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A B S T R A C T   

Due to the airborne nature of viral particles, adequate ventilation has been identified as one suitable mitigation 
strategy for reducing their transmission. While ‘dilution of air by opening the window’ has been prescribed by 
national and international health agencies, unintended detrimental consequences might result in many devel
oping countries with high ambient air pollution. In the present study, PM2.5 exposure concentration and prob
ability of mortality due to PM2.5 in different scenarios were assessed. A COVID airborne infection risk estimator 
was used to estimate the probability of infection by aerosol transmission in various commuter micro- 
environments: (a) air conditioned (AC) taxi (b) non-AC taxi (c) bus and (d) autorickshaw. The following were 
the estimated exposure concentrations in the four types of vehicles during pre-lockdown, during lockdown, and 
lost-lockdown: AC taxi cars (17.16 μg/m3, 4.52 μg/m3, and 25.09 μg/m3); non-AC taxis: (28.74 μg/m3, 7.56 μg/ 
m3, 42.01 μg/m3); buses (21.79 μg/m3, 5.73 μg/m3, 31.86 μg/m3) autorickshaws (51.30 μg/m3, 3.50 μg/m3, 75 
μg/m3). Post-lockdown, the probability of mortality due to PM2.5 was highest for autorickshaws (5.67 × 10− 3), 
followed by non-AC taxis (2.07 × 10− 3), buses (1.39 × 10− 3), and AC taxis (1.02 × 10− 3). This order of risk is 
inverted for the probability of infection by SARS-COV-2, with the highest for AC taxis (6.10 × 10− 2), followed by 
non-AC taxis (1.71 × 10− 2), buses (1.42 × 10− 2), and the lowest risk in autorickshaws (1.99 × 10− 4). The 
findings of the present study suggest that vehicles with higher ventilation or air changes per hour (ACH) should 
be preferred over other modes of transport during COVID-19 pandemic.   

1. Introduction 

The World Health Organization (WHO) has declared the COVID-19 
pandemic to be an airborne infectious disease (Morawska and Milton, 
2020). The general consensus is that there are two main modes of 
transmission of the virus: (a) via larger respiratory droplets (>5 μm) that 
remain in the air for only a short time and travel short horizontal dis
tances, generally a few meters, before settling out by gravity and (b) via 
small (<5 μm) aerosolized droplets that remain in the air for many hours 
or days and travel longer distances (Lu et al., 2020). While exposure to 
droplets can be mitigated by face masks and social distancing, exposures 
to smaller airborne particle need to be managed using engineering 
controls such as adequate ventilation. Several studies indicate that 
inadequate ventilation is an important mechanism for the spread of 
COVID virus (Lu et al., 2020; Lednicky et al., 2020; Li et al., 2020; Chen 
and Zhao, 2020). Ventilation as a strategy to dilute the air concentration 
of airborne contaminants (including virus containing particles) by 
exchanging air in the room with air from outside is widely accepted 

including for transport vehicles (URL 01). The USEPA and Centers for 
Disease Control (CDC) recommendations include “Improve the ventila
tion in the vehicle if possible (for example, open the windows or set the 
air ventilation/air conditioning on non-recirculation mode” and “Ask 
the driver to improve the ventilation in the vehicle) (URL 02, URL 03). 

However, in many developing countries, diluting the indoor with 
ambient air increases risks to health from exposure to air pollution. 
PM2.5 (particulate matter less than 2.5 μm in aerodynamic diameter) 
concentrations in India are an order of magnitude higher than cities in 
USA (Gurjar et al., 2008). Approximately 58% of districts in India 
recorded ambient particulate matter PM2.5 (particulates with aero
dynamic diameter ≤ 2.5 μm) pollution above the National Ambient Air 
Quality Standard (NAAQS) and 99% of the districts were above the 
WHO guidelines in 2015 (Chowdhury et al., 2019). Estimates of the 
burden in India show that 627,000 premature deaths and nearly 17.8 
million Disability Adjusted Life Years (DALYs) to be attributable to 
ambient air pollution (Balakrishnan et al., 2014). 

Autorickshaws and buses are other commonly used means of public 
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transport in most of the cities in India (Choudhary and Gokhale, 2016), 
along with personal cars and shared cars/taxis (Mobility and Prefer
ences, 2019). Exposure to traffic-related PM during short-term com
mutes has demonstrable health effects (Knibbs et al., 2011), and there is 
evidence that the in-cabin air can be polluted by the outdoor ambient air 
in India (URL 04). Piscitelli et al. (2019), in their study in Italy, esti
mated the health care cost due to road freight traffic related air pollution 
to be up to 1.2 billion EUR per year. A recent study shows that irre
spective of the city and car model used, a windows-open setting showed 
the highest exposure, followed by fan-on and recirculation, and also that 
particulate matter (PM) was higher for shared cars compared to personal 
cars (Kumar et al., 2020; Jain, 2017). 

While many cities in the developing countries like Delhi (Mahato 
et al., 2020; Kumari and Toshniwal, 2020) suffer from poor air quality 
with PM2.5 concentrations above WHO guidelines, ambient air pollution 
has been shown to decrease globally during the pandemic (Venter et al., 
2020). As lockdowns are removed in many parts of the word, PM2.5 
concentrations are expected to soon reach pre-lockdown levels. There is 
a considerable percentage of passengers in India who use autorickshaws 
and motorcycles who will be exposed to the ambient PM2.5 concentra
tions. High PM2.5 exposure in auto-rickshaws have been described in 
several studies (Pant et al., 2017; Apte et al., 2011; Gupta and Elumalai, 
2019). 

With the ongoing pandemic and guidelines suggested by the regu
latory bodies to open window during travel, population living in low/ 
income countries are exposed to the ambient PM2.5 concentration. In the 
present study, short-term health risks (due to virus infection) and long- 
term or chronic risks (due to particulate matter) were assessed for 
several commute micro-environments. Short term or acute health risk 
refers to health outcomes resulting from exposures within a short period. 
Long term health risks are attributable to chronic exposure (PM2.5) over 
a long time period that result in adverse health outcomes. The risk 
tradeoffs in different scenarios of pre-lockdown, lockdown and post- 
lockdown were assessed to estimate the risk associated with different 
mode of transportation. 

2. Methodology 

2.1. Risk due to PM2.5 personal exposure 

Using the equation developed by Fann et al. (2012), the annual 
number of adverse health outcomes in various scenarios were estimated 
(Equation 1). 

Δy= y0 (eβΔx − 1)Pop (1)  

where, Δy = number of adverse health outcomes. 
y0 = baseline incidence rate. 
β = effect estimate. 
Δx = change in air quality. 
Pop = the affected population 

Δy
Pop

= individual probability of death 

In the absence of epidemiological studies in the Indian subcontinent 
focusing on the relationship between PM2.5 and air pollution, effect 
estimates for mortality (0.02151) from ischemic heart disease were 
taken from Krewski et al., 2009) for PM2.5. The baseline incidence rate of 
0.00141 indicative of the total ambient and household air pollution 
attributable death rate for India was taken as input based on existing 
data (URL 05). Different case scenarios of change in air quality were 
evaluated: (a) background of 25 μg/m3 based on WHO guidelines (Δx =
0); (b) pre-lockdown ambient concentration of 76.3 μg/m3 (Kumari and 
Toshniwal, 2020) (Δx = 51.3); (c) during-lockdown – 38.5 μg/m3 

(Kumari and Toshniwal, 2020) (Δx = 13.5) and (d) post-lockdown – 100 
μg/m3 (Kumari and Toshniwal, 2020) (Δx = 75). Estimated in-cabin 

exposure in various transit micro-environments in Delhi, India were as 
follows: AC cars (89 ± 30 μg/m3), non-AC cars (149 ± 13 μg/m3), buses 
(113 ± 14 μg/m3) and auto-rickshaws (266 ± 159 μg/m3) (Maji et al., 
2020). Assuming, the indoor to outdoor infiltration ratio to be 1 for 
autorickshaws, the average exposure concentration from Jyoti et al. 
(2020) was used to estimate the indoor to outdoor ratio in other transit 
microenvironments: 0.33 for AC-taxis, 0.56 for non AC-taxis, 0.42 for 
buses. 

2.2. Estimation of risk due to SARS-CoV-2 

A COVID airborne infection risk estimator developed by Miller et al. 
(2020) (Miller et al., 2020), was used to estimate the probability of 
infection by aerosol transmission in various commuter 
micro-environments: (a) air conditioned (AC)-taxi (b) non AC-taxi (c) 
bus and (d) autorickshaw. In these calculations, we assume that only 1 
passenger is infected, the latent period of the disease is longer than the 
length of the model, infectious aerosols are evenly distributed 
throughout the vehicle interior volume, and are removed by a first-order 
process that includes ventilation (air changes per hour or ACH), vehicle 
air filtration, gravitational deposition, and viral inactivation. The 
probability of infection is assumed to be related to the number of quanta 
(airborne virus) inhaled. The average concentration of quanta in a 
compartment (Cavg in q/m3) can be estimated as: 

Cavg =
E

LV

[

1 −
1

LD
(
1 − e− LD)

]

(2)  

where E is the quanta emission rate (q/hour), L is the sum of removal 
rates by all mechanisms (hour− 1), e.g., gravitational settling, and 
removal by ventilation and filtration systems, D is the duration of the 
ride, and V is the volume of the vehicle interior. 

The probability of infection (Pi) is modeled as: 

Pi = 1 − exp( − n) (3)  

where n is the number of inhaled quanta. The assumptions given as input 

Table 1 
COVID airborne infection risk estimator model inputs for each scenario, 
including distributions and ranges used. U: Uniform distribution with (mini
mum, maximum) values.  

S. 
No 

Input 
Parameter 

Units AC Taxi Non-AC 
Taxi 

Bus Auto 

1 Volume (V) m3 19.6 19.6 93.6 5.6 
2 ACH  U 

(0.94,15.34) 
30.80 U 

(3.3,9.19) 
10,000 

3 Breathing 
rate 

m3/h U (0.49,1) 

4 Passengers people 5 5 40 5 
5 Duration of 

trip (D) 
h 0.75 

6 Decay rate 
of the virus 

h− 1 0.32 

7 Deposition 
to surfaces 

h− 1 0.3 

8 Additional 
control 
measures 

h− 1 0 

11 Fraction of 
population 
infected  

20.00% 20.00% 2.50% 20.00% 

12 Quanta 
emission 
rate (E) 

q h− 1 U (2,134) 

13 Mask 
efficiency 
for emission 

% U (50,60) 

14 Mask 
efficiency 
for intake 

% U (30,40)  
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to the model are shown in Table 1, with many of the values relating to 
virus properties obtained from Miller et al. (2020). The dimensions of a 
typical Indian AC-taxi and non AC-taxi were taken from Adak et al. 
(2016); an Indian bus from Chaudhry and Elumalai, 2020) and an Indian 
autorickshaw from Lukic et al., 2007). Using the regression model 
developed by Knibbs et al. (2009), the air changes per hour (ACH) were 
estimated for different AC taxi speeds (0–120 km/h) representative of 
range of speed in Indian roads for active recirculation and fan settings, 
while the ACH for Non AC taxi were taken from Ott et al., 2008) for 
window open settings. In the absence of literature data for ACH deter
mination of autorickshaw, a well-mixed model was assumed and esti
mated to be ~10,000 h− 1. 

3. Results 

3.1. Short- term and long-term risk 

PM2.5 exposure concentration and probability of mortality due to 
PM2.5 in different scenarios of the lockdown are shown in Fig. 1. 
Exposure concentration (product of 1ndoor-Outdoor ratio and ambient 
concentration) in AC taxi cars were estimated to be 17.16 μg/m3 during 
pre-lockdown conditions, 4.52 μg/m3 during lockdown and 25.09 μg/ 
m3 after lockdown. Similarly, in non-AC taxi cars exposure concentra
tion were estimated to be 28.74 μg/m3 during pre-lockdown, 7.56 μg/ 
m3 during lockdown and 42.01 μg/m3 during post-lockdown. Exposure 
concentration in buses were estimated to be 21.79 μg/m3 lockdown, 
5.73 μg/m3 during lockdown and 31.86 μg/m3 after lockdown. Exposure 
concentration in autorickshaws were estimated to be 51.30 μg/m3 for 
before lockdown, 13.50 μg/m3 during lockdown and 75 μg/m3 after 
lockdown. Probability of mortality due to PM2.5 in AC-taxis was esti
mated to be 6.30 × 10− 4 during pre-lockdown, 1.44 × 10− 4 during 
lockdown and 1.01 × 10− 3 during post-lockdown. For non-AC taxi cars, 
during pre-lockdown the probability of mortality was estimated to be 
1.21 × 10− 3, 2.49 × 10− 4 during lockdown and 2.07 × 10− 3 during post- 
lockdown. For buses, probability of mortality due to PM2.5 was esti
mated to be 8.43 × 10− 4 during pre-lockdown, 1.85 × 10− 4 during 
lockdown and 1.39 × 10− 3 during post-lockdown. For autorickshaws, 
the probability of mortality due to PM2.5 was estimated to be 2.84 ×
10− 3 during pre-lockdown, 4.75 × 10− 4 during lockdown and 5.67 ×
10− 3 during post-lockdown. 

The probability of infection due to SARS-CoV-2 in different commute 
microenvironments is shown in Fig. 2. It was estimated to be 6.10 ×
10− 2 in AC-taxis, 1.71 × 10− 2 in non-AC taxis, 1.43 × 10− 2 in buses, and 
1.99 × 10− 4 in autorickshaws. AC taxi cars as compared to non-AC taxis 

have a ~250% higher probability of infection. Increasing the car driving 
speed from stationary to 120 km/h leads to a decrease in the probability 
of infection by approximately 75%. The speed of the vehicle is an 
important parameter which influences the air exchange rate in non- 
recirculation transit environments and should be considered in future 
exposure model predictions for transit vehicle systems. Further, based 
on ACH values determined by Ott et al. (2008), the probability of 
transmitting virus is further decreased to ~86% in window open con
ditions, thus indicating this as an important step towards control of 
transmission of the viral particles. The highest probability of infection 
was estimated for AC-taxi and autorickshaw were found to have the least 
probability of infection. 

4. Discussion 

Fig. 1 shows the PM2.5 exposure concentration and probability of 
mortality due to PM2.5 in calculated different scenarios. Since there are 
no quantitative dose-response relationships for PM2.5 concentrations 
and estimates for mortality in the Indian context, we used effect esti
mates for mortality and baseline incidence rates for the total ambient 
and household air pollution attributable death rate from other sources. 
These estimates show that post-lockdown, the probability of mortality 
due to PM2.5 was highest for autorickshaws, followed by non-AC taxis, 
buses, and AC taxis. 

This order of risk is inverted for the probability of infection by SARS- 
COV-2, with the highest for AC taxis, followed by non-AC taxis, buses, 
and the lowest risk in autorickshaws, shown in Fig. 2. These estimates 
were assessed using a COVID risk estimator. Several parameters of this 
model are known with varying degrees of precision, and the resulting 
uncertainty was accounted for using distributional assumptions for 
those parameters. The findings of the present study suggest that vehicles 
with higher ventilation or air changes per hour (ACH) should be 
preferred over other modes of transport during COVID-19 pandemic. 

The rate of mortality of this SARS-CoV-2 infection has not exceeded 
3.4% globally. On the other hand, the mortality rate caused by ambient 
air pollution has contributed to 7.6% of all deaths in 2016 worldwide 
(Isaifan, 2020). India is significantly affected by this virus with ~1,80, 
304 active cases and ~157.656 deaths as of 6th March 2021 (URL 06). 
At present there are ~10,917 deaths due to SARS-CoV-2 virus in Delhi 
alone. With the lockdown being lifted while the virus is still widely 
prevalent, there exists a combined risk of airborne and air pollution 
effects. High air pollution in Indian cities may lead to compromised 
immune systems in vulnerable individuals, which would make residents 
more susceptible to mortality linked to SARS-CoV-2 infection (Wu et al., 

Fig. 1. Probability of mortality and PM2.5 exposure in the different scenarios – (a) pre-lockdown, (b) lockdown and (c) post-lockdown for different micro- 
environments. 
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2020). Other studies have proposed a direct effect of particulate matter 
in boosting SARS-COV2 inter-personal transmission (Setti et al., 2020a, 
2020b). The present study assesses the long-term health effects of the 
particulate matter. However, apart from particulate matter, traffic 
related pollutants include carbon monoxide, volatile organic com
pounds, nitrogen dioxide and poly-aromatic hydrocarbons (Han and 
Naeher, 2006). There is limited epidemiological evidence regarding the 
synergistic effects of traffic related pollutants (Mauderly and Samet, 
2009). It is very likely that traffic related pollutants will increase the 
absolute risk values due to their synergistic effects but the risks will still 
be an order of magnitude lower than the short-term effects of the 
SARS-CoV-2 virus. Thus, synergisms between the components of the air 
pollution mixture, although not included in the present study, will not 
qualitatively alter the findings of the study. 

There are two key mitigation strategies for countering virus-laden 
aerosols in transit vehicles: we can dilute the air by opening windows 
(and thus lowering the dose, which reduces the probability and the 
severity of infection) and/or we can remove viral particles from the air 
with vehicle air filters. An AC taxi typically operates its ventilation 
system in a recirculation mode where the air inside the car is cooled and 
recirculated for energy efficiency with the windows closed. While this is 
effective as a PM2.5 mitigation strategy, it is not effective against 
infection by a fellow passenger. The risks of infection are much lower in 
buses and autorickshaws where the ACH’s are much higher, although 
the passengers in these forms of transit face a much higher risk from 
PM2.5 exposure. The risks of infection can be reduced in AC-taxis or 
non-AC taxis by opening windows and running the AC in a non- 
recirculation mode, although this will significantly reduce the effi
ciency of cooling and filtration. We should also acknowledge that there 
are a considerable number of taxis, auto-rickshaws and cars in India that 
do not have built-in air-recirculation units. Maji et al. (2020), in their 
study found open modes of transport as the most exposed to particulate 

air pollution and suggest the use of masks and avoiding congestion 
hotspots. 

Thus, the existing systems either increase chronic risk from exposure 
to PM2.5 or increase risk of infection to the SARS-COV-2 virus. In-cabin 
air purifiers (Knibbs et al., 2010; Tartakovsky et al., 2013) can be an 
economic solution to this dilemma. Assuming, low outdoor ventilation 
(ACH~1), i.e., window closed conditions, a Clean Air Deliver Rate 
(CADR) of 20 cfm would be enough for an effective ventilation rate of 
~7 ACH. An air purifier with a filter efficiency of 90–95% can further 
reduce the PM2.5 concentration in cabin environments. Energy intensive 
recirculation units in personal cars could also be replaced with inex
pensive solar car air purifiers that are available at < $50. The usage of 
localized exhaust ventilation can also be an efficient strategy to remove 
SARS-COV-2 aerosol droplets from indoor environments (Borro et al., 
2021). Another solution to the problem is the use of mass transit systems 
with centralized ventilation system, which may be a preferred mode of 
transport than personal vehicles (Fig. 3). Subway trains have 15–18 ACH 
which is much higher than the recommended air-exchange rates in 
closed spaces 6–8 ACH (URL 07). The low infection rates in public 
transportation systems can be maintained by including mandatory face 
masks; disinfecting trains and buses; and ramping and staggering busi
nesses service work hours to reduce rush-hour crowding. 

5. Conclusions 

The findings of the present study indicate that the risk ranking of 
commute micro-environments is altered in different stages of the lock
down (Fig. 3). The risk calculations clearly indicate that while the AC- 
taxi option is most preferable during normal periods to mitigate air 
pollution (in middle- and low-income countries with poor air quality), 
this may not be a viable option during a pandemic. Further, autorick
shaws with the highest air exchange rate show the lowest probability of 

Fig. 2. Estimation of probability of infection from SARS-CoV-2 in various commute microenvironments – (a) Non-AC Taxi (b) AC Taxi (c) Bus and (d) Autorickshaw. 
ACH values of AC and Non-AC Taxi were taken from Knibbs et al., 2009) and Ott et al., 2008, respectively. Bus ACH values were taken from Chaudhry and Elumalai, 
2020). Autorickshaws due to high ACH, have almost negligible probability of infection. 
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SARS-CoV-2 infection. Active recirculation, speed and window openings 
are some of the parameters which influence the ACH in a transit micro- 
environment and need to be considered for effective design. There are 
two competing risks – one increases with a set of actions while the other 
decreases; one is short term while the other is long term. One is a risk of 
infection while the other is a risk of mortality. While not directly com
parable, these risk calculations can be a potential pathway for an indi
vidual to base his/her actions based on these calculations. Opening 
windows during the pandemic is a viable solution towards the control of 
transmission of virus but also expose human population to risk associ
ated with particulate matter exposure. Autorickshaws that are a key 
component of mass commute systems in India and other Asian countries 
might prove to be a better alternative than passenger cars. Long term 
risks associated with particulate matter cannot be neglected and should 
be considered by policymakers while deciding lockdown strategies. The 
ongoing pandemic has presented an opportunity to reconsider and 
redesign ventilation systems in public transit vehicles and also the role 
of mass transit to not only reduce risk of infection during this time, but 
also reduce exposure PM2.5 and other air pollutants for the future in a 
sustainable manner. 
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