the activity mitigation solutions are
reported. All the simulations were carried out with the actual air exchange rates and
with no filtration of the recirculated air.

Emission
duration (min)
and respiratory

Scenarios Description

activity
Base scenario C-0-UB 24 min, oral Infected commuter
breathing standing for the whole trip
oral breathing. No
filtration of the
recirculated air.

Speaking effect C-24-UB 24 min, Infected commuter
& windows speaking standing for the whole trip
closed speaking and with

windows closed. No
filtration of the
recirculated air.

Speaking effect C-24-UB- 24 min, Infected commuter
& windows WO speaking standing for the whole trip
opened speaking and with

windows opened. No
filtration of the
recirculated air.

Surgical mask, C-24-UB- 24 min, Infected commuter
speaking SM speaking standing for the whole trip
effect & speaking, all commuters
windows wearing a surgical mask
closed and with windows closed.

No filtration of the
recirculated air.

FFP2 mask, C-24-UB- 24 min, Infected commuter
speaking FFP2 speaking standing for the whole trip
effect & speaking, all commuters
windows wearing an FFP2 mask and
closed with windows closed. No

filtration of the
recirculated air.

Surgical mask, C-24-UB- 24 min, Infected commuter
windows SM + WO speaking standing for the whole trip
open & speaking, all commuters
speaking wearing a surgical mask
effect and with windows

opened. No filtration of
the recirculated air.

FFP2 mask, C-24-UB- 24 min, Infected commuter
windows FFP2 + WO  speaking standing for the whole trip
open & speaking, all commuters
speaking wearing an FFP2 mask and
effect with windows opened. No

filtration of the
recirculated air.
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Table 4

Scenarios simulated for long-distance buses (class III): emission duration and
respiratory activity. Descriptions of the scenarios and the activity mitigation solutions
are reported. All the simulations of the long-distance buses were carried out with the
air exchange rates suggested by the standard.

Scenarios Emission Description
duration (min)
and respiratory
activity
Base C-0-LDB 480 min oral Infected commuter standing
scenario breathing for the whole trip oral

breathing. No filtration of
the recirculated air.

Commuter’s C-30-LDB 30 min speaking Infected commuter speaking
speaking & 450 min oral for the first 30 min and oral
effect breathing breathing for the rest of the

time. No filtration of the
recirculated air.

C-60-LDB 60 min speaking Infected commuter speaking
& 420 min oral for the first 60 min and oral
breathing breathing for the rest of the

time. No filtration of the
recirculated air.

Filtration G3  C-60-LDB- 60 min speaking Infected commuter speaking
& G3 & 420 min oral for the first 60 min and oral
speaking breathing breathing for the rest of the

effect time. The recirculated air is
filtered with a G3 filter.

Surgical C-0-LDB- 480 min oral Infected commuter standing
mask SM breathing for the whole trip oral
effect breathing. All commuters

wear surgical masks. No
filtration of the recirculated

air.
Filtration C-0-LDB- 480 min oral Infected commuter standing
M6 effect M6 breathing for the whole trip oral

breathing. The recirculated
air is filtered with an M6

filter.
Filtration C-60-LDB- 60 min speaking Infected commuter speaking
M6 & M6 & 420 min oral for the first 60 min and oral
speaking breathing breathing for the rest of the

effect time. The recirculated air is
filtered with an M6 filter.

Surgical C-60-LDB- 60 min speaking Infected commuter speaking
mask & SM & 420 min oral for the first 60 min and oral
speaking breathing breathing for the rest of the

effect time. All commuters wear
surgical masks. No filtration
of the recirculated air.

FFP2 & C-60-LDB- 60 min speaking Infected commuter speaking
speaking  FFP2 & 420 min oral for the first 60 min and oral
effect breathing breathing for the rest of the

time. All commuters wear an
FFP2 mask. No filtration of
the recirculated air.

FFP2 & C-60-LDB- 60 min speaking Infected commuter speaking
filtration ~ FFP2 + M6 & 420 min oral for the first 60 min and oral
M6 effect breathing breathing for the rest of the

time. The recirculated air is
filtered with an M6 filter and
all commuters wear a
surgical mask.

2.3.2. Measurement of the air exchange rate for buses class I

The actual air exchange rate for urban buses (class I) was deter-
mined through in-field measurements using the decay method of a
tracer gas (Van Buggenhout et al., 2009; Cui et al., 2015; ISO 12569,
2017). In brief, a dose of tracer gas is injected and mixed with the
air inside the bus. When the injection is stopped, the concentration
peak is reached and the tracer gas concentration begins to decrease
and is recorded during a given period. The tracer gas decay method
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is based on the mass balance of the tracer gas which allows the air
exchange rate (AER, h™') to be calculated through the exponential
decay equation:

ln (Cpeak —Cout )

— (Cnar—Cour) (h'" )

AER = Al

where Ceakr Crinais and Coy represent the initial peak, final, and out-
door tracer gas concentrations, respectively, and At the time inter-
val between Cpeqx and Canar.

In the experimental campaign, carbon dioxide (CO,) was used
as a tracer gas. Measurements were conducted with six Onset
HOBO MX1102 CO, data loggers (Range 0 to 5000 ppm CO,,
accuracy * 50 ppm + 5%) and a Testo 435 multifunctional logger
with IAQ (Range 0 to 10000 ppm - Accuracy: 0 to 5000 ppm CO,,
+75 ppm * 3%; 5000 to 10000 ppm CO,, +150 ppm * 5%). Before
the measurement campaign, the sensors were calibrated by using
pure nitrogen and an analytically calibrated gas mixture with a
concentration of 4000 ppm CO, in nitrogen.

The measurements were carried out in a bus used for urban
transport, namely IIA City Mood bus (class I) on an ordinary route
and the measurements were carried out both with the windows
closed and the windows open. The vehicle was provided for 4 side
windows with a sliding opening (1/3 of height) with an overall area
of 0.96 m? (when fully opened). The experimental runs were car-
ried out on a not windy day, so the air change is mainly due to
the bus motion. The ventilation system of the buses was kept in
operation for the entire duration of the tests. During the measure-
ments, only the operator and the driver were on the bus. Three dif-
ferent measurements for each driving condition (closed/open
window) were conducted. In each run the CO, concentration was
pushed up to 5000 ppm while the vehicle was in motion, then its
decay was recorded not considering stops and traffic lights. The
sensors were placed at two heights corresponding to the breathing
zones for seated (1.10 m) and standing (1.70 m) passengers. The
four sensors measuring at the breathing zone of seated person
(1.10 m above the ground) were placed at 25% and 75% of the total
length of the vehicle. In the case of two rows of seats, the two sen-
sors were placed between the abreast seating, whereas in the case
of single-seat, the sensor was placed on the aisle-side seat. The two
sensors measuring at the breathing zone of standing person
(1.70 m above the ground) were placed on the centerline of the
vehicle between the two doors and between the rear door and
the back of the vehicle. We point out that the CO, concentration
was measured at several points in the bus because the variable
vehicle speed and the repeated opening of doors did not allow
the tracer gas concentration to achieve uniformity. During a single
run, the difference of concentration of CO, measured by the differ-
ent sensors placed in the vehicle exceeds 1000 ppm. The CO, con-
centration values measured at each point were processed
according to the decay method to calculate the local value of the
air exchange rate and, finally, the average value of AER was calcu-
lated. Illustrative examples of CO, decay trends for both windows
open and closed conditions are reported in Supplementary Data
(Figs. S1 and S2). The measurements collected in the experimental
campaign are shown in Table 5. All values reported in Table 5 rep-

Table 5
Actual air exchange rates (AER) measured for urban bus IIA CityMood bus (class I)
during the experimental analyses. Data are reported as average + standard deviation
values.

Experiment AER Ventilation rate per person
(h™1 (L's™! person™')

Windows open 65.3 +4.6 124 +0.9

Windows closed 269 £3.9 5107
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resent the average values of the three runs. For the calculation of
the air change rate, only CO, concentration values >800 ppm have
been considered. The data clearly show that for the windows
closed condition, the minimum AER due to outdoor fresh air sug-
gested by the EN 1432-1 standard (22 h™!, i.e. 417 L s~! person™!)
is guaranteed; indeed, the experimental AER value with windows
closed is slightly larger than the value suggested by the standard,
likely due to the frequent stops of the bus during which the doors
were opened. However, when the windows were kept open during
the whole trip, the actual AER was roughly three times the pre-
scribed value, reaching 65.3 h™1.

3. Results and discussions
3.1. Urban buses

Fig. 1 presents the close proximity and room-scale individual
risks after 24 min for the breathing (C-0-UB) and speaking (C-24-
UB) scenarios. The room-scale risk in the case of windows open
for enhanced ventilation (C-24-UB-WO) is also shown. For the
speaking scenario, the close proximity risk exceeds the room-
scale risk for separation distances below approximately 1.5 m; in
particular, the close-proximity individual risk is extremely high
(~75%) in the case of full occupancy of the bus (93 persons, which
means an average separation distance of 0.32 m). Because we
assumed that an infected person has close proximity interaction
with only one susceptible person, the maximum R, value (result-
ing from a separation distance of 0.32 m) is about 0.75. Conversely,
for the breathing scenario, the close proximity risk is only higher
than the room-scale one when the infected person is within
0.2 m of a susceptible person, and the close proximity risk is very
low (~0.2%) at the designed distance of 0.32 m. As such, the close
proximity risk for breathing has a minimal impact on the reproduc-
tion number for the scenarios evaluated here, and can be omitted
from all Revenc calculations. Indeed, in the case of an infected sub-
ject breathing for the entire trip, the IR is 0.48%, and the R,; =-
Revent = 0.44 (i.e. calculated as the product between 0.48% and
the 92 susceptibles); therefore, the full occupancy suggested by
the ECE-R107 (2015) regulation (93 commuters) is satisfied.

full occupancy
(0.32 m separation)
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In contrast with the breathing scenarios, for an infected subject
speaking during the whole trip, the Reyent, and then the MRO, is also
significantly affected by the close proximity risk of infection due to
its high IR.,. The effect of close proximity to the total Reyen
becomes even more predominant when the number of susceptibles
decreases (i.e. when the R.s decreases). This is clearly shown in
Fig. 2, where the R, was added to the R to calculate the total Reyent
value for C-24-UB and C-24-UB-WO scenarios. The graphs show
that to maintain Reyene < 1 on the urban buses when the infected
subject is speaking, it is necessary to reduce the MRO to 40 persons
and 23 persons for the scenarios with windows open and closed
(corresponding to distances of approximately 0.5 m and 0.65 m),
respectively. These values are approximately halved with respect
to the MRO values considering R,s alone. Therefore, to avoid a
reduction of the occupancy, it would be necessary to keep the win-
dows open in urban buses and adopt other strategies such as wear-
ing masks. Indeed, the occupancy imposed by the regulation (93
persons) would guarantee a Reyent < 1 when FFP2 masks are worn
(both with windows closed or open; i.e. scenarios C-24-UB-FFP2
and C-24-UB-FFP2 + WO reported in Supplementary Data Fig. S3)
or when surgical masks are worn with the windows kept open
(scenario C-24-UB-SM + WO). In contrast, with the windows
closed, the MRO would be <93 even if all the commuters were
wearing surgical masks (scenario C-24-UB-SM with an
MRO = 80). Once again, we highlight that the close proximity risk
was assumed to be negligible when the commuters wear a mask;
thus, for those scenarios, the Reyen: (and the MRO) is only related
to the room-scale risk.

3.2. Long-distance buses

For long-distance buses, the susceptibles travel for a long time
(up to 480 min according to the investigated scenarios) in the same
confined space with an infected subject, causing the IR, to
increase, and thus increasing the Reyen. We point out that for
long-distance buses, the Reyen: is equal only to the room-scale
reproduction number because the distances and the orientation
between the commuters are such as to consider R, negligible.
Fig. 3 shows an illustrative example of quanta concentration, IR,
and MRO trends for the scenario characterized by an infected com-

10D o B st o g IR, (speaking)
10 e
;\? IR, (speaking) — windows closed T
s = Al - 2.10%
2 1 s IR (speaking) — windows open \ - aro,
§ ~ . R \\ Yo /o
S ~ - - - 0.48%
% . IR (breathing) — windows closed L
= “h \\
0.1 N \
*\ IR, (breathing) Y
\\ <
N \
A Y \
0.01
0 0.2 0.4 0.6 0.8 1 1.2 14 1.6 1.8

separation distance (m)

Fig. 1. Close proximity risk (IR,) as a function of separation distance for the Delta variant for 24 min of breathing and speaking, as compared with room-scale airborne
transmission risk (IRs) for the C-0-UB (breathing, windows closed), C-24-UB (speaking, windows closed), and C-24-UB-WO (speaking, windows open) scenarios.
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(a) C-24-UB MRO (susceptible)
3 93 48 36 23 16

2.5

1.5

reproduction number

0.5

0

0.2 0.3 0.4 0.5 0.6 0.7 0.8
separation distance (m)
(b) C-24-UB-WO MRO (susceptible)
3 93 79 40 23
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1.5 R

reproduction number
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Fig. 2. Reven: considering both close proximity (R.,) and room-scale (Rys) contributions for the C-24-UB (a) and C-24-UB-WO (b) scenarios. The equivalent maximum room
occupancies (MROs) for maximum occupancy (93), Rs < 1, and Reyent < 1 are denoted by vertical lines.
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Fig. 3. Trends of quanta concentration (n), individual room-scale risk (IR,s) and maximum room occupancy (MRO) for C-60-LDB (solid lines) and C-60-LDB-FFP2 + M6 (dotted
lines) scenarios.
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muter speaking for 60 min with no mitigation measures (case C-
60-LDB). In this scenario, the IR,s reaches the maximum permitted
value in 16 min (2%; i.e. 1 over 50 susceptible exposed persons),
staying above that value for the entire travel time and thus not
allowing full occupancy of the bus.

Table 6 shows the required MRO to maintain Reyen < 1 for all the
investigated scenarios for long-distance buses. For the C-60-LDB
scenario, the MRO is extremely low even for a 1 h travel time (only
11 susceptibles could simultaneously share the bus) dropping to 4
commuters for an 8 h trip. The maximum occupancy of the bus is
clearly related to the speaking time of the infected person during
the trip (as also graphed in Fig. 4). Indeed, when the speaking time
is reduced to 30 min (C-30-LDB scenario) or 0 min (C-0-LDB, i.e.
infected person only breathing) the MRO slightly increases but it
is still far from the full occupancy. Nonetheless, full occupancy of
the bus can be adopted for a 1 h travel time in the case of an
infected individual only breathing. The use of surgical masks does
not significantly improve the occupancy of the bus because, once
again, full occupancy would be allowed only for a 1 h travel time
as shown in Fig. 4. Therefore, unless frequent breaks were taken
during the trip to significantly lower the quanta concentration in
the bus, further mitigation measures are needed to safely increase
the number of commuters. In fact, the MRO data reported in Table 6
clearly highlight the fact that enhancing the ventilation through
appropriate filtration of the recirculated air (M6 filter) and/or the
use of more effective masks (FFP2) increases the MRO; indeed,
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when these two mitigation solutions are adopted simultaneously
even for an infected subject speaking for 1 h, full occupancy would
be permitted for very long trips. This is clearly illustrated in Fig. 3
which shows the IR, and MRO trends for the C-60-LDB-FFP2 + M6
scenario: the individual risk IR,s remains below the maximum per-
mitted value (2%) up to 457 min and the MRO for an 8 h travel time
is 49 commuters (i.e. almost full occupancy). The scenarios here
analyzed considered a continuous exposure of 8 h, actually, accord-
ing to the European Regulation (European Commission, 2006),
after a driving period of four and a half hours the bus driver have
to take an uninterrupted break of not <45 min. For the most critical
scenario analyzed (and reported in Fig. 3), C-60-LDB, the individual
risk after four and a half hours would be equal to roughly 17% then
resulting in a maximum occupancy of 6 persons which is quite
similar to the MRO at 480 min (4 persons). In the paper we have
not considered exposure scenarios of 8 h with a 45 min break after
four and a half hours since this would have resulted defining other
sub-scenarios for the break period (e.g. during the break is the
HVAC system switched off or on? Are the passengers inside or out-
side the bus? etc.); some of these scenarios would lead to an over-
all 8 h risk not necessarily less critical with respect to those with
no breaks. Summarizing, our choice represents a particular sce-
nario considering the HVAC system switched on and the passenger
inside the bus during the break.

When adequate filtration of the recirculated air and FFP2 masks
are not adopted, the only solution to increase the MRO in long-

Table 6

Maximum room occupancy for long-distance buses to maintain a Reyene < 1 as a function of the scenarios investigated.
Scenarios Travel time

60 min 120 min 240 min 480 min
Base scenario C-0-LDB * 25 13 7
Commuter’s speaking effect C-30-LDB 15 12 8 5
C-60-LDB 11 8 6 4

Filtration G3 & speaking effect C-60-LDB-G3 12 10 7 5
Surgical mask effect C-0-LDB-SM * 42 21 11
Filtration M6 effect C-0-LDB-M6 * * 30 15
Filtration M6 & speaking effect C-60-LDB-M6 26 21 15 10
Surgical mask & speaking effect C-60-LDB-SM 18 14 10 7
FFP2 & speaking effect C-60-LDB-FFP2 51 40 30 20
FFP2 & filtration M6 effect C-60-LDB-FFP2 + M6 * * * 49

*The occupancy suggested by the ECE-R107 (2015) regulation is satisfied.
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Fig. 4. Reyent as a function of speaking time (from 0 to 60 min) and travel time (from 0 to 480 min): (a) infected commuter speaking for the first minutes (0 to 60 min) and oral
breathing for the rest of the time; (b) infected commuter speaking for the first minutes (0 to 60 min) and oral breathing for the rest of the time, with all commuters wearing

surgical masks.
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Fig. 5. Reven as a function of the percentage of immune individuals and travel time (from O to 480 min): (a) C-0-LDB, infected commuter standing for the whole trip oral
breathing; (b) C-0-LDB-SM, infected commuter standing for the whole trip oral breathing and all commuters wear surgical masks; (c) C-60-LDB, infected commuter speaking
for the first 60 min and oral breathing for the rest of the time and all commuters wear surgical masks; and (d) C-60-LDB-SM, infected commuter standing for the whole trip

oral breathing and all commuters wear surgical masks.

distance buses is to reduce the number of susceptible people
amongst those exposed; in other words, the fraction of the
immune population (e.g. by vaccination) should be increased. To
this end, Fig. 5 shows the Reyent in long-distance buses as a function
of the percentage of immunization (simulated by changing artifi-
cially the number of susceptibles) and travel time (from O to
480 min) in the cases of breathing without mitigation measures
(C-0-LDB), breathing with surgical masks (C-0-LDB-SM), speaking
without mitigation measures (C-60-LDB), and speaking with surgi-
cal masks (C-60-LDB-SM). The figures indicate that, as expected,
the presence of the immunes can reduce virus transmission;
nonetheless, only a percentage of immunes higher than 90% would
allow a Reyent < 1 in the case of 480-min trips with no masks. In fact,
even if surgical masks were worn, a high percentage of immunes
would still be required, i.e. at least 80% and 85% for oral-
breathing and speaking activities, respectively.

4. Conclusions

This study evaluates the individual risk and the potential trans-
missibility (i.e. reproductive number, Reyen:) of SARS-CoV-2 infec-
tion in public buses, both in urban buses (characterized by a
shorter exposure time but a higher crowding index) and long-

10

distance buses (longer exposure time, lower crowding index). We
considered the risk due to the proximity to the infected subject
(close proximity contribution) and the risk related to the accumu-
lation of virus-laden droplets in buses (also not in close proximity,
i.e. room-scale contribution). Several typical scenarios in terms of
ventilation, travel time, and expiratory activity of the infected sub-
ject are evaluated, as well as the adoption of mitigation strategies.

For urban buses, the contribution of close proximity to the indi-
vidual risk is extremely high when the infected subject speaks for
the entire travel time (up to 75% for full occupancy of the bus, i.e. at
a separation distance of 0.32 m), thus significantly contributing to
the reproductive number and, consequently, to the maximum
occupancy of the bus in view of controlling the transmissibility
of the pandemic. Indeed, the maximum occupancy to guarantee a
Revent < 1 (MRO) would be lower than the full occupancy of the
bus both with the windows closed (measured ventilation rate of
about 27 h™!, MRO = 23 commuters) and with windows open
(measured ventilation rate of about 65 h~!, MRO = 40 commuters).
To maintain a Reyent < 1 for full occupancy of the bus, masks should
be adopted (FFP2 with the windows closed). For a breathing
infected subject, the close proximity risk is negligible, and the
room-scale contribution is 0.48%, thus guaranteeing a Reyen: < 1
with full occupancy of the bus.
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For long-distance buses, the close proximity contribution can be
reasonably neglected due to the distances and orientation amongst
the commuters; thus, the risk is only related to the room-scale con-
tribution. The total exposure (travel) time and the adoption of mit-
igation solutions significantly affect the maximum occupancy of
the bus. Reducing the speaking time and adopting frequent breaks
during the trip represent very basic solutions that cannot always
be applied. As an example, in the case of an infected person speak-
ing for 1 h, only high quality filtration of the recirculated air and
the simultaneous use of FFP2 masks would permit full occupancy
of the bus up to almost 8 h; otherwise, an extremely high percent-
age of immunized persons (>80%) would be required.
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