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ABSTRACT

Recent increases in emissions from freight transport have caused strong concerns about air quality in
Pakistan, following the rapid development of projects related to the China-Pakistan Economic Corridor
(CPEC). This study reported the first measurements of on-road truck emissions in Pakistan and inves-
tigated their dependence on altitude along CPEC routes. Emissions from 70 trucks were measured on
CPEC highways located in Islamabad (540 m above sea level), Sost (2800 m above sea level), and at the
Khunjerab Pass (4693 m above sea level). Calculated emission factors for carbon monoxide, hydrocar-
bons, and nitrogen oxides from heavy-duty trucks in Islamabad were 12.94 + 1.46, 15.21 + 1.67, and
1069 + 134 g km™! (95% confidence level), respectively, for pre-Pak-IlI trucks, and 12.75 + 2.80,
14.24 + 3.53, and 10.24 + 2.34 g km~' (95% confidence level), respectively, for Pak-II trucks, representing
2-20 times higher values than the emission standards in Pakistan and India. An altitude increase of
approximately 4000 m, with the associated changes in meteorology and fleet characteristics, induced an
average increase of 103.6%, 86.3%, 124.5%, and 133.6% in the emission factors of carbon monoxide, hy-
drocarbons, nitrogen oxides, and carbon dioxide, respectively. Moreover, on-road emissions along the
CPEC were mainly influenced by truck types. This study will support the budget evaluation of transport
emissions from the CPEC trade fleet.
© 2022 The Authors. Published by Elsevier B.V. on behalf of Chinese Society for Environmental Sciences,
Harbin Institute of Technology, Chinese Research Academy of Environmental Sciences. This is an open

access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

The China-Pakistan Economic Corridor (CPEC) project, part of
the Chinese Belt and Road Initiative, has strengthened road-based
trade and economic cooperation between China and Pakistan and
is intended as a model of regional cooperation [1]. Recently, with
the promotion of environmental sustainability, efforts have focused
on transforming the CPEC transport structure [2—4]. In Pakistan,
however, emission-intensive [5] road-based transport remains the
dominant mode for freight [6], accounting for 96% of domestic
freight in 2018 [7]. Because of the rugged local topography and the
limited economic development level of Pakistan, road freight be-
tween Islamabad and the Khunjerab Pass, on the last CPEC section
within Pakistan, is difficult to replace with cleaner transportation
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means such as ships or pipelines. Moreover, road freight relies
heavily on trucks, and emissions from diesel trucks contribute
markedly to total transport-induced emissions [8], which result in
serious health and environmental problems [9—13], including
particulate pollution [14], acid precipitation, and global warming
[15].

Furthermore, the altitude difference between Islamabad and the
Khunjerab Pass strongly affects vehicular emission characteristics
because high altitudes affect driving patterns and modify the load
and pressure conditions inside combustion engines [12,16]. Both
regulated and unregulated emissions are substantially affected by
altitude changes [17]. Although numerous studies have investi-
gated the impact of altitude on diesel vehicle performance, the
correlation between altitude and pollutant emissions has not been
clearly established. Human, Ullman, and Baines [17] measured
emissions from two diesel engines, one naturally aspirated and one
turbocharged, both at low altitudes and in simulated high-altitude
conditions. Results indicated that engine operation at 1800 m
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above sea level resulted in emissions of nitrogen oxides (NOy)
reduced by approximately 10%, whereas emissions of carbon
monoxide (CO), hydrocarbons (HC), particulate matter, and alde-
hydes were higher than those at low altitude by a factor of 2—4 and
1.2—-2 for the naturally-aspirated and turbocharged engines,
respectively. He et al. [ 18] coupled an engine bench with an altitude
simulation system to evaluate the effects of altitude from sea level
to 2000 m. Their experimental results indicated that CO, HC, and
smoke emissions increased by 35%, 30%, and 34%, respectively,
every 1000 m. However, high-altitude NO, emissions depend on
the engine type and operating conditions. Wang et al. [19] found
that CO emissions from a light-duty diesel vehicle were 209%
higher at an altitude of 2990 m than at sea level, whereas NOjy
emissions decreased after rising with altitude.

Unfortunately, previous studies of air pollution in Pakistan were
limited to megacities and seashore cities, where altitude variation
is negligible, and fleet structure is different from that of highways,
so emission characteristics in high-elevation areas in Pakistan
could not be assessed. For example, Shah and Zeeshan [20] reported
that light-duty vehicles were the main contributors to pollutant
emissions in Islamabad, using local data for their scenario analysis.
A study from Khwaja et al. [21] focused on emissions in Karachi
(10 m above sea level), nearly unaffected by altitude. Ali and Athar
[22] studied the central congested area of Lahore (217 m above sea
level), the second largest city in Pakistan. Therefore, their results
did not reflect the impact of altitude variations on effective emis-
sions from freight transport by heavy-duty trucks.

For these reasons, this study was designed to characterize
effective emissions from diesel trucks in Pakistan, especially in
high-altitude areas, to better understand the road emission budget
while considering the impact of altitude, which is crucial to
achieving both the economic and environmental goals of the CPEC.
Roads connecting the cities of Islamabad, Sost, and Khunjerab were
selected for random on-site truck emission tests. Then truck
emission factors in Pakistan were compared with those from other
countries. Subsequently, emission factors were further categorized
by altitude to quantify the impact of altitude variations on the
emissions. Finally, the multiple linear regression method investi-
gated how other factors, such as ambient conditions, model year,
and truck type, affect the emissions.

2. Materials and methods
2.1. Study domain

In Pakistan, the highway network comprises 47 national high-
ways, expressways, and motorways extending over 12,000 km [23].
For this study, three cities along the Karakoram highway were
selected to provide a range of representative environmental and
operating conditions, such as ambient temperature, relative hu-
midity, and road grade. These cities (red stars in Fig. 1) were
Islamabad (33°41’ N, 73°03’ E), Sost in Gilgit-Baltistan (35°21’ N,
75°54' E), and Khunjerab (36°51’ N, 75°25' E), all located in
northeast Pakistan at altitudes of 540, 2800, and 4693 m above sea
level, respectively. In these cities, several environmental and
operating parameters were recorded simultaneously.

2.2. Experimental design and methods

Experiments were conducted at three distinct altitudes, as
mentioned in the previous section. Before each experiment, the
truck engine was warmed to the nominal cruising mode operating
temperature. The measurement apparatus was also warmed, the
pitot tube and manometer were cleaned, and the analyzer was
zeroed and stabilized. As shown in Fig. 2, a pitot tube was coupled
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Fig. 1. On-road testing locations in Pakistan: Islamabad, Sost, and the Khunjerab Pass;
the altitude profile on this portion of the Karakoram highway (inset) is also shown.

with a digital manometer (MAN-45 Professional Digital Manom-
eter) to measure the difference between static and dynamic pres-
sures, which was then used to calculate the tailpipe exhaust gas
speed and flow rate. Additionally, a gas analyzer (FGA4500, Infrared
Industries) was used to measure the CO, HC, NOy, and carbon di-
oxide (CO,) concentrations, as well as the temperature of the
exhaust gases. The route length at each site was approximately
1 km. To evaluate the average speed over that distance, a Global
Positioning System speedometer app coupled with Google Maps
was used, showing both the instant and average truck speeds along
the nominal route. Concurrently, ambient environmental condi-
tions, including atmospheric temperature, pressure, and relative
humidity, as well as operating parameters, notably the truck model
year and type, were recorded.

In total, 70 trucks were randomly selected on the Karakoram
highway at Islamabad, Sost, and Khunjerab in September 2020 and
categorized based on the number of vehicle axles. Trucks with two
axles were designated as light-duty trucks (LDTs) and others as
heavy-duty trucks (HDTs). The selected trucks included 47 trucks
tested at the lowest altitude (Islamabad), 20 trucks tested at a
higher altitude (Sost), and only three six-axle trucks tested at the
Khunjerab Pass because of the rough weather and limited resources
in the Khunjerab area (see Table S2). In addition, because govern-
mental regulations were not strictly applied by transport sector
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Fig. 2. Schematic diagram of the emission measurement methodology.
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companies, neither diesel oxidation catalysts nor diesel particulate
filters were equipped on any of the selected trucks.

2.3. Data processing

The measured parameters were exhaust gas temperature, alti-
tude, truck speed, CO, HC, NO,, and CO, concentrations, and pres-
sure differences. To derive emission factors in grams per kilometer,
we first used equation (1) to derive tailpipe exhaust gas speed, from
which we then calculated volume flow rates:

2AP; i
v, el (1)
exhaust,j Pexhaust.j

where AP; is the pressure difference (Pa) for truckj (j =1, 2, ..., 70)
and pexpaustj (kg M~ 3)is the total exhaust gas density for truck Jj. The
density was set to that of air in the same temperature and pressure
conditions, in accordance with results from a previous study [24].
The volume flow rate was calculated by multiplying the truck ve-
locity with the exhaust tailpipe cross-section area.

Then, we used equation (2) to derive the pollutant concentra-
tions in milligrams per cubic meter and converted them into grams
per kilometer using equations (3) and (4):

M.
pij=Cij X 37 X Pairx107° (2)
air
Mij = pij X Aj X Vexhaust,j (3)
m,;j
EF4;;= (4)
e VTruck,j

where i represents the pollutant species (i = CO, HC, NO,, CO,) from
truck j; p;; is the density of gas i from truck j in mg m3; G j is the
mixing ratio in ppm (parts per million, in volume or number of
molecules), converted from dry basis (details given in the Method
section of the Supporting Information); M; i is the average molar
mass of gas i in the exhaust from truck] in g mol~!; My, is the
average molar mass of air in g mol~!; p,;, is the air den51ty in kg
m~3; m;; is the emission rate m mg s A; is the tailpipe
cross—section area for truck j in m?; EFy;; is the distance-based
emission factor of gas i from truck j in g km™'; and vyck j is the
speed of truck j in km h~L. From these equatlons we calculated
average emission factors (in g km™') for each pollutant using data
collected from each truck.

To compare our results with current emission standard limits
and with previous studies, especially for HDTs, we also calculated
fuel-based emission factors that we then used to derive effective
brake-specific emission factors, using equations (5) and (6) [25,26]:

EFdij X WC x 1000
0.273 x EFdCOZ,]+O429 X EFdCO]+0866 X EFdTHC]

EFf;j=

EFp;j=n; x EFf;;x1073 (6)

where, EF; ;; is the fuel-based emission factor in g per kg fuel; Wc is
the carbon mass ratio of diesel fuel, set to 0.866 [27]; EFyco,
EFycoj. and EFgqyc; are the distance-based emlssmn factors for
CO,, CO, and total HCs (THC), respectlvely, in g km™1; EF,;; is the
brake-specific emission factor in g kWh™'; and 7 is the assumed
engine efficiency derived from previous studies [28,29].
Subsequently, we applied multiple linear regression to
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investigate the dependence of the emission factors EF; for each
pollutant i, in g km~!, on meteorological factors and vehicle-specific
information. The fitted result is defined as:

O (7)
m=1

where EF; is the emission factor for pollutant i, in g km~', and 8, is
the regression coefficient for each influencing factor Xp,.

3. Results and discussion
3.1. Typical on-road truck emission level in Pakistan

We compared our results with values reported in previous
studies and with current emission standards in Pakistan, India, and
China to evaluate effective truck emissions in Pakistan relatively to
neighboring countries. To account for the low economic develop-
ment level of Pakistan, we compared our results with looser
emission standards among those currently applied in India and
China. Furthermore, average city altitudes in previous studies were
approximately 200 m in India and 100 m in China; therefore, we
selected the low-altitude city, Islamabad (540 m above sea level) for
the comparison.

As shown in Fig. 3a, compared with previous studies in India
[30] and China [31], LDTs in Pakistan emitted more HC and NOy,
with emission factors of 10.61 + 0.86 and 7.07 + 0.54 g km~! (95%
confidence level), respectively, whereas the CO emission factor,
9.17 + 0.70 g km~! (95% confidence level), was lower than that in
India from trucks produced before 1991. In terms of emission
standards, the HC value was approximately three times higher than
the least-constraining standard, while CO and NOy emission factors
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Fig. 3. Comparison of the measured emission factors for carbon monoxide (CO), hy-
drocarbons (HC), and nitrogen oxides (NO,) with previous studies (left, histograms)
and with emission standards (right, tabulated values) from light-duty trucks (LDTs, a)
and heavy-duty trucks (HDTs, b). Values for Pakistan were calculated in this study;
data for India were from NEERI [32] (label with asterisks) before 1991 and from Baidya
and Borken-Kleefeld [30] in subsequent periods; data for China were from Hong, Yao,
Zhang, Shen, Qiang, and He [31]. The BS abbreviation in the tables represents the
“Bharat Stage” emission standards in India.
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were within the “China 0” standard for medium-duty trucks and
were higher than the emission standards in both India and
Pakistan. For HDTs, emission factors for CO, HC, and NOy were
12.94 + 1.46,15.21 + 1.67, and 10.69 + 1.34 g km~' (95% confidence
level), respectively, for HDTs produced before 2012, and
12.75 + 2.80,14.24 + 3.53, and 10.24 + 2.34 g km™~! (95% confidence
level), respectively, for HDTs produced after 2012. Fig. 3b shows
that the CO emission factor from HDTs in Pakistan was similar to
that measured from trucks sold before 2000 in India [30,32], and to
that measured from HDTs complying with the “Euro 0” emission
standard in China. The NOy emission factor in Pakistan was also
comparable to those in India [30,32] and China [31]. In terms of
emission standards, emission factors from HDTs in Pakistan rep-
resented four, twenty, and two times the limits for CO, HC, and NO,,
respectively, in Pakistan, India, and China, independently of the
truck production dates relatively to 2012, when the Pak-II regula-
tion was implemented.

For CO, emissions, not subjected to limiting regulations, pre-
Pak-Il LDTs in Islamabad presented an emission factor of
303.63 + 23.01 g km™! (95% confidence level). For HDTs, the CO,
emission factors were 434.07 + 47.36 and 413.69 + 99.66 g km™!
(95% confidence level) for pre-Pak-1I and Pak-II trucks, respectively.

Our results showed that, in Islamabad, trucks produced mark-
edly higher gaseous pollutant emissions than previously measured
values and emission standards. Although previously-planned sub-
sidies or incentives have not been provided by the Pakistan gov-
ernment because of the ongoing economic crisis, except for electric
vehicle imports, stricter regulations on truck emissions, especially
from HDTs, should be implemented to improve air quality. These
regulations should later be followed by inspection and penalty
mechanisms to achieve emission levels comparable with the
standards. Moreover, investment in infrastructure should also
contribute to emission reduction, for example, by shifting freight
transport from road to rail. More importantly, the effects of truck
emissions on climate should be considered in the policy-making
process, to achieve synergistic mitigation of pollutants and green-
house gases, thereby improving CPEC sustainability.

3.2. Characteristics of truck emissions depending on altitude

Emission factors for CO, HC, NOy, and CO, were also calculated at
higher altitudes. Fig. 4 shows emission factors from LDTs and HDTs
at the three altitudes selected for our study. There is a clear rela-
tionship between the measurement altitude and the emission
factors, with more pollutants, including CO,, emitted from trucks at
higher altitudes, not only because of changes in environmental
factors but also because of variations in the truck fleet character-
istics at different sites. When the altitude increases, temperature
and pressure both decrease quickly, and the fleet generally includes
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Fig. 4. Emission factors for CO, HC, NO,, and carbon dioxide (CO,) from LDTs and HDTs
in Islamabad (blue), Sost (yellow), and Khunjerab (green). The altitude of each city is
given in the figure key.
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newer models of trucks with larger engines. These factors affect the
emission characteristics, especially their intensity.

For LDTs, data were available only in Islamabad (540 m above
sea level) and Sost (2800 m above sea level); average CO, HC, NO,,
and CO, emissions increased with increasing altitude by 39.4%,
40.5%, 44.8%, and 100.0%, respectively. For HDTs, however, gas
emission increases between Islamabad and Sost were compara-
tively smaller than for LDTs, with values of 22.6%, 16.1%, 19.0%, and
64.7% for CO, HC, NOy, and CO», respectively. Between Sost and the
Khunjerab Pass, HDT carbon dioxide emissions increased by 24.3%,
and NOy was approximately 20% higher. CO and HC emission in-
creases were comparable to those from LDTs between Islamabad
and Sost, with average values of 45.7% and 40.8% for CO and HC,
respectively. The total increase of CO, HC, NOy, and CO, emissions
from HDTs between Islamabad and Khunjerab Pass was 78.6%,
63.4%, 92.9%, and 104.7%, respectively. Averaged over all samples,
the altitude difference between Islamabad and the Khunjerab Pass
(approximately 4000 m) induced emission factor increases of
103.6%, 86.3%, 124.5%, and 133.6% for CO, HC, NOy, and CO,,
respectively. When altitude increased, atmospheric conditions,
which affect the performance of internal combustion engines, were
altered. For example, ambient air pressure and oxygen content both
decreased with increasing altitude, causing a reduction of the
air—fuel ratio and deteriorating the combustion, thereby resulting
in higher CO and HC emissions. For NOy, on the one hand, lower
oxygen concentrations at higher altitudes inhibited NOy formation;
on the other hand, a greater equivalence ratio and prolonged
ignition delay induced an increase in the combustion temperature
[18,33,34], inducing higher NO, emissions. Simultaneously, the
weaker engine output also increased fuel consumption [35—38],
consequently producing more CO,. Truck characteristics and fleet
composition also significantly impacted the emission pattern. As
shown in Table S2 and Fig. S1, for example, rated engine power at
different sites showed that trucks powered by large engines were
generally captured at higher altitudes, causing more emissions. This
general increasing trend of emission factors with increasing alti-
tude, combined with measured values at lower altitudes that were
consistently higher than in other countries, showed that trucks on
CPEC roads between the study sites emitted consistently more
gaseous pollutants than in other locations in Pakistan or the
neighboring countries. Therefore, the study of emission increases
should concentrate on this area.

To further investigate the emission changes induced by altitude
variations and eliminate the impact of truck types, we selected
three trucks with similar rated engine power, one per city (details
in Table S3). When the altitude increased from 540 to 2800 m and
then to 4693 m (above sea level), the CO, HC, and NOy emission
factors first decreased by 26.9%, 23.8%, and 37.2%, respectively, from
540 to 2800 m, before increasing from 2800 to 4693 m, repre-
senting a total net increase of 15.6%, 9.4%, and 12.9%, respectively,
over the full altitude range. Conversely, CO, presented a consistent
upward trend, increasing by 5.0% and 35.5% from 540 to 2800 m
and from 2800 to 4693 m, respectively. This could be attributed to
model year differences: the truck selected at a low altitude (540 m
above sea level) was produced in 2010, whereas the other trucks
were produced in 2019. The government of Pakistan had issued
official regulations on new vehicles stating that, from July 1st, 2012,
all imported or locally manufactured diesel vehicles must apply the
“Pak-1I" emission standard [39], more stringent than the preceding
standards and in line with the “Euro 2” standard. The model year of
the trucks selected in the intermediate and high-altitude cities was
2019, and therefore they benefited from notable technological
improvements compared with the truck selected in Islamabad,
which showed reduced emissions. However, when comparing both
2019 trucks, selected at 2800 and 4693 m and with identical rated
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power and model year, the altitude increase caused an emission
increase. In addition, we further selected two-axle trucks with
identical (107 horsepower) rated powers and the same model year
(before 2012), at 540 and 2800 m, and compared their emission
factors. The result showed that the altitude difference between the
sites was related to increased emission factors for all measured
gases.

A previous study from Kouser et al. [40] estimated that a
maximum of 7000 trucks will use the CPEC daily once the project is
complete. On this basis, we calculated future gaseous emissions
from trucks along the CPEC, focusing on the portion of the road
with a marked altitude difference from Islamabad to the Khunjerab
Pass (details given in the Results section of the Supporting Infor-
mation). Assuming identical fleet structure and exhaust tailpipe
control technologies, annual average emissions of CO, HC, NOy, and
CO; could reach 12,780, 14,799, 10,322, and 424,218 metric tons,
respectively, in the lower-altitude sector (540—1940 m above sea
level); 10,780, 12,016, 8,585, and 489,212 metric tons, respectively,
at intermediate high altitudes (1940—3293 m above sea level); and
3,718, 3,940, 3,289, and 141,585 metric tons, respectively, at the
highest altitudes (3293—4693 m above sea level) after the
completion of the CPEC, representing a serious environmental
threat. Applying the 20- and 100-year global warming potential
calculations from the previous studies [41,42] (see Table S5), total
CO3-equivalent emissions on the CPEC portion between Islamabad
and the Khunjerab Pass could represent 2,173,142 and 1,731,079
metric tons. Moreover, considering the geographical proximity of
the Tibetan Plateau, further analysis of simultaneous emissions
from pollutants and greenhouse gases along the CPEC in Pakistan
should be conducted to quantify the impact of freight transport by
trucks on air quality and climate and to evaluate potential mitiga-
tion policies.

3.3. Analysis of factors influencing truck emissions

We applied multiple linear regression to investigate the factors
influencing truck emissions in Pakistan. We selected two categories
of factors. The first included meteorological factors such as ambient
temperature, relative humidity, and atmospheric pressure. The
second category included vehicle-related information such as the
number of axles, model year, and rated engine power. After
assessing model performance, we focused on ambient temperature,
relative humidity, number of axles, model year, and rated engine
power. Fig. 5 illustrates the regression results. The calculated cor-
relation coefficients for CO, HC, NO,, and CO, were 0.77, 0.70, 0.75,
and 0.83, respectively (see Fig. 5). Fitted regression equations are
presented in Table S4. Residual histograms and P—P plots (see
Figs. S2—S5) showed a normal distribution and symmetric scatter
(see Figs. S2—S5) of the residuals around zero for all gases, indi-
cating a conclusive regression.

The fitted coefficients calculated for the meteorological factors
indicated that temperature and relative humidity harmed all gases.
For a temperature increase of 1 °C, decreases of 0.21, 0.21, 0.17, and
12.3 g km™! were calculated for CO, HC, NO, and CO», respectively.
Conversely, the decrease induced by a relative humidity increase
was 1-2 orders of magnitude smaller than for temperature, espe-
cially for CO, HC, and NO,. We also quantified the impact of truck
characteristics on the emission factors in this study. The number of
axles was the most important factor for all pollutants; we believe
this is because bigger trucks produce higher emissions. As tech-
nology and emission standards improve, emissions from new
trucks are lower than those from older models. In this study, the
correlation of the model year with emissions was negative. How-
ever, this impact was insignificant, indicating that, although emis-
sions controls for road freight transport have been implemented in

Environmental Science and Ecotechnology 14 (2023) 100226

a—~30 b —~30
co HC
254 R?=0.77 25] R?=0.70 © o
Q
0 05 04©
[ o
201 ° % S 20+

ooo°°°
0B
104 o&‘%g‘b

5 10 15 20 25 30
Measured emission factor (g km™)

0%800
0%$@00

5 10 15 20 25 30
Measured emission factor (g km™)

o
!

o
(4]

Fitted emission factors (g km~
&

Fitted emission factors (g km™
o

c—~25 d 1,200
g 29 2075 £ SZO £ 0.83
X = =
: 10004 :
@20/ oo | 2 B
® @
S 0 ° ° S 800; o%o o
|5} o
£ 154 % o £ 0 o2 of
c 2 S 600
S [Or i S o _©
@ &, 2 9
o 10 2 00
£ loge ) E 4001
o g&o
el
gs ; ; ; g 00—
E 75 10 15 20 25 { 200 400 600 800 1,00 1200

Measured emission factor (g km™") Measured emission factor (g km™")
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Pakistan, replacing old vehicles needs to accelerate. Finally, the
impact of rated engine power on emissions was limited in our
study, which could be explained by the discrepancy between
effective operating conditions for each truck and rating conditions.

3.4. Uncertainty estimation

Uncertainties in the emission factor evaluation in our study
derived primarily from the following aspects.

(1) Sample sizes: although the response of vehicle emissions to
an altitude increase depends on the vehicle [43], we calcu-
lated emission factors for specific pollutants using the
average of all samples to represent the complete fleet,
thereby neglecting the effective fleet structure;

(2) Operating conditions: higher operating speed implies higher
fuel consumption to overcome air resistance, which subse-
quently results in variations in both fuel consumption and
engine power. Thus, output power and additional perfor-
mance parameters differ between studies, causing discrep-
ancies in emission factors estimates. However, with
limitations from data granularity and following Li et al. [44],
we restricted our truck selection to vehicles operating in
cruising mode, their most frequent operation state, and we
limited the type of road to highways to determine localized
emission factors and the associated influencing parameters.
Further investigation is needed to minimize these
uncertainties;

(3) Environmental conditions: real measurement conditions can
differ notably between studies because of distinct geological,
topographic, and meteorological conditions such as road
grade, generally increasing with increasing altitude, and
temperature profile near the ground;

(4) Analyzing equipment: measurement error intrinsic to the
used apparatus also causes uncertainties in emission factor
estimation [45]. In our study, for example, there were vari-
ations of gas concentrations measured by the analyzer and
truck speed between each test (Figs. S6—S7).
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4. Conclusion

Emissions from diesel trucks are major contributors to total
emissions of atmospheric pollutants in Pakistan. Because of the
clear potential of the CPEC to become an important freight trans-
port hub within the Belt and Road Initiative, with the increasing
freight transport demand and the vulnerability of the adjacent Ti-
betan Plateau, the study of transport emissions along the CPEC in
Pakistan has become necessary and should be undertaken quickly.
However, few studies have yet attempted to quantify effective truck
emissions in Pakistan, especially at high altitudes, or to investigate
the impact of altitude and local operating conditions on emission
factors. In this study, we reported the first tailpipe emission mea-
surements from 70 trucks selected in three cities in Pakistan at
altitudes between 540 and 4693 m above sea level. By comparing
previous studies and emission standards in China and India, we
showed that emissions in Pakistan were significantly higher than in
the neighboring countries and higher than emission standards.
Emission factors for LDTs in Islamabad were comparable with the
“China 0” emission standard for medium-duty trucks, except for
HC, with an emission factor three times higher than the standard.
Moreover, HC emissions from HDTs in Islamabad were up to 20
times higher than the corresponding emission standards in
Pakistan and India. Then, we investigated the dependence of truck
emissions on altitude and determined that, on average, when the
altitude increased, more gaseous pollutants and carbon dioxide
were emitted because both the local environmental conditions and
the fleet characteristics changed. Among the factors influencing
emissions, the type of truck was statistically the main contributor
to truck emission variations, whereas the rated engine power
induced the smallest variations.

This study is important to anticipate and assess emission in-
creases resulting from the substantial traffic expected along the
CPEC in the near future, to help local governments and the inter-
national community better understand truck emissions in high-
altitude areas. Future research directions include calculating net
total truck emissions along the CPEC by extending the data pre-
sented in this study to the detailed truck population in related areas
and monitoring all CPEC traffic. Consequently, the possible envi-
ronmental impact in Pakistan caused by CPEC traffic should also be
investigated.

Declaration of competing interest

The authors declare that they have no known competing
financial interests or personal relationships that could have
appeared to influence the work reported in this paper.

Acknowledgement

This work is supported by the National Natural Science Foun-
dation of China (grant numbers 41822505 and 42061130213 for H.
L). H. L. is also supported by the Royal Society of the United
Kingdom  through a Newton Advanced Fellowship
(NAF\R1\201166).

Appendix A. Supplementary data

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.ese.2022.100226.

References

[1] M. Abid, A. Ashfaq, CPEC: challenges and opportunities for Pakistan, Pakistan
Vis. 16 (2) (2015) 142—-163.

Environmental Science and Ecotechnology 14 (2023) 100226

[2] S. Muhammad, X. Long, China's seaborne oil import and shipping emissions:
the prospect of belt and road initiative, Mar. Pollut. Bull. 158 (2020), 111422.
0. Ur Rehman, Y. Ali, Optimality study of China's crude oil imports through
China Pakistan economic corridor using fuzzy TOPSIS and Cost-Benefit anal-
ysis, Transport. Res. E Logist. Transport. Rev. (2021) 148.

Y. Wang, J. Lu, Optimization of China crude oil transportation network with

genetic ant colony algorithm, Information 6 (3) (2015) 467—480.

A. Ahmed, M.R. Mehdi, M.A.U. Baig, M. Arsalan, The assessment of sustain-

ability of freight transportation in Pakistan, Iran. J.Sci. Technol.Trans.Civ. Eng.

46 (2022) 2593—-2608.

G.R. Timilsina, A. Shrestha, Transport sector CO2 emissions growth in Asia:

underlying factors and policy options, Energy Pol. 37 (11) (2009) 4523—4539.

GOP, Pakistan Economic Survey, Retrieved from, http://www.fnance.gov.pk/

survey/chapters_19/Economic_Survey_2018_19.pdf. 2018-19.

T. Inkinen, E. Hamalainen, Reviewing truck logistics: solutions for achieving

low emission road freight transport, Sustain.Basel 12 (17) (2020).

H.O. Gao, Day of week effects on diurnal ozone/NOx cycles and transportation

emissions in Southern California, Transport. Res. Transport Environ. 12 (4)

(2007) 292—-305.

[10] G. Jiang, J.D. Fast, Modeling the effects of VOC and NOX emission sources on
ozone formation in Houston during the TexAQS 2000 field campaign, Atmos.
Environ. 38 (30) (2004) 5071—-5085.

[11] S. Matthes, V. Grewe, R. Sausen, G.J. Roelofs, Global impact of road traffic
emissions on tropospheric ozone, Atmos. Chem. Phys. Discuss. 7 (2007)
1707—-1718.

[12] ASS. Nagpure, B.R. Gurjar, P. Kumar, Impact of altitude on emission rates of
ozone precursors from gasoline-driven light-duty commercial vehicles,
Atmos. Environ. 45 (7) (2011) 1413—-1417.

[13] Z.Luo, Y. Wang, Z. Lv, T. He, J. Zhao, Y. Wang, F. Gao, Z. Zhang, H. Liu, Impacts
of vehicle emission on air quality and human health in China, Sci. Total En-
viron. 813 (2022), 152655.

[14] A. Mehel, F. Murzyn, Effect of air velocity on nanoparticles dispersion in the
wake of a vehicle model: wind tunnel experiments, Atmos. Pollut. Res. 6 (4)
(2015) 612—617.

[15] L. Yu, S. Jia, Q. Shi, Research on transportation-related emissions: current
status and future directions, J. Air Waste Manag. Assoc. 59 (2) (2009)
183-195.

[16] R. Pondicherry, M.C. Besch, A. Thiruvengadam, D. Carder, A vehicle activity-
based windowing approach to evaluate real-world NOx emissions from
modern heavy-duty diesel trucks, Atmos. Environ. 247 (2021), 118169.

[17] D.M. Human, T.L. Ullman, T.M. Baines, Simulation of High Altitude Effects on
Heavy-Duty Diesel Emissions, SAE Technical Paper, 1990, 900883, https://
doi.org/10.4271/900883.

[18] C. He, Y.S. Ge, C.C. Ma, JW. Tan, ZH. Liu, C. Wang, L.X. Yu, Y. Ding, Emission
characteristics of a heavy-duty diesel engine at simulated high altitudes, Sci.
Total Environ. 409 (17) (2011) 3138—3143.

[19] H. Wang, Y. Ge, L. Hao, X. Xu, J. Tan, J. Li, L. Wy, ]. Yang, D. Yang, J. Peng, The
real driving emission characteristics of light-duty diesel vehicle at various
altitudes, Atmos. Environ. 191 (OCT) (2018) 126—131.

[20] LH. Shah, M. Zeeshan, Estimation of light duty vehicle emissions in Islamabad
and climate co-benefits of improved emission standards implementation,
Atmos. Environ. 127 (Feb) (2016) 236—243.

[21] H.A. Khwaja, P.P. Parekh, A.R. Khan, D.L. Hershey, R.R. Naqvi, A. Malik, K. Khan,
An in-depth characterization of urban aerosols using electron microscopy and
energy dispersive X-ray analysis, Clean: Soil, Air, Water 37 (2009) 544—554.

[22] M. Ali, M. Athar, Impact of transport and industrial emissions on the ambient
air quality of Lahore City, Pakistan, Environ. Monit. Assess. 171 (1—4) (2009)
353-363.

[23] PC-GOP, (Chapter 27) - Transport and Logistics (11th Five year Plan). 2013.

[24] D.W. Green, R.H.J.M.-H. Perry, Perry's Chemical Engineers' Handbook, eighth
ed., 2007.

[25] Y. Wu, S.J. Zhang, M.L. Li, Y.S. Ge, JW. Shu, Y. Zhou, Y.Y. Xu, ]J.N. Hu, H. Liu,
L.X. Fu, The challenge to NOx emission control for heavy-duty diesel vehicles
in China, Atmos. Chem. Phys. 12 (19) (2012) 9365—9379.

[26] S. Zhang, Y. Wu, H. Liu, R. Huang, L. Yang, Z. Li, L. Fu, ]J. Hao, Real-world fuel
consumption and CO2 emissions of urban public buses in Beijing, Appl. Energy
113 (2014) 1645—1655.

[27] S. Zhang, Y. Wu, ]. Hu, R. Huang, Y. Zhou, X. Bao, L. Fu, J. Hao, Can Euro V
heavy-duty diesel engines, diesel hybrid and alternative fuel technologies
mitigate NOX emissions? New evidence from on-road tests of buses in China,
Appl. Energy 132 (2014) 118—126.

[28] USEPA Office of Transportation and Air Quality. Update Heavy-Duty Engine
Emission Conversion Factors for MOBILEG6: Analysis of BSFCs and Calculation
of Heavy-Duty Engine Emission Conversion Factors. EPA420-R-02-005,
M6.HDE.004.

[29] L. He, . Hu, S. Zhang, Y. Wu, X. Guo, X. Guo, ]. Song, L. Zu, X. Zheng, X. Bao,
Investigating real-world emissions of China's heavy-duty diesel trucks: can
SCR effectively mitigate NOx emissions for highway trucks? Aerosol Air Qual.
Res. 17 (10) (2017) 2585—2594.

[30] S. Baidya, ]. Borken-Kleefeld, Atmospheric emissions from road transportation
in India, Energy Pol. 37 (10) (2009) 3812—3822.

[31] H.Hong, Z. Yao, Y. Zhang, X. Shen, Z. Qiang, K. He, On-board measurements of
emissions from diesel trucks in five cities in China, Atmos. Environ. 54 (Jul)
(2012) 159-167.

[32] NEERI, Air Quality Monitoring, Emission Inventory & Source Apportionment

[3

[4

(5

[6

[7

[8

[9


https://doi.org/10.1016/j.ese.2022.100226
http://refhub.elsevier.com/S2666-4984(22)00082-5/sref1
http://refhub.elsevier.com/S2666-4984(22)00082-5/sref1
http://refhub.elsevier.com/S2666-4984(22)00082-5/sref1
http://refhub.elsevier.com/S2666-4984(22)00082-5/sref2
http://refhub.elsevier.com/S2666-4984(22)00082-5/sref2
http://refhub.elsevier.com/S2666-4984(22)00082-5/sref3
http://refhub.elsevier.com/S2666-4984(22)00082-5/sref3
http://refhub.elsevier.com/S2666-4984(22)00082-5/sref3
http://refhub.elsevier.com/S2666-4984(22)00082-5/sref4
http://refhub.elsevier.com/S2666-4984(22)00082-5/sref4
http://refhub.elsevier.com/S2666-4984(22)00082-5/sref4
http://refhub.elsevier.com/S2666-4984(22)00082-5/sref5
http://refhub.elsevier.com/S2666-4984(22)00082-5/sref5
http://refhub.elsevier.com/S2666-4984(22)00082-5/sref5
http://refhub.elsevier.com/S2666-4984(22)00082-5/sref5
http://refhub.elsevier.com/S2666-4984(22)00082-5/sref6
http://refhub.elsevier.com/S2666-4984(22)00082-5/sref6
http://refhub.elsevier.com/S2666-4984(22)00082-5/sref6
http://www.fnance.gov.pk/survey/chapters_19/Economic_Survey_2018_19.pdf.%202018-19
http://www.fnance.gov.pk/survey/chapters_19/Economic_Survey_2018_19.pdf.%202018-19
http://refhub.elsevier.com/S2666-4984(22)00082-5/sref8
http://refhub.elsevier.com/S2666-4984(22)00082-5/sref8
http://refhub.elsevier.com/S2666-4984(22)00082-5/sref9
http://refhub.elsevier.com/S2666-4984(22)00082-5/sref9
http://refhub.elsevier.com/S2666-4984(22)00082-5/sref9
http://refhub.elsevier.com/S2666-4984(22)00082-5/sref9
http://refhub.elsevier.com/S2666-4984(22)00082-5/sref10
http://refhub.elsevier.com/S2666-4984(22)00082-5/sref10
http://refhub.elsevier.com/S2666-4984(22)00082-5/sref10
http://refhub.elsevier.com/S2666-4984(22)00082-5/sref10
http://refhub.elsevier.com/S2666-4984(22)00082-5/sref11
http://refhub.elsevier.com/S2666-4984(22)00082-5/sref11
http://refhub.elsevier.com/S2666-4984(22)00082-5/sref11
http://refhub.elsevier.com/S2666-4984(22)00082-5/sref11
http://refhub.elsevier.com/S2666-4984(22)00082-5/sref12
http://refhub.elsevier.com/S2666-4984(22)00082-5/sref12
http://refhub.elsevier.com/S2666-4984(22)00082-5/sref12
http://refhub.elsevier.com/S2666-4984(22)00082-5/sref12
http://refhub.elsevier.com/S2666-4984(22)00082-5/sref13
http://refhub.elsevier.com/S2666-4984(22)00082-5/sref13
http://refhub.elsevier.com/S2666-4984(22)00082-5/sref13
http://refhub.elsevier.com/S2666-4984(22)00082-5/sref14
http://refhub.elsevier.com/S2666-4984(22)00082-5/sref14
http://refhub.elsevier.com/S2666-4984(22)00082-5/sref14
http://refhub.elsevier.com/S2666-4984(22)00082-5/sref14
http://refhub.elsevier.com/S2666-4984(22)00082-5/sref15
http://refhub.elsevier.com/S2666-4984(22)00082-5/sref15
http://refhub.elsevier.com/S2666-4984(22)00082-5/sref15
http://refhub.elsevier.com/S2666-4984(22)00082-5/sref15
http://refhub.elsevier.com/S2666-4984(22)00082-5/sref16
http://refhub.elsevier.com/S2666-4984(22)00082-5/sref16
http://refhub.elsevier.com/S2666-4984(22)00082-5/sref16
https://doi.org/10.4271/900883
https://doi.org/10.4271/900883
http://refhub.elsevier.com/S2666-4984(22)00082-5/sref18
http://refhub.elsevier.com/S2666-4984(22)00082-5/sref18
http://refhub.elsevier.com/S2666-4984(22)00082-5/sref18
http://refhub.elsevier.com/S2666-4984(22)00082-5/sref18
http://refhub.elsevier.com/S2666-4984(22)00082-5/sref19
http://refhub.elsevier.com/S2666-4984(22)00082-5/sref19
http://refhub.elsevier.com/S2666-4984(22)00082-5/sref19
http://refhub.elsevier.com/S2666-4984(22)00082-5/sref19
http://refhub.elsevier.com/S2666-4984(22)00082-5/sref20
http://refhub.elsevier.com/S2666-4984(22)00082-5/sref20
http://refhub.elsevier.com/S2666-4984(22)00082-5/sref20
http://refhub.elsevier.com/S2666-4984(22)00082-5/sref20
http://refhub.elsevier.com/S2666-4984(22)00082-5/sref21
http://refhub.elsevier.com/S2666-4984(22)00082-5/sref21
http://refhub.elsevier.com/S2666-4984(22)00082-5/sref21
http://refhub.elsevier.com/S2666-4984(22)00082-5/sref21
http://refhub.elsevier.com/S2666-4984(22)00082-5/sref22
http://refhub.elsevier.com/S2666-4984(22)00082-5/sref22
http://refhub.elsevier.com/S2666-4984(22)00082-5/sref22
http://refhub.elsevier.com/S2666-4984(22)00082-5/sref22
http://refhub.elsevier.com/S2666-4984(22)00082-5/sref22
http://refhub.elsevier.com/S2666-4984(22)00082-5/sref24
http://refhub.elsevier.com/S2666-4984(22)00082-5/sref24
http://refhub.elsevier.com/S2666-4984(22)00082-5/sref25
http://refhub.elsevier.com/S2666-4984(22)00082-5/sref25
http://refhub.elsevier.com/S2666-4984(22)00082-5/sref25
http://refhub.elsevier.com/S2666-4984(22)00082-5/sref25
http://refhub.elsevier.com/S2666-4984(22)00082-5/sref26
http://refhub.elsevier.com/S2666-4984(22)00082-5/sref26
http://refhub.elsevier.com/S2666-4984(22)00082-5/sref26
http://refhub.elsevier.com/S2666-4984(22)00082-5/sref26
http://refhub.elsevier.com/S2666-4984(22)00082-5/sref27
http://refhub.elsevier.com/S2666-4984(22)00082-5/sref27
http://refhub.elsevier.com/S2666-4984(22)00082-5/sref27
http://refhub.elsevier.com/S2666-4984(22)00082-5/sref27
http://refhub.elsevier.com/S2666-4984(22)00082-5/sref27
http://refhub.elsevier.com/S2666-4984(22)00082-5/sref29
http://refhub.elsevier.com/S2666-4984(22)00082-5/sref29
http://refhub.elsevier.com/S2666-4984(22)00082-5/sref29
http://refhub.elsevier.com/S2666-4984(22)00082-5/sref29
http://refhub.elsevier.com/S2666-4984(22)00082-5/sref29
http://refhub.elsevier.com/S2666-4984(22)00082-5/sref30
http://refhub.elsevier.com/S2666-4984(22)00082-5/sref30
http://refhub.elsevier.com/S2666-4984(22)00082-5/sref30
http://refhub.elsevier.com/S2666-4984(22)00082-5/sref31
http://refhub.elsevier.com/S2666-4984(22)00082-5/sref31
http://refhub.elsevier.com/S2666-4984(22)00082-5/sref31
http://refhub.elsevier.com/S2666-4984(22)00082-5/sref31
http://refhub.elsevier.com/S2666-4984(22)00082-5/sref32
http://refhub.elsevier.com/S2666-4984(22)00082-5/sref32

A.A. Shaikh, T. He, E. Deng et al.

Studies for Delhi, National Environmental Engineering Research Institute,
Nagpur, Emission factors, 2010. Prepared by.

[33] J. Agudelo, A. Agudelo, J. Pérez, Energy and Exergy analysis of a light duty

[34]

[35]

(36]

[37]

(38]

[39]

diesel engine operating at different altitudes, Rev. Fac. Ingen.Univ. Antioq. 48
(48) (2014).

S. Lizhong, S. Yungang, Y. Wensheng, X. Junding, In Combustion Process of
Diesel Engines at Regions with Different Altitude, 1995, 1995.

P.B.N.A. A, J.A. B, b. Andrés Agudelo, Effect of altitude and palm oil biodiesel
fuelling on the performance and combustion characteristics of a HSDI diesel
engine, Fuel 88 (4) (2009) 725—731.

P.L. Perez, A.L. Boehman, Performance of a single-cylinder diesel engine using
oxygen-enriched intake air at simulated high-altitude conditions, Aero. Sci.
Technol. 14 (2) (2010) 83—94.

B.A. Shannak, M. Alhasan, Effect of atmospheric altitude on engine perfor-
mance, Forsch. Im. Ingenieurwes. 67 (4) (2002) 157—160.

S. Soares, J.R. Sodre, Effects of atmospheric temperature and pressure on the
performance of a vehicle, Proc. Inst. Mech. Eng. - Part D J. Automob. Eng. 216
(6) (2002) 473—-477.

M.o. e. Pakistan, National Envrionmental Quality Standards for Motor Vehicle
Exhaust and Noise, Islamabad, 2008.

[40]

[41]

[42]

[43]

[44]

[45]

Environmental Science and Ecotechnology 14 (2023) 100226

S. Kouser, A. Subhan, Abedullah, Uncovering Pakistan's environmental risks
and remedies under the China-Pakistan economic corridor, Environ. Sci.
Pollut. Res. 27 (5) (2020) 4661—4663.

].S. Fuglestvedt, K.P. Shine, T. Berntsen, J. Cook, D.S. Lee, A. Stenke, R.B. Skeie,
G.J.M. Velders, I.A. Waitz, Transport impacts on atmosphere and climate:
Metrics, Atmos. Environ. 44 (37) (2010) 4648—4677.

L.H. Shah, U.F. Dawood, U.A. Jalil, Y. Adnan, Climate co-benefits of alternate
strategies for tourist transportation: the case of Murree Hills in Pakistan,
Environ. Sci. Pollut. Res. 26 (13) (2019) 13263—13274.

Y.C. Wang, X. Feng, H.G. Zhao, C.X. Hao, LJ. Hao, J.W. Tan, X. Wang, H. Yin,
J.F. Wang, Y.S. Ge, HJ. Zhang, Experimental study of CO2 and pollutant
emission at various altitudes: inconsistent results and reason analysis, Fuel
(2022) 307.

B. Li,J. Wang, ]. Wang, L. Zhang, Q. Zhang, A comprehensive study on emission
of volatile organic compounds for light duty gasoline passenger vehicles in
China: illustration of impact factors and renewal emissions of major com-
pounds, Environ. Res. 193 (2021), 110461.

B. Giechaskiel, M. Clairotte, V. Valverde-Morales, P. Bonnel, Z. Kregar,
V. Franco, P. Dilara, Framework for the assessment of PEMS (portable emis-
sions measurement systems) uncertainty, Environ. Res. 166 (2018) 251—260.


http://refhub.elsevier.com/S2666-4984(22)00082-5/sref32
http://refhub.elsevier.com/S2666-4984(22)00082-5/sref32
http://refhub.elsevier.com/S2666-4984(22)00082-5/sref33
http://refhub.elsevier.com/S2666-4984(22)00082-5/sref33
http://refhub.elsevier.com/S2666-4984(22)00082-5/sref33
http://refhub.elsevier.com/S2666-4984(22)00082-5/sref33
http://refhub.elsevier.com/S2666-4984(22)00082-5/sref34
http://refhub.elsevier.com/S2666-4984(22)00082-5/sref34
http://refhub.elsevier.com/S2666-4984(22)00082-5/sref35
http://refhub.elsevier.com/S2666-4984(22)00082-5/sref35
http://refhub.elsevier.com/S2666-4984(22)00082-5/sref35
http://refhub.elsevier.com/S2666-4984(22)00082-5/sref35
http://refhub.elsevier.com/S2666-4984(22)00082-5/sref35
http://refhub.elsevier.com/S2666-4984(22)00082-5/sref36
http://refhub.elsevier.com/S2666-4984(22)00082-5/sref36
http://refhub.elsevier.com/S2666-4984(22)00082-5/sref36
http://refhub.elsevier.com/S2666-4984(22)00082-5/sref36
http://refhub.elsevier.com/S2666-4984(22)00082-5/sref37
http://refhub.elsevier.com/S2666-4984(22)00082-5/sref37
http://refhub.elsevier.com/S2666-4984(22)00082-5/sref37
http://refhub.elsevier.com/S2666-4984(22)00082-5/sref38
http://refhub.elsevier.com/S2666-4984(22)00082-5/sref38
http://refhub.elsevier.com/S2666-4984(22)00082-5/sref38
http://refhub.elsevier.com/S2666-4984(22)00082-5/sref38
http://refhub.elsevier.com/S2666-4984(22)00082-5/sref39
http://refhub.elsevier.com/S2666-4984(22)00082-5/sref39
http://refhub.elsevier.com/S2666-4984(22)00082-5/sref40
http://refhub.elsevier.com/S2666-4984(22)00082-5/sref40
http://refhub.elsevier.com/S2666-4984(22)00082-5/sref40
http://refhub.elsevier.com/S2666-4984(22)00082-5/sref40
http://refhub.elsevier.com/S2666-4984(22)00082-5/sref41
http://refhub.elsevier.com/S2666-4984(22)00082-5/sref41
http://refhub.elsevier.com/S2666-4984(22)00082-5/sref41
http://refhub.elsevier.com/S2666-4984(22)00082-5/sref41
http://refhub.elsevier.com/S2666-4984(22)00082-5/sref42
http://refhub.elsevier.com/S2666-4984(22)00082-5/sref42
http://refhub.elsevier.com/S2666-4984(22)00082-5/sref42
http://refhub.elsevier.com/S2666-4984(22)00082-5/sref42
http://refhub.elsevier.com/S2666-4984(22)00082-5/sref43
http://refhub.elsevier.com/S2666-4984(22)00082-5/sref43
http://refhub.elsevier.com/S2666-4984(22)00082-5/sref43
http://refhub.elsevier.com/S2666-4984(22)00082-5/sref43
http://refhub.elsevier.com/S2666-4984(22)00082-5/sref44
http://refhub.elsevier.com/S2666-4984(22)00082-5/sref44
http://refhub.elsevier.com/S2666-4984(22)00082-5/sref44
http://refhub.elsevier.com/S2666-4984(22)00082-5/sref44
http://refhub.elsevier.com/S2666-4984(22)00082-5/sref45
http://refhub.elsevier.com/S2666-4984(22)00082-5/sref45
http://refhub.elsevier.com/S2666-4984(22)00082-5/sref45
http://refhub.elsevier.com/S2666-4984(22)00082-5/sref45

	Altitude-dependent gaseous emissions from freight trucks along the China-Pakistan Economic Corridor in Pakistan
	1. Introduction
	2. Materials and methods
	2.1. Study domain
	2.2. Experimental design and methods
	2.3. Data processing

	3. Results and discussion
	3.1. Typical on-road truck emission level in Pakistan
	3.2. Characteristics of truck emissions depending on altitude
	3.3. Analysis of factors influencing truck emissions
	3.4. Uncertainty estimation

	4. Conclusion
	Declaration of competing interest
	Acknowledgement
	Appendix A. Supplementary data
	References


