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Abstract

public bus transit systems.

Public transportation, Real-world emission

Public buses typically have less emission per passenger kilometer traveled (PKT) than private cars and motorcycles,
and the emission benefit of public buses increases with ridership. However, the drop in public bus usage during the
novel coronavirus (COVID-19) pandemic could lead to an increase in air pollutant emissions per PKT, making the emis-
sion benefits of public buses questionable. This study investigated the effects of the COVID-19 pandemic on public
bus occupancy rates in Taichung City, Taiwan, and also compared real-world emissions per PKT of carbon monoxide
(CO), total hydrocarbons (THQ), nitric oxide (NO), and carbon dioxide (CO,) of a public bus before and during the
pandemic. Mean bus occupancy rates were 11-25% on different bus routes before the pandemic, indicating that only
a fourth or less of the bus passenger capacity was utilized. During the pandemic, mean bus occupancy rates dropped
to 4-15%. Moreover, the public bus was less polluting based on CO and THC emissions than the car and motorcycle,
even at the low passenger occupancy rates observed during the pandemic. However, NO and CO, emissions per

PKT of the bus were remarkably higher during the pandemic than those of the car and motorcycle. Furthermore, we
estimated the break-even passenger occupancy rate for buses as 15%, which was the minimum threshold occu-
pancy rate below which the buses would be more polluting than cars and motorcycles in terms of CO, THC, and CO,
emissions per PKT. Our findings will help transport management authorities and policymakers to optimize bus route
designs and frequencies and implement anti-pandemic measures to maximize the environmental benefits of the
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1 Introduction

Public transport is more desirable than private modes of
transport and is often subsidized by governments in cit-
ies around the world [1]. Public transport systems, such
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as bus transit, are claimed to offer a multitude of environ-
mental benefits. One of such benefits is a relatively lower
emission intensity, measured as emissions per passenger
kilometer traveled (PKT), of public than private transport
modes. However, the emission benefit from public bus
transit strongly depends on ridership (number of pas-
sengers on each trip) [2, 3]. Although the total emission
of a bus can be expected to increase with increasing pas-
senger load (ridership), the emissions per PKT are often
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lower at higher passenger loads because the total emis-
sion would be divided among more passengers [3, 4].
Therefore, keeping everything else constant, the amount
of air pollutants emitted and fuel consumption (FC) of
public buses per PKT increase with decreasing ridership.

With the onset of the novel coronavirus disease
(COVID-19), several countries around the globe have
been imposing curtailments on outdoor movement and
activities of people in an effort to keep the pandemic
from further spreading. The restrictions include lock-
downs and the requirement to maintain social distancing.
Those restrictions have severely affected mobility and the
use of public transportation in many countries [5-9].
Passengers are likely to get the COVID-19 infection in
public buses as a recent study showed that the virus may
remain suspended in the air inside buses [10]. Due to the
fear of getting infected during public bus rides, people
would shift their preference from public to private modes
of transportation [2].

Many studies have shown that the pandemic and the
subsequent implementation of anti-pandemic measures
have dramatically changed travel behavior and mode
choices [2], and the transit bus ridership has significantly
dropped in several big cities [5, 7, 8]. For example, Sahraei
et al. [9] showed that the public transport usage in twelve
different countries in Europe and America decreased up
to 90% during the pandemic. This massive drop in bus
ridership leads to the increase in air pollutant emissions
per passenger per kilometer of distance traveled, making
the emission benefits of public buses over private modes
of transportation uncertain [2]. Therefore, the positive
environmental effects of public buses over private modes
of transportation may be overturned due to the pan-
demic. For instance, a study suggested that public buses
were more polluting than private cars based on emissions
per PKT when the passenger ridership dropped by more
than 40% during the COVID-19 pandemic compared
to the pre-pandemic ridership [2]. In contrast, another
study suggested that with the effective implementation
of anti-pandemic measures, such as proper use of face
masks, sanitization, and social distancing, it might be
possible to maintain sufficient public bus ridership [11].
Therefore, it is necessary to evaluate the environmental
impacts, especially emissions of air pollutants, of public
bus transit systems under the changing scenario due to
the COVID-19 pandemic based on pollutant emissions
per PKT of buses.

Bus transit is a common and often subsidized means
of public transportation in many countries and cities [1,
12], including Taiwan. In Taiwan, Taichung is the second-
largest city after Taipei. Of the total travel trips made over
the whole country in 2020, 11.5% share was of Taichung
City alone [13]. The travel mode is highly dominated by
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private transportation, with the modal share of public,
private, and non-motorized transport (cycling and walk-
ing) being approximately 9, 81, and 10%, respectively, in
2020 [13]. However, of all trips made by public transport
in the city, 42.4% were made by public buses only [13],
which indicates that public bus transit is the most com-
mon mode of public transportation in Taichung City,
with 255 public bus routes in operation as of 2021.

Despite the global outbreak of the COVID-19 pan-
demic from the beginning of 2020, there was never a
complete lockdown in Taichung City, Taiwan. Therefore,
the pandemic did not affect the public bus operation
schedule and frequency in the city. Nonetheless, it might
have still affected the travel mode preference of people
and hence the public bus ridership and occupancy. The
historic experience of the 2003-SARS epidemic in Tai-
wan showed that the fear of getting infected during the
disease outbreak period may cause an immediate drop
in public transport ridership following the reports of
new cases of the disease [14]. However, the effects of the
ongoing COVID-19 pandemic on public bus usage and
tailpipe emissions per PKT are yet to be investigated in
Taiwan.

Recently, with the widespread vaccination programs
and periodic control over the pandemic, the restrictions
have been loosened. Consequently, the public bus rider-
ship has started to increase slowly. However, due to the
persistence of the pandemic, studies have indicated that
the public transit ridership may not reach the pre-pan-
demic levels any time soon [5, 8, 12]. The requirement of
social distancing and public fear of disease transmission
can be expected to persist longer, and it might take a long
period—several months to years in the future—for the
public transportation ridership to reach the normal or
pre-pandemic level. This gradual process of change pro-
vides opportunities to improve the urban transportation
system [8]. Therefore, it may be necessary to re-examine
the environmental aspects and overall merit of public bus
transit systems that would help identify improvement
opportunities.

Several prior studies have analyzed the effect of the
COVID-19 pandemic and subsequent restrictions, such
as lockdowns, on ambient air quality [9, 15-19]. Most
of those studies showed that less vehicular traffic and
the decrease in other emission activities during the pan-
demic improved ambient air quality. However, very few
prior studies have analyzed the effect of the pandemic on
the occupancy rates and tailpipe emissions per PKT of
the public bus transit systems [2]. Even those studies are
based on the estimated emission factors rather than the
real-world measured emission factors.

In this context, we investigated the effects of the
COVID-19 pandemic on public bus occupancy rates and
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tailpipe emissions per PKT of carbon monoxide (CO),
total hydrocarbons (THC), nitric oxide (NO), carbon
dioxide (CO,), and FC of the public buses in Taichung
City, Taiwan, based on the real-world emission meas-
urement and ridership data. The study also compared
the emission factors per PKT of public buses before and
during the pandemic with those of private modes of
transportation (car and motorcycle) and calculated the
break-even passenger occupancy rates for buses—the
minimum threshold occupancy rate below which the
buses would be more polluting than cars and motorcy-
cles in terms of emissions per PKT. This is the first study
that compared real-world public bus emissions per PKT
before and during the COVID-19 pandemic. The results
of this study will help policymakers and transport man-
agement authorities make better decisions and optimize
the public bus route designs, bus frequencies, social dis-
tancing measures, etc., in the changing scenario caused
by the COVID-19 pandemic.

2 Methods

2.1 Study site and the selection of transportation modes
This study was conducted in Taichung City, Taiwan. Mass
transit rail, high-speed rail, taxicabs, and buses are some
of the public transport options available in Taichung City.
However, based on the modal share statistics, buses are
a major means of public transportation [13]. Likewise,
among the private transportation modes, motorcycles
and cars are the most common modes in the city [13].
Therefore, in this study, we selected city buses to repre-
sent public transport and motorcycles and cars to rep-
resent private transport modes for the comparison of
emissions per PKT.

2.2 Sample bus routes and ridership data
Four public bus routes operating in Taichung City (route-
59, 131, 132, and 133), Taiwan, were selected for analyz-
ing the effect of the COVID-19 pandemic on public bus
occupancy. The route-59 buses are operated by United
Bus Company while the remaining three route buses are
operated by Taichung Bus Company. These routes con-
nect suburban areas with downtown Taichung City and
go through different urban land-use types. All of these
routes go via one of the two major train stations in the
city (Taichung Railway Station and Taichung High-Speed
Railway Station), thus carrying connecting passengers
to the train stations. The route lengths were 23.0km
(route-59), 25.7km (route-131), 20.6km (route-132), and
16.3km (route-133). A map of the sample routes is pre-
sented in the Supplementary Material (Fig. S1).

The number of passengers boarding and alighting at
each bus stop for all bus trips was obtained from the bus
company for the period of 25months, from September
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2019 to September 2021, for each sample route. Then, the
ridership data were aggregated on a monthly basis. The
data included approximately 138 thousand complete bus
trips and a total of more than 4 million ridership. The
25-month data represented both the pre-pandemic and
during-pandemic scenarios. The first COVID-19 case
was reported in Taiwan in January 2020 [20]. Therefore,
this study defines the pre-pandemic period as the period
before January 2020 (that is, September to December
2019) and the during-pandemic period as the period
from January 2020 to September 2021. Until January 20,
2020, there were no restrictions related to the COVID-
19 pandemic in Taiwan. However, from January 21, 2020,
Taiwan imposed a Level-1 alert (basic control measures)
to control the pandemic on the island. Taiwan imposed
the most restrictive alert (Level-3) from May 19 to July
26, 2021, during which the island observed the high-
est number of daily COVID-19 cases. The timeline of
the pandemic-related alerts and the definitions of the
alert levels are provided in the Supplementary Materials
(Table S1).

2.3 Calculation of PKT and bus occupancy

Monthly PKT was calculated using the monthly aggre-
gated ridership data for each of the analyzed bus routes
over the study period. For this, the bus route was seg-
mented using all bus stops along the route, and the length
of each route segment was calculated. It should be noted
that the number and location of the bus stops on a route
kept changing slightly during the sample period. There-
fore, the route segmentation was done based on the bus
stop locations and numbers effective during a particular
month. After that, using the monthly ridership data, the
total number of passengers taking the bus ride on each
segment was calculated for each month. Then, PKT for
each route segment was obtained by multiplying the
route segment length by the total number of passengers
taking the bus ride in a month on the same route seg-
ment. Finally, the total PKT for the whole route for a
month was obtained by summing the PKT for individual
route segments (Eq. (1)).

n
PKT getuar = Y _pi®li 1)
i=1

where PKT,,, ., is the actual monthly total PKT on a bus
route, p; is the total number of passengers taking the bus
ride on the i segment of the route in a month, /; (km) is
the length of the route segment i, and # is the total num-
ber of route segments on the bus route. The above equa-
tion gives the monthly total PKT on a bus route in terms
of person-km.
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The maximum theoretical PKT, expressed in terms of
person-km, which served as the reference value for com-
parison with the actual PKT, for each route on a month
was also calculated by assuming that the bus was occu-
pied fully for the whole route length during all bus trips
on the route (Eq. (2)).

PKTyof = pmax @ L o N (2)

where PKT,, is the maximum theoretical PKT, p,,,,, is
the maximum passenger number capacity of a bus when
occupied fully (sum of the seated and standing passenger
capacities of a bus obtained from the vehicle registra-
tion record), L (km) is the total route length, and N is the
total number of full bus trips in a month. The total num-
ber of bus trips (N) in a particular month for a route was
calculated using the bus schedule effective during that
month (Table S2). The maximum passenger capacity per
bus (p,,,,) obtained from the vehicle registration record
was 65 (route-59), 54 (route-131), 51 (route-132), and 54
(route-133).

Researchers have used vehicle occupancy to evalu-
ate greenhouse gas emissions and energy intensities of
passenger transport [21]. The direct comparison of pas-
senger counts between different bus routes or transport
modes can be misleading because of the difference in
seat capacities of different vehicles. Therefore, in the pre-
sent study, a standardized metric called occupancy rate,
defined as the ratio of actual PKT to the maximum theo-
retical PKT (or reference PKT) expressed in percentage,
was used as an indicator of the intensity of public bus
usage. The monthly average bus occupancy rate was cal-
culated using Eq. (3).

<Tactual

Bus occupancy rate = ———
pancy PKT,ef

¢ 100 (3)

In the above equation, a 100% occupancy rate means
that the bus is fully occupied to the maximum capac-
ity for the whole route length in all bus trips made in a
month. Using the above method, the monthly average
bus occupancy rates on each sample route were calcu-
lated for the period of 25 months, from September 2019
to September 2021.

Additionally, the average distance traveled by a passen-
ger on a bus ride was also calculated (Eq. (4)).

PKT,
Trip length per bus ride = W% (4)
where PKT, ., is the monthly total PKT on a particular

bus route and ridership is the monthly total number of
passengers taking the bus ride on the same bus route. Eq.
(4) provides the average length of the trip (km) per bus
ride made by a passenger for a month.
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2.4 Measurement of emission factors for bus and car

A diesel bus operating on route-59 and a gasoline car
were selected for real-world emission measurement.
Detailed specifications of the test vehicles are presented
in Table 1. The bus was equipped with a diesel oxida-
tion catalyst and a selective catalytic reduction device
and belonged to the Taiwan Phase-5 emission certifi-
cation level (equivalent to Euro V). Likewise, the car
was equipped with a three-way catalytic converter and
belonged to the Taiwan Phase-4 emission certification
level. All emission tests for the bus and car were con-
ducted on route-59 (Fig. S1). Four on-road emission tests
(two during rush hours and two during the lean hours)
were conducted for each vehicle type. The total distance
driven for the emission tests was more than 180 km.

An onboard emission measurement system consist-
ing of a gaseous analyzer (Horiba Mexa-584L, Horiba,
Japan), an exhaust flowmeter (EFM), auxiliary sensors
(exhaust temperature, ambient temperature, pressure,
and humidity), a global positioning system (VBox Sport,
Racelogic, Buckingham, UK), and a power supply sys-
tem was used for the real-world measurement of tailpipe
emissions of gaseous pollutants. All data were recorded
at the frequency of 1Hz. The weight of the onboard
sampling system was approximately 45kg. The Horiba
analyzer simultaneously measures real-time concentra-
tions of CO, THC, CO,, NO, and O,. The exhaust flow
rate for the bus was measured using a pitot tube-based
EFM. However, for the car, the exhaust flow rate was

Table 1 Test vehicle characteristics and the sample size

Parameters Bus Car
Make King Long Toyota
Model year 2013 2008
Engine displacement volume (cm?) 6692 1497
Tailpipe emission control DPF? SCR® TWC
Emission certification Phase-5 ¢ Phase-4 ¢
Accumulated mileage (km) 750,550 228,200
Fuel Diesel Gasoline
Number of on-road emission tests 4 4

Total distance driven for on-road emis- 923 91.5
sion tests (km)

Number of valid data points f 25,320 15,835

2 Diesel particulate filter
b Selective catalytic reduction
€ Three-way catalytic converter

4 Implemented in 2012 in Taiwan, the emission limits are 1.5, 0.46, 2.0, and
0.02g kWh~" for CO, THC, NO,, and PM, respectively

¢ Implemented in 2008 in Taiwan, the emission limits are 2.11, 0.045, and
0.07gkm~" for CO, THC, and NO,, respectively

f The data recording frequency of the components of the onboard emission
measurement system was 1Hz
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calculated using the intake air mass flow rate obtained
from the onboard diagnostics of the car and the air-
fuel ratio obtained from the Horiba gas analyzer. The
detailed method of the flow calculation is described
elsewhere [22]. Furthermore, the Horiba gas analyzer
removes moisture from the exhaust sample before meas-
uring the gas concentrations (measurement on a dry
basis). Therefore, a dry-to-wet correction was applied to
the second-by-second gas concentration data obtained
from the analyzer before the calculation of emission fac-
tors [22, 23]. The detailed method of dry-to-wet correc-
tion has been described in the authors’ prior study [22].
Moisture correction factors ranged from 0.86+0.00
(mean +standard deviation, SD) to 0.96+0.02 for dif-
ferent real-world emission test samples with data shown
in the Supplementary Material (Table S3). Second-by-
second exhaust gas concentrations (measured on a dry
basis) were multiplied by the mean moisture correction
factor obtained for the test before further analyses.

The average full-route distance-specific emission fac-
tors were calculated for the bus and car in terms of g
km~!, These emission factors were further used to cal-
culate the emissions per PKT (that is, g person™'km™1),
as explained in the following section. It should be noted
that the present study has the limitation of ignoring the
effect of passenger load on real-world emission factors.
However, the sampled bus route (route-59) had very low
bus occupancy rates (< 14%), even before the COVID-19
pandemic (see results). Therefore, the effect of passenger
load on the distance-specific emission factors would have
been negligible. Results from a prior study have also sug-
gested that the effect of passenger load (500 ->2000kg)
on bus emissions would be negligible within a particular
speed bin, especially at speeds less than 30kmh~! [24].

2.5 Estimation of emission factors for motorcycles

We compiled the motorcycle emission factors from prior
studies conducted in Taiwan for various model year
motorcycles belonging to different emission certification
levels in Taiwan. The emission factors were available for
Phase-3, Phase-4 [25, 26], Phase-5 [26—28], and Phase-7
motorcycles [22] from the literature and are summa-
rized in the Supplementary Material (Table S4). Then,
the emission factors for each pollutant obtained from the
literature were averaged for different model year classes
(Table S5). Finally, the average emission factors for dif-
ferent model year classes were weighted by the 2021
motorcycle fleet composition (% of motorcycles belong-
ing to different model year classes) data [29] to obtain the
fleet-average emission factors for the motorcycle fleet of
Taiwan (Table S5). The fleet-average emission factors of
pollutants for motorcycles were used for further analysis
and comparisons.
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2.6 Calculation of emissions per PKT

Emissions per PKT of a pollutant can be defined as the
grams of the pollutant emitted per kilometer per pas-
senger. It can be calculated using Eq. (5).

o EF el (5)
PKT =
PKTyetym
where EFpr (g PKT™?) is the actual emission per PKT,
EF, (gkm™") is the real-world distance-specific emission
factor of the bus, L (km) is the total length of the route,
and PKT,,, . is the actual PKT calculated following the
method explained in the previous sections (Eq. (1)).
Moreover, the reference emissions per PKT were also

calculated using the maximum theoretical PKT (Eq.

(6)).

EE, oL

EFpKr ref = m (6)

where, EFpyr,r (g PKT™ 1) is the reference emission factor
per PKT of the bus, EF, is the real-world distance-spe-
cific emission factor (gkm™1), L (km) is the total length
of the route, and PKT,,is the maximum theoretical PKT
calculated using Eq. (2).

It should be noted that the actual emissions per PKT
would be equal to the reference emissions per PKT when
the bus occupancy rate is 100%. However, when the bus
occupancy rate is below 100%, the actual emissions per
PKT would be more than the reference emissions per
PKT. Therefore, in the present study, the reference emis-
sion factors per PKT have been calculated and used as
the yardstick of comparison. Moreover, as indicated in
the previous section, the effect of passenger load on the
mass emission factors for the bus were not considered in
the present study. To some extent, this might have under-
estimated the reference emissions per PKT of the bus.

Additionally, the actual emissions per PKT were also
calculated for the car (based on measured real-world
emission data) and motorcycle (based on emission data
compiled from the relevant literature) using Eq. (5). A
similar prior study assumed the passenger number for
cars to be two [2]. In the present study, the passenger
numbers were assumed to be two for the car, and one for
the motorcycle. Although passenger cars and motorcy-
cles could carry more passengers than assumed, it was
considered that these private modes of transportation are
not meant for ride-sharing and rarely carry the passen-
gers to the maximum capacity. Finally, the actual emis-
sions per PKT of the bus (calculated with the passenger
ridership data under pre-pandemic and during-pandemic
scenarios) and those of the car and motorcycles were
compared. The study design has also been summarized
schematically in the Supplementary Material (Fig. S2).
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2.7 Calculation of break-even occupancy rates

Public buses can be less or more polluting in terms of
emissions per PKT than private cars and motorcycles,
depending on the occupancy levels and pollutant type.
Break-even passenger load has been used by research-
ers to evaluate emissions per PKT of public buses with
those of private modes of transportation [30]. In the pre-
sent study, we estimated the break-even occupancy rate
defined as the minimum occupancy rate required for the
bus so that the bus would be less polluting in terms of
emissions per PKT than both the car and motorcycles.
Equation (7) was used to estimate the break-even occu-
pancy rate in percentage.

EF puseL
EFpkT,min ® PKT yf

e 100
(7)

where, EF,,,. (gkm™") is the distance-specific emission
factor of a pollutant for the bus, L (km) is the total route
length, EFpir,,i, (g PKT ™) is the lowest emission factor
of the pollutant among all private transport modes being
evaluated (this is because if the bus has to be less emit-
ting than private vehicles, then the lowest emission factor
per PKT of private vehicles should be the upper thresh-
old for buses), and PKT,, is the reference PKT of a trip
(product of passenger capacity and route length).

Break — even occupancy =

3 Results and discussion

3.1 Public bus ridership and occupancy rate

Figure 1 presents time-series plots of public bus occu-
pancy rates on routes-59, 131, 132, and 133 from
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September 2019 to September 2021. It also shows the
monthly total COVID-19 new cases in Taiwan [20]. Irre-
spective of the months, the occupancy rates were similar
on route-131 and 132, which were often higher than those
on routes-59 and 133. The occupancy rates before the
pandemic were higher than those after the pandemic on
all analyzed routes. With the onset of the global COVID-
19 pandemic, the occupancy rates decreased on all ana-
lyzed routes and reached the first minimum in March
2020 with the worsening scenario of the pandemic in
Taiwan. On route-59, the bus occupancy rate decreased
from 13.5% in September 2019 to as low as 4.2% dur-
ing March 2020. Likewise, on routes-131 and 132, the
pre-pandemic occupancy rates were between 24.4 and
26.2%, while those during March 2020 were as low as
9.3% (route-131) and 4.8% (route-132). The bus occu-
pancy rates on route-133 dropped from approximately
13% during the pre-pandemic period to a minimum of
2.5% during March 2020. Therefore, the bus occupancy
rates dropped to the first minimum during March 2020
on the test routes, when the first wave of the pandemic
was observed in Taiwan. The pandemic remained rela-
tively under control in Taiwan from April 2020, due to
which the bus occupancy rates increased on route-131,
132, and 133, though the rates were still much less than
the pre-pandemic levels. However, occupancy rates did
not increase on route-59, even after March 2020, and
it continued to drop below 4% until May 2020 and then
remained approximately constant until April 2021. These
data show that people might have reduced outdoor trips
or have shifted to private modes of transportation to
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Fig. 1 Monthly average public bus occupancy rates and monthly total COVID-19 new cases in Taiwan
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avoid crowds on public buses. The routes-131, 132, and
133 connect a couple of universities with downtown Tai-
chung. Therefore, the small troughs in the time-series
occupancy rates on those routes in July 2020 and Feb-
ruary 2021 were likely due to the summer and winter
breaks, respectively, at the universities, leading to the
drop in the number of students taking bus rides.

The second wave of the COVID-19 pandemic was more
severe in Taiwan and was observed during May-June
2021 (Fig. 1), due to which the country implemented
level-2 or 3 alerts from May 11, 2021 (Table S1). This
resulted in a sharp drop in public bus occupancy rates
on all test routes (Fig. 1). The lowest bus occupancy rates
were observed during June 2021 on all four routes. The
occupancy rates during June 2021 were 0.9% (route-59),
2.4% (route-131), 2.8% (route-132), and 0.9% (route-133).
After July 2021, the pandemic was again under control
and the government withdrew some of the restrictions
on outdoor activities and gatherings in Taiwan. Then the
bus occupancy started increasing on all four routes again.

In summary, these results indicate that the public buses
were largely underused in Taichung City even before the
pandemic. Moreover, the analysis of public bus occu-
pancy rates during the 2-year period, representing the
pre-pandemic and during-pandemic scenarios, showed
that the COVID-19 pandemic has severely affected the
public bus occupancy rates, which would have signifi-
cantly increased the emissions per PKT of public buses in
Taichung City.

The monthly total ridership (number of passengers
taking the bus ride) and the monthly total actual PKT
for the entire study period for each bus route are pre-
sented in Table S6. Likewise, the pre-pandemic and

Page 7 of 12

during-pandemic mean monthly ridership and occu-
pancy rates are presented in Fig. 2. As Fig. 2a depicts,
the pre-pandemic mean monthly ridership was
35,686 +4723, while the during-pandemic mean monthly
ridership was 11,786 5253 on the route-59. The during-
pandemic mean monthly ridership was just about one-
third (33%) of the pre-pandemic mean monthly ridership.
Likewise, on route-131, the during-pandemic mean
monthly ridership (61,1454+22,593) was 62% of that
before the pandemic (98,870+3411). On route-132, the
during-pandemic monthly ridership (56,780+19,883)
was 63% of that before the pandemic (90,131 42980).
Similarly, on route-133, the during-pandemic monthly
ridership (15,590 £ 7227) was 60% of that before the pan-
demic (26,13041823). These data show that the mean
monthly ridership decreased by a minimum of 37%
(route-132) to the highest of 67% (route-59). Comparable
to our results, a prior study related to the 2003-SARS epi-
demic reported that the daily subway ridership dropped
by approximately 50% during the peak of the epidemic in
Taiwan [14]. Likewise, in Hanoi, Vietnam, the first wave
of the COVID-19 pandemic caused the public bus rider-
ship to drop by approximately 30% in February 2020 and
by 96% in April 2021 compared to that in January 2020
[12]. In Qingdao, China, the public bus ridership has
been estimated to drop by approximately 56% during the
COVID-19 pandemic periods [2], which was quite close
to our results (37-67% drop in bus ridership).

Likewise, as shown in Fig. 2b, the mean monthly
occupancy rates before the pandemic were 10.94+1.7%,
25.34+0.7%, 25.1£0.7%, and 12.7£04% on the
routes-59, 131, 132, and 133, respectively. The during-
pandemic mean monthly ridership on the routes-59, 131,
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132, and 133 were 3.8£1.6%, 15.0£5.9%, 15.0£6.0%,
and 7.3+ 3.6%, respectively. These results showed that the
mean occupancy rates during the pandemic decreased by
40 to 65% from the pre-pandemic occupancy rates. Inde-
pendent sample t-tests showed that the mean monthly
occupancy rates during the pandemic were significantly
different from the mean monthly occupancy rates before
the pandemic on all four test routes at a 0.01 level of sig-
nificance (Table S7). Therefore, it can be concluded that
the public bus occupancy rates were significantly affected
by the COVID-19 pandemic in Taichung City.

The average distance traveled by a passenger per bus
trip was also calculated for each month and bus routes
(Table S8). Before the pandemic, the average distances
traveled by a passenger on a bus ride were 4.11+0.03,
6.13+0.52, 5.134+0.03, and 4.44+0.09km, on the bus
routes-59, 131, 132, and 133, respectively. Likewise,
the average distances traveled by a passenger on a bus
ride during the pandemic were 4.404+0.14, 5.91+0.77,
4.97 +£0.93, and 4.29 +£0.77 km on the bus routes-59, 131,
132, and 133, respectively. The average distance traveled
per bus ride was only marginally lower during the pan-
demic than before the pandemic, except on route-59.
These results suggested that despite the significant drop
in the public bus ridership and occupancy rates during
the pandemic, the average distance traveled by a passen-
ger in a bus ride would not change significantly.

3.2 Real-world emission factors of gaseous pollutants

The real-world emission factors of gaseous pollutants
and FC rates of the bus and car measured in the pre-
sent study are summarized in Table 2. It should be noted
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that the bus emissions were measured for the route-59
bus only. As Table 2 depicts, the bus emission factors,
especially CO, THC, and CO,, measured in the present
study were relatively less than those reported by prior
studies [4, 31]. The difference in emission factors might
be attributed to the difference in driving dynamics, road
attributes, engine characteristics, passenger capacity,
and passenger loads. For example, in the study by Ros-
ero et al. [31], the reported emission factors represent
0-1200kg passenger loads, while in the present study,
the emissions were measured without passenger loads.
Likewise, the passenger capacity of the bus in the present
study (65) was also less than that in the study conducted
by Rosero et al. [31]. In contrast, the mean NO emission
factor for the bus obtained in the present study was com-
parable to that reported in prior studies [4, 31]. Likewise,
Wang et al. [32] reported the real-world emission factors
of CO, THC, NO,, and CO,, as well as FC rates for four
diesel buses belonging to either Euro III or IV emission
certification levels and of engine displacement volumes
ranging from 5900 to 6700cm? and the emission fac-
tors were comparable to those in the present study. Like-
wise, the mean distance-specific emission factors for the
car measured in the present study have been compared
with those reported in the literature (Table 2). The real-
world CO emission factor of the car (0.58+0.18gkm™?)
was slightly higher than those reported by Yang et al. [33]
for the car of comparable engine size. However, the emis-
sion factors of THC, NO, CO,, and FC rates for the car in
the present study were similar to those reported by Yang
et al. [33]. In contrast, the emission factors and FC rates
of the car obtained in the present study were much less

Table 2 Real-world distance-specific emission factors and FC of the test vehicles

Parameters co THC NO Co, FC
(gkm™") (mgkm™1) (gkm™") (gkm~") (gkm™")
Bus (this study) 161+1.02 41421 134£15 5914473 188415
Bus[31]° 452+£133 226+ 16 124+13° 19704183 534448°¢
Bus [4]¢ 6.78 NA ¢ 13° NA ¢ NA©
Bus 321 1.31-6.70 38-191 10-13° 799-1128 256-358
Car (this study) 05840.18 57+£13 0.058+0.006 208420 6664
Car [33]° 0.26-2.34 68-101 0.020-0.084 ° NA € 57-84"
Car [34]" 1.52-2.14 150-210 0.06-0.38 231-248 61-83"

2 Euro V diesel bus with a 7790 cm? engine and the passenger capacity of 78
b Emission factor for NO,

¢ Converted from L km~" assuming density of diesel as 851gL~"

9 Diesel bus (King Long) 10.2t capacity; modeled emission factors

¢ Not available

f Euro llland IV diesel buses with 5900-6700 cm? engine and equipped with either SCR or no tailpipe emission control devices; real-world emission measurement

9 Gasoline cars with 1794-2354 cm? engine; emissions tested on a chassis dynamometer

P Converted from L km~" assuming density of gasoline as 757 gL'

i Gasoline cars with 1300-2000 cm? engine equipped with TWC and belonging to Taiwan Phase-1 to 3; emissions tested on a chassis dynamometer
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than those reported for Taiwan Phase-1 to 3 passenger
cars [34]. This difference might be largely due to the dif-
ference in emission certification levels of cars in the two
studies as a relatively new car was used in the present
study.

3.3 Effects of COVID-19 pandemic on emissions per PKT
Table 3 presents the comparison of air pollutant emis-
sions and FC per PKT of the bus before and during the
COVID-19 pandemic. Since the bus emissions were
measured for the route-59 bus, the emissions per PKT
were also calculated for the route-59 buses only using
the passenger occupancy rates on the buses of the same
route. Results showed that the mean during-pandemic
emissions and FC per PKT were notably higher than both
the pre-pandemic emissions per PKT, as well as reference
emissions per PKT for the bus. The during-pandemic
mean emissions per PKT were more than 3.5 times the
pre-pandemic mean emissions per PKT and more than
32 times the reference emissions per PKT. A study con-
ducted in Qingdao, China, estimated that the during-
pandemic CO, emission per PKT of public buses was >2
times the pre-pandemic CO, emission per PKT [2]. Their
result is similar to that obtained in the present study.

Moreover, the pre-pandemic emissions per PKT were
also more than 9 times the reference emissions per PKT,
which was because the public buses in Taichung City
were largely unoccupied on most of the trips, even before
the pandemic. A prior study also reported that the emis-
sions per PKT of public buses were significantly affected
by the change in passenger ridership at different traffic
hours [4]. For example, CO and NO, emissions per PKT
of public buses during lean traffic hours were as high as
two times those during peak traffic hours [4].

The mean pre-pandemic CO emission of the bus
(0.2340.03g PKT!) was less than the CO emission of
the car (0.29g PKT™!). But the during-pandemic CO
emission of the bus (0.81+0.56g PKT™!) was much
higher than the CO emission of the car. Therefore, based
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on the CO emission per PKT, the bus was less pollut-
ing than the car before the COVID-19 pandemic, which
became more polluting than the car during the pan-
demic. However, irrespective of the pandemic scenario,
the bus was much cleaner than the motorcycle based
on the CO emissions per PKT. Likewise, the mean THC
emissions of the bus were 5.940.8mg PKT~! (pre-pan-
demic) and 214+ 14mg PKT~! (during-pandemic). These
values were notably less than the THC emissions per
PKT of the car and motorcycles. Therefore, in terms of
THC emissions, public buses can be much cleaner, even
with very low occupancy rates during the pandemic, than
cars and motorcycles. This was because the diesel engine
of buses typically emits less THC than gasoline engines
of cars and motorcycles.

Unlike CO and THC, the mean NO emission per
PKT of the bus was much higher than those of cars and
motorcycles, irrespective of the pandemic scenario. Die-
sel engines typically operate at high temperatures than
gasoline engines, which usually causes the diesel buses
to emit a higher amount of NO than gasoline cars and
motorcycles. Similar to the results obtained in the pre-
sent study, a prior study also reported that public buses
had a higher NO, emission per PKT than passenger cars
[4]. Likewise, the mean CO, emission of the bus before
the pandemic (844 11g PKT ') was less than that of the
car (104g PKT™Y), indicating that the public buses can
be desirable over private cars based on CO, emissions at
the normal bus occupancy rates typical of Taichung City.
However, during the pandemic, the CO, emission from
the bus (298 +206g PKT ') became significantly higher
than that of cars (104g PKT™') and motorcycles (60g
PKT ™). The results for FC were similar to those for CO,.
A prior study conducted in a Chinese city also suggested
that the bus emission of CO, per PKT can be higher than
those of cars during the lean traffic hours in the COVID-
19 pandemic period [2].

To summarize, based on CO and THC emissions per
PKT, public buses might be less polluting than gasoline

Table 3 Emissions of gaseous pollutants and FC per PKT of bus, car, and motorcycle

Parameter Unit Bus Car Motorcycle ®
Pre-pandemic During-pandemic Reference ?

co g PKT™! 023 +£0.03 081 +£056 0.02 0.29 3.10

THC mg PKT™! 59408 21+ 14 0.64 29 876

NO g PKT™! 19403 66+£46 0.20 0.03 0.23

Co, g PKT™! 84+ 11 298 £+ 206 9 104 60

FC g PKT™! 2744 95 4 66 3 33 22

@ Emissions per PKT when the bus occupancy is 100%
b Fleet-average emission factors compiled from the literature
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cars and motorcycles, even at low passenger occupancy
rates in the public buses. However, the emission benefit
from public buses in terms of NO and CO, may be uncer-
tain when the bus occupancy rates are low, as observed
in Taichung City buses. Although many recent studies
showed improved ambient air quality, a positive envi-
ronmental implication, due to restricted mobility dur-
ing the pandemic [9, 15-17, 19], our analysis of tailpipe
emissions per PKT of buses suggested that the benefit of
public buses in terms of NO and CO, emissions per PKT
over private modes of transportation became doubtful in
the context of the COVID-19 pandemic. In other words,
public bus transit systems can be less efficient in terms
of emissions per PKT than private transport modes in
the changing scenario due to the COVID-19 pandemic
if appropriate measures are not adopted to increase bus
usage.

3.4 Estimated break-even occupancy rates for buses

First of all, the minimum emission per PKT of private
modes of transportation (car and motorcycle) was taken
from the data presented in Table 3. For example, the
minimum CO emission per PKT for private transport
modes was 0.29g PKT™ 1 which was observed for the car
(Table 3). Likewise, the minimum emissions for private
modes of transport were 29mg PKT™! for THC (car),
0.03g PKT~! for NO (car), 60g PKT~! for CO, (motor-
cycle), and 22g PKT ™! for FC (motorcycle). Now, if the
bus is less emitting than cars and motorcycles, then the
minimum emissions per PKT mentioned above should
be the maximum emission threshold for the bus. This
emission threshold would be achieved by the bus at the
corresponding threshold occupancy rates or break-even
occupancy rates. The break-even occupancy rates for the
bus are presented in Table 4. The results showed that the
bus would be emitting less amount of CO per PKT than
the cars and motorcycles when the bus occupancy rate
is >9.2%. Likewise, at occupancy rates above 3.1%, the
bus would emit less amount of THC per PKT than cars
and motorcycles. Similarly, the break-even occupancy
rates were obtained as 15.4% for CO, and 13.8% for FC.
However, the difference in the emission factors of NO
between the bus and car was so huge that the bus would
emit more NO per PKT at or even above the 100% occu-
pancy rate. Therefore, it might not be possible to achieve
less NO emission per PKT for diesel buses than for gaso-
line cars and motorcycles when the engine and emission
control technologies of the buses, cars, and motorcycles
are similar to those in the present study. To summarize, at
the occupancy rates >15.4%, public buses would be emit-
ting less amount of CO, THC, and CO,, but not NO, and
consuming less amount of fuel per PKT than the private
modes of transportation (cars and motorcycles). The NO
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Table 4 The minimum threshold bus occupancy rates

Parameters CO THC NO CO, FC

Threshold emission per PKT (minimum 029 29 003 60 22
from private modes) °

Mean distance-specific emission factor 16 41 13 591 188
of bus ®

Threshold passenger number for the bus © 6 2 434 10 9
Maximum passenger capacity of thebus 65 65 65 65 65
Threshold occupancy rate (%) 92 31 668 154 138

2 Unit for THC is mg PKT~" and that for CO, NO, CO, and FC is g PKT~'
® Unit for THC is mg km~" and that for CO, NO, CO, and FCis g km~'
¢ Rounded-up values

emission factor of the bus at the occupancy rate of 15.4%
would be 1.3g PKT ™!, which is higher than the NO emis-
sions factor per PKT of motorcycles and cars. However,
as shown in Fig. 1, the occupancy rates of the buses on
route-59 were always less than 15%. Therefore, the pub-
lic transport management authorities may be required to
develop and implement strategies to increase the passen-
ger occupancy rates in public buses in Taichung City.

It should be noted that the bus and car emission fac-
tors obtained in the present study might not represent
the mixed fleet of buses and cars having different engine
and emission control technologies. Therefore, the results
obtained in the present case study should be taken as
indicative of the probable scenario. Similar future studies
might be conducted with a better representation of the
bus, car, and motorcycle fleets.

4 Conclusions

This study compared the monthly public bus occupancy
rates in Taichung City, Taiwan, before and during the
COVID-19 pandemic. It also investigated the effect of
reduced passenger occupancy on real-world emissions
of regulated gaseous pollutants per PKT. Our results
showed that the mean public bus occupancy rates were
11-25% before the pandemic and 4-15% during the
pandemic on different bus routes. The mean monthly
occupancy rates during the pandemic were significantly
different (p<0.01) from the mean monthly occupancy
rates before the pandemic on all test routes, indicating
that the pandemic has significantly affected the pub-
lic bus occupancy in Taichung City. Moreover, buses
were occupied only up to 25% of the total passenger
capacity, even before the pandemic, which suggested
that the bus ridership should be increased to improve
the environmental performance and efficiency of the
public bus transit system. The analysis of emissions
per PKT indicated that the public bus was less pollut-
ing than the private car and motorcycles, based on CO
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and THC emissions. However, NO and CO, emissions
per PKT of the public bus were much higher than the
respective emissions per PKT of the car and motorcycle
during the COVID-19 pandemic, consequently making
the environmental benefits of public buses over the pri-
vate modes of transportation uncertain. Moreover, the
analysis of break-even bus occupancy rate showed that
public buses could achieve less emission per PKT of
CO, THC, and CO, than gasoline cars and motorcycles
when the bus occupancy rates are above 15%. Below the
break-even occupancy rates, the emission benefits of
public buses over private cars and motorcycles would
be overturned. Therefore, our findings suggested a need
to optimize the public bus route designs, bus frequen-
cies, and implementation of anti-pandemic measures
in the changing scenario caused by the COVID-19 pan-
demic so as to increase the public bus ridership and
maximize the environmental benefits of the public bus
transit systems over private modes of transportation.
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