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Abstract. Greenhouse gas (GHG) emissions represent a pivotal driver of global climate change, with vehic-
ular emissions, particularly from light-duty vehicles, emerging as a prominent source of GHGs. Despite ex-
tensive research on gaseous pollutants, studies on GHG emissions within the framework of carbon neutral-
ity remain scarce. This study delves into the emission characteristics of three primary GHGs (carbon dioxide
(CO»), methane (CHy), and nitrous oxide (N>O)) from various light-duty vehicles, encompassing conventional
gasoline and hybrid vehicles and bi-fuel taxis. As anticipated, with advancements in emission standards and
powertrains, vehicular GHG emissions have significantly decreased. However, our findings also revealed sur-
prising trends. While engine technology upgrades reduced CO;, they unexpectedly increased CHs and N,O
emissions. Additionally, hot starts, beneficial for reducing CO, and CH4 emissions, caused heightened N,O
emissions, which is noteworthy under operating conditions with frequent start—stop events. Intriguingly, com-
pressed natural gas (CNG), generally perceived as cleaner, increased CH4 emissions. Regarding the impact of
three-way-catalyst (TWC) converters on GHG emissions, under “TWC deteriorated” conditions, N, O emissions
from CNG-powered vehicles were approximately 3 times higher than those under “TWC worked” conditions,
which can be attributed to the significant increase in nitrogen oxides (NO, ). Considering the global warming
potential (GWP), the “TWC deteriorated” scenario paradoxically decreased GWP values, highlighting the com-
plex interaction between emission control technologies and their environmental impacts. This study provides
crucial insights into vehicular GHG emissions, which are essential for developing effective strategies aimed at
mitigating emissions and enhancing the efficiency of emission control systems.
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1 Introduction

As the issue of global climate change becomes increasingly
prominent, reducing greenhouse gas (GHG) emissions has
emerged as a critical objective for environmental protection.
In 2023, global energy-related carbon dioxide (CO;) emis-
sions grew by 1.1 %, an increase of 410 million tonnes (Mt),
reaching a new record high of 37.4 billion tonnes (Gt). This
is in comparison to the rise of 490 Mt in 2022, which was
a 1.3 % increase (IEA, 2024). Transportation is a signifi-
cant source of GHG emissions, with the global transporta-
tion sector accounting for 23 % of all energy-related CO»
emissions (Liu et al., 2023). In 2023, the number of motor
vehicles in China reached 435.6 million; among these vehi-
cles, the number of automobiles reached 336 million, a year-
on-year increase of 5.3 % (Ministry of Ecology and Environ-
ment, 2024). Due to the large number of vehicles, the road
transportation sector’s contribution to CO; emissions is sig-
nificant. One study indicated that in 2019, China’s vehicle
CO; emissions were 952 Mt, with gasoline and other fuels
(natural gas, alcohol fuels) comprising 47.5 % of this figure
(Huang et al., 2022b). A recent study found that GHG emis-
sions rose from 431 Mt in 2005 to 807 Mt in 2015, with an
annual growth rate of 6.5 % (Li et al., 2019). Many studies
have shown that the transportation sector of China will not
peak before 2030 due to huge increasing transport demand
(Yuan et al., 2021; Liu et al., 2018; Yin et al., 2015). Fur-
thermore, road-based transport is the largest emission source
in the transportation sector (Xue et al., 2019), accounting
for 82.7 % of total CO, emissions in the entire transporta-
tion sector in 2015 (Zhang et al., 2019); thus, road-based
transport has a much larger CO, emission reduction poten-
tial compared to other transport modes (Wang et al., 2017).
In addition to CO», vehicular activities are closely associ-
ated with the greenhouse gases methane (CH4) and nitrous
oxide (N20). The N>O emissions are primarily produced by
the combustion of nitrogenous compounds in fuel, while CHy
is generated from incomplete combustion in natural gas ve-
hicles or the thermal cracking of alkanes (such as n-alkanes)
in gasoline at high temperatures. Although the emissions of
N>O and CHy from vehicles are 3 to 6 orders of magnitude
smaller than those of COy, their global warming potential
(GWP) is significantly higher. The GWP of N>O and CHy is
298 times and 25 times greater than that of CO», respectively
(IPCC, 2014). While the emissions of CHy4 from vehicles
may be negligible on a global scale, in urban areas, particu-
larly those with heavy traffic, CH4 emissions can account for
up to 30 % of the regional CH4 emissions (Nam et al., 2004).
In northern China, where natural-gas-powered vehicles are
more common, cities need to consider the impact of fuel
types and emission standards on N,O and CH4 emissions
when developing carbon reduction plans for vehicles (Da et
al., 2020). However, earlier studies have paid less attention
to this aspect. Additionally, the population of light-duty hy-
brid electric vehicles in China is currently experiencing rapid

Atmos. Chem. Phys., 25, 7669-7682, 2025

X. Yang et al.: Insight into greenhouse gas emission characteristics of light-duty vehicles

growth, but comprehensive research on their GHG emission
profiles remains inadequate. Precise quantification of GHG
emissions from hybrid electric vehicles (HEVs) is crucial for
developing effective strategies to mitigate emissions from the
light-duty-vehicle sector. Meanwhile, the three-way-catalyst
(TWC) system remains the predominant aftertreatment tech-
nology for gasoline vehicles. This catalytic system facili-
tates the abatement of exhaust pollutants by catalyzing the
oxidation of carbon monoxide (CO) and unburned total hy-
drocarbons (THC), alongside a reduction in nitrogen oxides
(NOy). Notably, the NO, reduction process involves undesir-
able side reactions, particularly the interaction between NO
and nitrogen species on the catalyst, resulting in the forma-
tion of N> O (Wallington and Wiesen, 2014). Therefore, there
is a need to strengthen comprehensive research on vehicular
GHG emissions to further provide data and theoretical sup-
port for controlling greenhouse gas emissions. The Chinese
government has promised to reach peak CO;, around 2030
and strives to achieve it as soon as possible. The government
has incorporated climate change into its ecological planning
and built a low-carbon system for society and the economy.
Currently, research on vehicular GHG emissions both do-
mestically and internationally mainly employs three meth-
ods: chassis dynamometer testing, onboard testing, and
model estimation. In recent years, a significant number of
scholars have explored the emission characteristics of ve-
hicular greenhouse gases. Emission factors for GHGs for
actual vehicles under different emission standards, temper-
ature points and driving operating conditions were obtain
(He et al., 2014; Zhong et al., 2023; Clairotte et al., 2020;
Wang et al., 2022b). Specifically, CO, emissions for China
VI (335gkm™!) diesel vehicles have been reduced com-
pared to those for China IV (415gkm~!) and China V
(447 gkm™!) vehicles (Li et al., 2024), and some studies
have reported CO; emissions for China VI gasoline vehicles
of around 200 to 300 g km™! (Zhu et al., 2022; Wang et al.,
2022b). The CH4 emissions decreased from 48 mgkm™! for
China I to 28 mgkm™! for China IV light-duty gasoline ve-
hicles, and N>O emissions were reduced from 45 (China I)
to 21 mgkm~! (China IV) (He et al., 2014). The CH4 and
N> O emissions for Euro V to Euro VI vehicles were found to
be 7mgkm™~! (Clairotte et al., 2020); the average emission
factors of CO, and CHy4 for light-duty vehicles in Thailand
were found to be 232.25 gkm™! and 9.50 mgkm™~!, respec-
tively (Sirithian et al., 2022). With advancements in pow-
ertrain technologies, hybrid electric vehicles are being pro-
gressively promoted and have demonstrated significant po-
tential in reducing both pollutant and CO, emissions (Sell-
eri et al., 2022). Furthermore, from a model simulation per-
spective, computational models such as International Vehi-
cle Emissions (IVE), the Motor Vehicle Emission Simula-
tor (MOVES), and the Gompertz Growth Model have been
utilized to establish greenhouse gas emission inventories for
different base years (Tang et al., 2018; Li et al., 2022; Zeng
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et al., 2016) and even to predict future greenhouse gas emis-
sions (Zeng et al., 2016).

Overall, from the perspective of GHG emissions from do-
mestic vehicles in China, Yin et al. (2024) explored the GHG
emissions of 84 China VI light-duty gasoline vehicles, in-
dicating that vehicular GHG emissions generally tend to in-
crease with engine displacement and that the CO; increase
rate caused by the CO; conversion of CHs and N>O emis-
sions from all types of vehicles was less than 1 %; this sug-
gests that CO, emissions from vehicle exhaust remain the
primary source of greenhouse gases (Yin et al., 2024). Nev-
ertheless, existing research reveals a critical knowledge gap
in systematic comparative analysis of CO,, CH4, and N,O
emission profiles from vehicles certified under China’s most
stringent emission standards. Notably, old vehicles with de-
teriorated aftertreatment systems have been confirmed as
“super-emitters”, contributing 50 %—-80 % to total vehicular
emissions while representing only 23 % of the fleet com-
position (Huo et al., 2012). However, comprehensive under-
standing of GHG emission characteristics from these “super-
emitters” remains incomplete. To address these gaps, key in-
vestigations are urgently required, including the establish-
ment of comprehensive domestic emission profiles for ve-
hicles complying with China’s latest emission standards and
their comparison with previous emission standards and the
determination of GHG emission characteristics from “super-
emitters”.

In this study, we conducted chassis dynamometer experi-
ments on GHGs (CO,, CHy, and N,O) from light-duty ve-
hicles with different emission standards, engine types, fuel
types, and working conditions of aftertreatment devices, aim-
ing at improving the characteristics of GHG emission fac-
tors for light-duty vehicles and exploring the GHG emission
potential of light-duty-vehicle exhaust emissions. This study
provides an important data foundation for fully understand-
ing the localized GHG emissions from light-duty vehicles in
China, effectively reducing the uncertainty in greenhouse gas
emission inventory calculations.

2 Materials and methods

2.1 Tested vehicles and fuels

A total of 11 in-use light-duty vehicles, comprising 10 inter-
nal combustion engine vehicles (ICEVs) and 1 hybrid elec-
tric vehicle (HEV), from rental car companies were tested
in this study. These light-duty vehicles selected cover var-
ious emission standard categories, engine techniques, pow-
ertrain technology types, and mileage accumulations, as de-
tailed in Table 1. Among the eight light-duty gasoline ve-
hicles (vehicles #1 to #8), representation was provided by
China IV, China V, and China VI emission standards. This is
mainly since China’s current light-duty-vehicle fleet is pre-
dominantly composed of China I'V-, China V-, and China VI-
compliant vehicles. These vehicles featured two distinct en-

https://doi.org/10.5194/acp-25-7669-2025

gine techniques — gasoline direct injection (GDI) and port
fuel injection (PFI) — and all were equipped with TWC con-
verters. With the advancement of vehicular emission control
technologies, GDI engines are progressively replacing tra-
ditional PFI engines due to their superior combustion effi-
ciency, which is achieved by directly injecting fuel into the
combustion chamber. Additionally, to assess the GHG emis-
sion differences between gasoline and hybrid electric vehi-
cles, one non-plug-in hybrid electric light-duty vehicle (ve-
hicle #9) adhering to the China VI emission standard was
also included, utilizing both conventional gasoline engines
and electric motors and potentially influencing overall GHG
emissions.

To gain a deeper understanding of the effects of fuel types
and TWC operating conditions on vehicular GHG emissions,
two China VI compliant bi-fuel taxis (vehicles #10 to #11)
were tested, one with 266 624 km (representing the “TWC
deteriorated” condition) and another only 79 960 km (repre-
senting the “TWC worked” condition). Figure S1 in the Sup-
plement demonstrates the emission characteristics of the two
vehicles representing distinct TWC operational states: (1) a
properly functioning under the “TWC worked” condition and
(2) a deteriorated system under the “TWC deteriorated” con-
dition. The analysis revealed that the “TWC deteriorated”
vehicle emitted substantially higher levels of carbon monox-
ide (CO) and total hydrocarbons (THC), with emission fac-
tors elevated by over 24-fold and 97-fold, respectively, com-
pared to the “TWC worked” vehicle. These compressed nat-
ural gas (CNG) bi-fuel taxis were originally equipped with
two separate fuel delivery systems and control units from
the equipment manufacturer, allowing for seamless switch-
ing between gasoline and CNG during operation, with gaso-
line being used during the warm-up phase (engine coolant
temperature < 70°C) before transitioning to CNG (Wang et
al., 2024).

In this study, we employed three types of fuel: conven-
tional gasoline, ethanol gasoline, and compressed natural gas
(CNG). The conventional gasoline, exclusively utilized in
light-duty gasoline vehicles and HEVs, was sourced from an
automobile testing center, guaranteeing uniformity in chem-
ical composition throughout all testing cycles. The specifica-
tions of this conventional gasoline adopted in this study have
been previously detailed in our earlier work (refer to Supple-
ment Table 2 in Zhang et al., 2024). To delve deeper into the
impact of fuels on vehicular emissions, all three fuel types
were applied in the case of bi-fuel taxis. Ethanol gasoline
and CNG came from gasoline fueling and natural gas fueling
station locations, respectively.

2.2 Experimental protocol and driving cycles

We carried out vehicular emission tests utilizing a chassis
dynamometer within the esteemed China Automotive Tech-
nology and Research Center (CATARC) laboratory, a type-
approval testing center accredited by the Ministry of Ecol-
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Table 1. Specifications of the light-duty vehicles in this study, including category, model year, emission standard, engine technology, dis-
placement, mileage, max net engine power, max authorized mass, and aftertreatment types.

Vehicle Category Model Emission Engine Displacement =~ Mileage Max net Max  After-
ID year standard  technology (mL) (104 km) engine authorized treatment
power mass  type
kW) (kg)

#1 ICEV? 2011 ChinaIV ~ GDIP 1798 22.11 118 2000 TWC¢
#2 ICEV 2011 ChinalV  GDI 1390 12.60 96 1930 TWC
#3 ICEV - ChinaV ~ GDI 1798 8.00 - -4 Twc
#4 ICEV 2018 ChinaV ~ GDI 1798 14.66 132 2100 TWC
#5 ICEV 2022 China VI  PFI® 1490 2.90 89 1740 TWC
#6 ICEV 2022 China VI  PFI 1490 5.22 89 1740 TWC
#7 ICEV 2021 China VI  GDI 1498 6.59 83 1725 TWC
#8 ICEV 2021 China VI  GDI 1498 5.50 83 1725 TWC
#9 HEV 2022 China VI  GDI 1798 2.75 72 1845 TWC
#10 ICEV, bi-fuel taxi 2019 China VI  PFI 1591 26.66 90.2 1640 TWC
#11 ICEV, bi-fuel taxi 2021 China VI  PFI 1591 8.00 90.2 1640 TWC

2 Internal combustion engine vehicle. b Gasoline direct injection. ¢ Three-way catalyst. d The unrecorded data, being a non-essential parameter, have no bearing on the

subsequent analysis. © Port fuel injection.

ogy and Environment of China. The tailpipe pollutants are
diluted by a constant volume sampling (CVS) method; this
is followed by analysis using an array of measurement sys-
tems, as shown in Fig. 1. For GHG quantification, specific in-
struments were employed: a non-dispersive infrared (NDIR)
analyzer for CO; and a quantum cascade laser (QCL) ana-
lyzer for N, O, ensuring precise measurements. Additionally,
CHy4 concentrations were determined by a setup combining
a non-methane cutoff (NMC) filter with a hydrogen flame
ionization detector (FID) (Yin et al., 2024). The calculation
of distance-based emission factors for GHGs was achieved
through a meticulous process involving second-by-second
concentrations, exhaust volume, pollutant density, and the
actual driving distance during the driving cycles.

To comprehensively investigate the impact of diverse driv-
ing conditions on GHG emissions, we implemented three
distinct types of driving cycle. For gasoline vehicles and
HEVs, we adhered to the Worldwide Harmonized Light Ve-
hicles Test Cycle (WLTC), newly introduced into the China
VI emission regulations. The WLTC protocol comprises
four phases: low-speed (589 s), medium-speed (433 s), high-
speed (455s), and extra-high-speed (323 s) phases. The im-
pacts of both cold and hot startup modes on vehicular emis-
sions were explored during the application of the WLTC pro-
tocol. Furthermore, we conducted additional driving tests on
some typical vehicles using the China Light-duty Vehicle
Test Cycle (CLTC), which could be more relevant to real-
world driving conditions in China. This protocol, which en-
compasses CLTC-P (passenger) and CLTC-C (commercial),
was proposed in 2019 (Wang et al., 2020; Hu et al., 2021).
In addition, we conducted the emission testing based on
constant-speed conditions: 30, 60, 90, and 120km h~!. Dur-
ing these constant-speed tests, the driver accelerated to the
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target speed and maintained it for 10 min, allowing for the
precise measurement of GHG emissions under stable driving
conditions. Notably, for the CLTC protocol and our constant-
speed tests, only the hot start mode was employed.

2.3 Calculation of global warming potentials

Global warming potentials (GWPs) have been established as
a widely accepted method for comparing the climate impacts
of various greenhouse gas emissions over the past decades
(Shine, 2009). This metric enables the conversion of CHy
and N, O emissions into their CO; equivalents, thereby facil-
itating a standardized comparison. Furthermore, the relative
growth rate of CO, after conversion can be obtained, which
is calculated precisely according to Eq. (1), offering valuable
insights into the long-term warming potential of these gases.

Rco, =(GWP x M;)/Mco,, 9]

where Rco, is the relative growth rate of CO;, M; denotes
the emissions of CH4 or N>O, and Mco, denotes the emis-
sions of CO,. The GWP of N,O and CHy is 298 and 25,
respectively.

3 Results and discussion

3.1 Scenario-based greenhouse gas emission factors

3.1.1 Distance-based emission factors

Figure 2 comprehensively depicts the distance-based emis-
sion factors of GHGes, illustrating the diverse impacts stem-
ming from various scenarios, encompassing emission stan-
dard categories, engine techniques, powertrain advance-
ments, startup modes, and driving cycles. Concerning emis-
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Figure 1. Schematic diagram for vehicular emission measurements based on the chassis dynamometer used in this study.

sion standard categories, distinct trends emerged across the
three primary GHG types. Prior research has documented a
pronounced reduction in CO, NO,, and THC emissions in
response to stricter emission standards (Duan et al., 2021).
Similarly, in this study, CH4 emission factors have under-
gone a substantial decline, with the China VI gasoline vehicle
(during cold starts) exhibiting an emission factor of approx-
imately one-sixth of that recorded for the China IV gasoline
vehicle under similar conditions. This trend in CHy is con-
sistent with previously reported variations in volatile organic
compounds (VOCs; Qi et al., 2021; Duan et al., 2021). Turn-
ing to CO; and N, O, Fig. 2 highlights that the emission fac-
tors for these gases in China VI gasoline vehicles were no-
tably lower than those in China IV and China V vehicles.
Nevertheless, the emission factors for CO, of the China V
vehicles (155 gkm™! for the hot starts) were comparable to
those of China IV vehicles (151 gkm_1 for the hot starts),
and those for N»O of the China V vehicles (2.0 mgkm™! for
the hot start) were even higher than those of China IV vehi-
cles (1.5mgkm™! for the hot starts), particularly for the hot
start mode. This highlights a nuanced aspect of emission per-
formance that needs further investigation. A comparison with
previous studies shows that the CH4 emissions for China V
and China VI vehicles in our study were lower than those for
Euro 5 and Euro 6 vehicles reported by Clairotte et al. (2020).
A similar trend was observed for N»O emissions, as demon-
strated by the summary of previous studies provided in Ta-
ble S1 in the Supplement. Furthermore, lower CO, emissions
were found in our study compared to those for gasoline vehi-
cles reported by Zhu et al. (2022) and Wang et al. (2022b) as
well as those for diesel vehicles reported by Wu et al. (2017),
Cai and Xie (2010), Wang et al. (2022a), and Li et al. (2024),
as shown in Table S1.

Regarding the startup modes, our analysis revealed that
CO; and CHy emissions were slightly lower during hot starts
compared to cold starts. Herein, we conducted a compara-
tive assessment of vehicular emissions from tested vehicles
equipped with GDI engines. Specifically, the CO, emission
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factors for the tested China IV vehicles were found to be
159 gkm™! under cold startup mode and 151 gkm™' under
hot startup mode. Similarly, for the tested China V vehicles,
the CO, emission factors were 161 and 155 gkm™!, respec-
tively, for cold and hot startup modes. The China VI vehicles
also exhibited a similar trend, with CO, emission factors of
151 and 145 gkm™! for cold and hot startup modes, respec-
tively. Similarly, the CHy emissions displayed a declining
trend, transitioning from cold starts to hot starts across all
tested vehicle categories. For China IV vehicles, the CHy
emission factors were 7.7mgkm~! under cold starts and
7.4mgkm~! under hot starts. China V vehicles showed a
reduction from 2.8 to 2.2mgkm™!, and China VI vehicles
showed a reduction from 1.4 to 1.0mgkm™"'. Interestingly,
the trend for N> O emissions was inverse to that of CO, and
CHy, with higher emissions observed during hot starts com-
pared to cold starts, particularly among China I'V and China
V vehicles. A systemic introduction to the detailed cause
analysis will be presented in Sect. 3.1.2.

When it comes to engine techniques, a notable trend
emerged in the comparison between PFI and GDI engines.
Specifically, PFI engines exhibited higher CO;, emission fac-
tors compared to GDI engines. Conversely, GDI engines
demonstrated higher CH4 and N;O emissions. In terms of
testing protocols, the CLTC protocol yielded slightly lower
CO; emission factors by approximately 4 % compared to the
WLTC protocol. However, the CH4 and N>O emission fac-
tors for CLTC were observed to be higher, with increases of
around 8 % and 10 %, respectively, compared to WLTC. Ad-
ditionally, a comparative analysis between the gasoline vehi-
cles and HEV revealed insight into the advancement of pow-
ertrain technology. Despite the selected HEV having a higher
overall mass and displacement, they demonstrated a signifi-
cant reduction in GHG emissions. Specifically, CO, emis-
sions were reduced by 10 % to 14 %, CH4 emissions by 11 %
to 37 %, and N> O emissions by 23 % to 43 %.

Atmos. Chem. Phys., 25, 7669-7682, 2025



7674 X. Yang et al.: Insight into greenhouse gas emission characteristics of light-duty vehicles
CO,, unit: g/km CHj,, unit: mg/km N,O, unit: mg/km
200 2, UNIt: g 15 4, UNI! g 3 7l UL[:GV [}
-wgg ggidsf;ﬁ" Segment 1: China IV, GDI
cLTe YHot start Segment 2: China V, GDI
- ! Segment 3: China VI, PFI
1 * 10 B WLTC, Cold start 2 Segment 4: China VI, GDI
I I WLTC, Hot start i
& - CLTC, Hot start HEV

Emission factors
N
o
o
T

0

0
PO R

A O
o o
569«\ 569((\ ge@‘(\ geg‘“

e,(\\']’ o2

&
g,e.%‘(\ 569‘“ 59%‘(\ geg‘(\

Segment 5: China VI, GDI

Il WLTC, Cold start
I WLTC, Hot start
CLTC, Hot start 1

0
A A
o e(\\q’ e(\\'z’ o

e e
569‘(\ 5@9‘(\ 569‘“ 5&%‘“ 5e<3‘(\ 5e<3‘(\ 569‘(\

Figure 2. Emission factors of GHGs (CO,, CHy, and N,O) for various scenarios involving different emission standard categories, engine
techniques, powertrain technology types, startup modes, and driving cycles.

3.1.2 Interpreting technological upgrading through the

perspective of generation mechanisms

The different trends of GHG emissions across various sce-
narios might be attributed to the underlying mechanism of
their generation. CO; can originate from the complete com-
bustion of fuel in the tailpipe or from the oxidation of THC
by the catalyst in TWC converters, highlighting a strong cor-
relation between CO; emissions, fuel consumption, and the
completeness of combustion. CHy, on the other hand, can
be formed through the partial oxidation of gasoline fuels or
the thermal cracking of organic compounds in fuels. Regard-
ing N»O, it may arise from the reaction between ammonia
(NH3) and NO, or from the decomposition of ammonium
nitrate (NH4NO3) generated in catalytic converters, suggest-
ing a greater dependence on NO, and NH3 concentrations
(Yin et al., 2024; Brinklow et al., 2023).

The fuel consumption for China VI vehicles
(5.0L(100km)~! for the hot start) was lower than that
of China IV (6.4L (100km)~! for the hot start) and China
V (6.6L (100km)~! for the hot start) vehicles. The lower
fuel consumption for China VI vehicles caused the lower
CO, and CH4 emissions. Furthermore, N,O emissions
are primarily derived from reactions in the aftertreatment
systems. Similar aftertreatment technology routes for China
IV and China V vehicles may account for their comparable
N, O emissions.

The startup modes have a significant impact on the engine
combustion state and the effectiveness of the aftertreatment
systems. Generally, the cold start mode tends to enhance hy-
drocarbon emissions, partly due to the incomplete combus-
tion during the warm-up phase (Drozd et al., 2016) and partly
because the temperature does not reach the light-off temper-
ature of the exhaust catalyst (Saxer et al., 2006), leading to
enhanced CH4 emissions during the cold start mode. In terms
of CO;,, lower emissions might be primarily attributed to the
lower fuel consumption during the hot startup mode. Regard-
ing N>O emissions, the higher NoO emissions observed for
China IV and China V vehicles during hot startups compared
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to cold startups can be explained by the increased NO,, emis-
sions during the hot start mode. Specifically, for the tested
GDI vehicles, China IV vehicles exhibited NO, emission
factors of 24.2 and 32.7 mg km~! during cold and hot startup
modes, respectively, while China V vehicles displayed fac-
tors of 24.9 and 27.3 mgkm~! and China VI vehicles exhib-
ited factors of 6.5 and 8.2mgkm™! for the same conditions.
This disparity underscores the influence of the startup mode
on NO, and consequently on N, O emissions.

Furthermore, GDI engines exhibited lower CO; emissions
compared to PFI engines. This is attributed to the fact that
GDI engines inject fuel directly into the combustion cylin-
der, enabling more precise control over injection time, fuel
volume, and oil-gas mixing and hence a higher brake ther-
mal efficiency and power output (Awad et al., 2020). As a re-
sult, the improved engine efficiency for GDI engines can re-
duce fuel consumption, ultimately leading to decreased emis-
sions of CO, and CHy. However, it is possible that due to the
differences in vehicle configurations, the advantages of GDI
engines may not fully offset the increase in CH4 emissions,
causing higher CH4 emissions from vehicles equipped with
GDI engines. Regarding the strong correlation between N> O
and NOy, herein, we compared the NO, emissions of dif-
ferent engine technologies. Compared to PFI engines, GDI
engines have a higher air : fuel ratio, which can have two op-
posing effects on the generation mechanism of NO,, which
originates from the oxidation of N in the air within the com-
bustion chamber (Huang et al., 2016). On the one hand, a
high air : fuel ratio provides more air to oxidize N», but on the
other hand, it can reduce the mixture temperature, constrain-
ing NO, production. For the China VI vehicles in our study,
the NO, emissions for GDI engines (6.5 and 8.2mgkm~! in
cold and hot startup modes, respectively) were significantly
higher than those for PFI engines (4.6 and 3.8 mgkm™! in
cold and hot startup modes, respectively). Additionally, NO
can selectively form N,O at lower temperatures (Brinklow
et al., 2023). Consequently, compared to PFI engines, the
higher NO, emissions and the lower temperature for GDI
engines contributed to enhanced N,O emissions.
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When considering the impact of driving protocols on GHG
emissions from vehicles, it is notable that the CLTC proto-
col, compared to the WLTC protocol, represents a low av-
erage speed, a high idle-speed ratio, and more frequent ac-
celeration and deceleration characteristics (Liu et al., 2020).
Additionally, the idling conditions during the CLTC protocol
exceed 20 %, which is significantly higher than the 12.7 % in
the WLTC protocol, ultimately possibly leading to lower fuel
consumption. Specifically, the fuel consumption of China VI
vehicles during hot starts for WLTC and CLTC protocols was
5.0 and 4.8L (100km)~!, respectively. Moreover, previous
studies have reported that HEVSs facilitate reduced emissions
of gaseous and particulate pollutants (Zhang et al., 2024;
Huang et al., 2022a). In this study, we utilized non-plug-in
hybrids, which operate on the principle that the engine and
generator complement each other to maintain optimal engine
performance for minimizing electricity consumption. This
type of vehicle cannot be charged externally, and the bat-
tery is charged by the internal combustion engine through
electricity generation. Consequently, HEVs achieve lower
fuel consumption (4.7 and 4.3 L (100km)~! in cold and hot
startup modes, respectively) compared to gasoline vehicles
with the same engine technology and emission standard (5.2
and 5.0L (100km)~! in cold and hot startup modes, respec-
tively). Additionally, HEVs exhibit higher combustion effi-
ciency as the engine can maintain optimal operating condi-
tions during operation. Both of these factors combine to re-
sult in lower GHG emissions for HEVs compared to gasoline
vehicles.

Overall, the China VI emission regulation marks a signifi-
cant milestone in the control of GHG emissions by introduc-
ing a specific emission limit of 20mgkm~"! for N,O. No-
tably, the N, O emissions recorded from all tested vehicles in
this study, including even the older China IV vehicles, fell
well below this limit, indicating a positive trend toward re-
duced emissions. However, the current emission standards in
China have yet to establish emission limit values for CO, and
CHy. This lack of stringent regulations for these GHGs un-
derscores the need for a more comprehensive and systematic
approach to greenhouse gas control.

3.2 Influence of fuel types and three-way-catalyst
operation conditions on GHG emissions

In this study, we investigated two bi-fuel taxis exhibit-
ing substantial disparities in mileage. By comparing the
CO and THC emissions between these two taxis (241 and
5719 mgkm~! for CO under “TWC worked” and “TWC
deteriorated” conditions and 3 and 329 mgkm~! for THC
under “TWC worked” and “TWC deteriorated” conditions,
respectively), it was found that the taxi with a mileage of
266 624 km was equipped with a deteriorated TWC, whereas
the taxi with a significantly lower mileage of 79 960 km was
equipped with a worked TWC. Herein, Fig. 3 illustrates the
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GHG emission factors associated with various fuel types and
TWC operating conditions for our tested bi-fuel taxis.
Under “TWC worked” conditions, CO, emission factors
of conventional and ethanol gasoline were observed to be vir-
tually identical, with both fuels exhibiting comparable CHy
emission factors as well. As a gaseous fuel, CNG demon-
strated a noteworthy reduction in CO, emissions by ap-
proximately 27 % compared to the two liquid fuels. How-
ever, this reduction was accompanied by a marked increase
in CHs emissions, with CNG emitting 10.8 times more
CHy than conventional gasoline and 6.5 times more than
ethanol gasoline. This trend of reduced CO; emissions and
elevated CH4 with CNG usage has been consistently re-
ported in previous studies (Lv et al., 2023; Rasi¢ et al.,
2017; Bielaczyc et al., 2014). The lower CO; emissions
from CNG can be attributed to its lower C /H ratio. Con-
versely, the elevated CH4 emissions from CNG are primar-
ily due to the direct emission of unburned CNy, the pri-
mary component of CNG, from the tailpipe. Turning to N,O
emissions, CO and NO serve as the principal precursors,
while H, and THC also play important roles as precursor
species (Brinklow et al., 2023; Nevalainen et al., 2018). The
three fuel types exhibited comparable N>O emission fac-
tors, ranging from 0.3 to 0.4 mgkm~!. Specifically, ethanol
gasoline exhibited slightly higher N,O emissions than con-
ventional gasoline, which could be attributed to the com-
bined effects of increased precursor concentration and re-
duced combustion temperatures stemming from ethanol’s
relatively low combustion flame temperature and calorific
value compared to conventional gasoline (Qu et al., 2020).
Between the two liquid fuels, NO, emission factors were
comparable, with conventional gasoline at 11 mgkm~! and
ethanol gasoline at 10 mgkm™"'. Nevertheless, ethanol gaso-
line would emit much higher CO and THC concentrations:
the CO and THC emission factors for conventional gasoline
were 240 gkm ™! and 3 mgkm~!, whereas those for ethanol
gasoline were 407 gkm ™! and 7 mgkm ™!, respectively. Nev-
ertheless, previous studies have revealed that ethanol gaso-
line would increase the emissions of non-methane organic
gases (NMOGs), acetaldehydes, 1,3-butadiene, and benzene
and would not lead to statistically significant changes in
NO,, CO;, CHy4, N2O or formaldehyde emissions (Gra-
ham et al., 2008). When using gasoline with higher ethanol
concentrations (e.g., E85), distinct emission characteristics
can be observed. The NO,, 1,3-butadiene, and benzene are
significantly reduced, while the emissions of formaldehyde
and acetaldehyde increase statistically significantly. In con-
trast, there are no statistically significant changes in the
emissions of CO, CO,, or NMOGs (Graham et al., 2008).
When comparing ethanol gasoline to CNG, CNG demon-
strated lower CO emission factors (158 gkm™! for CNG ver-
sus 407 gkm™! for ethanol gasoline) but higher NO, and
THC emission factors (15 mgkm~! for NO, and 9 mg km™!
for THC versus 10 and 7 mgkm™!, respectively, for ethanol
gasoline). Notably, CNG has a higher combustion tempera-

Atmos. Chem. Phys., 25, 7669-7682, 2025



7676

ture (Lv et al., 2023; Chen et al., 2019), which may be detri-
mental to conversion of NO to N>O (Brinklow et al., 2023).
Consequently, in the N,O generation process, the potential
advantage of higher precursor concentrations in CNG may
be counteracted by the unfavorable effects of high tempera-
tures, resulting in comparable N, O emission factors for CNG
and ethanol gasoline.

TWC converters are instrumental in mitigating vehicular
emissions. Under “TWC deteriorated” conditions, notable
enhancement in CH4 emissions was recorded for the three
fuel types, which was similar to the good removal ability of
TWC for THC as reported in previous studies (Woo Jeong et
al., 2024). Specifically, the CH4 emission factors for conven-
tional gasoline under “TWC deteriorated” conditions were
around 130 times higher, while those for ethanol gasoline
were approximately 110 times higher and those for CNG
were around 9 times higher, compared to the “TWC worked”
conditions. Intriguingly, CO, emissions from both conven-
tional and ethanol gasoline exhibited lower emission factors
under “TWC deteriorated” conditions compared to “TWC
worked” conditions. On the one hand, this may be related to
the unexpectedly lower fuel consumption for “TWC deterio-
rated” conditions (4.8 L (100km)~! for conventional gaso-
line and 4.9L (100km)~! for ethanol gasoline) compared
to “TWC worked” conditions (5.8 L (100km)~! for conven-
tional gasoline and 5.8 L (100 km)~! for ethanol gasoline).
On the other hand, from the perspective of considering the
aftertreatment system, this could also be explained by the un-
derlying operating mechanism of TWC converters. When the
high-temperature exhaust passes through TWC, the catalyst
within it enhances the reactivity of CO, HC, and NO,, cat-
alyzing oxidation and reduction reactions. This process con-
verts CO into CO,, HC into H,O and CO;, and NO, into N>
and O (De Abreu Goes et al., 2021). Consequently, under
“TWC deteriorated” conditions, these conversions are hin-
dered, leading to reduced CO, generation and correspond-
ingly lower emission factors.

Regarding N;O, its generation pathway is related to the
primary precursors, notably CO, NO,, and THC, with lower
temperatures facilitating NoO formation (Brinklow et al.,
2023). The formation of N>O over TWC converters is the
result of a complex interplay of factors, including the ac-
tive metal composition, converter aging, exhaust tempera-
ture, air: fuel ratio, and feed gas composition (Nevalainen
et al., 2018; Mejia-Centeno et al., 2007). For both conven-
tional and ethanol gasoline, despite the substantial increases
in CO and THC emissions observed under “TWC deterio-
rated” conditions compared to “TWC worked” conditions,
N>O emission factors did not correspondingly become ele-
vated. This phenomenon could be attributed to the significant
reduction in NO, emissions under “TWC deteriorated” con-
ditions, which were only one-seventh of those recorded under
“TWC worked” conditions. This suggests that NO, may be a
pivotal precursor in determining N>O production other than
CO and THC. Similar to prior research highlighting that cat-
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alyst aging would change the structure of oxygen storage ma-
terial and thereby cause an enhancement of N,O formation
(Nevalainen et al., 2018), our findings reveal a notable in-
crease in N> O emissions for CNG under “TWC deteriorated”
conditions, reaching approximately 3 times that of “TWC
worked” conditions. This elevation is likely attributable to
heightened precursor concentrations, particularly NO,. Our
study underscores the variability in the impact of TWC dete-
rioration on N, O emissions across different fuel types corre-
sponding to different combustion states. This highlights the
need for future research to delve deeper into identifying the
primary driver of NoO generation and elucidating the under-
lying mechanism governing N»>O generation under diverse
fuel usage conditions.

Overall, the difference in GHG emissions between con-
ventional gasoline and ethanol gasoline is not significant.
The application of CNG can effectively reduce CO, emis-
sions but significantly increase CH4 emissions. In the con-
text of CNG usage, CO;, was not sensitive to TWC aging,
while the combined effect of CNG usage and TWC aging
led to a substantial increase in CHy emissions. Additionally,
N> O emissions are minimally affected by the substitution of
clean fuels such as CNG but are greatly influenced by TWC
deterioration.

3.3 GHG emissions from hybrid electric vehicles

Previous studies have reported that HEVs facilitate reduced
emissions of gaseous and particulate pollutants (Zhang et
al., 2024; Huang et al., 2022a). In this study, we focused
on non-plug-in hybrids, which operate on the principle that
the engine and generator complement each other to main-
tain optimal engine performance for minimizing electricity
consumption. This type of vehicle cannot be charged ex-
ternally, and the battery is charged by the internal com-
bustion engine through electricity generation. Consequently,
HEVs exhibited lower fuel consumption, achieving 4.7 and
4.3L (100km)~" in cold and hot startup modes, respectively,
compared to gasoline vehicles, which consumed 5.2 and
5.0L(100km)~! under the same conditions. Furthermore,
HEVs showed higher combustion efficiency as the engine
can maintain optimal operating conditions during operation.
These factors, when combined, lead to a substantial reduc-
tion in GHG emissions for HEVs compared to gasoline ve-
hicles. Specifically, CO, emission factors were 110.8 and
102.0gkm™! for cold and hot startup modes, respectively,
while CH, emission factors stood at 1.2 and 0.6 mgkm™!
and N>O emission factors at 0.4 and 0.5mgkm~! for the
same conditions. A comparative analysis between gasoline
vehicles and HEVs underscores the advancements in power-
train technology. Notably, despite the HEV in our study hav-
ing a higher overall mass and higher displacement, it demon-
strated remarkable reductions in GHG emissions. In particu-
lar, CO; emissions were reduced by 10 % to 14 %, CH4 emis-
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Figure 3. Emission factors of GHGs (CO,, CHy, and N, O) for different fuel types and TWC operating conditions of our tested bi-fuel taxis.

sions by 11 % to 37 %, and N,O emissions by 23 % to 43 %,
highlighting the environmental benefits of HEV technology.

HEVs, when compared to conventional gasoline vehicles,
utilize electric motors for propulsion during startup and low-
speed driving conditions (approximately 20kmh~"). As de-
picted in Fig. 4, HEVs exhibited a delayed and significantly
reduced CO; emission profile during these phases. This re-
duction is attributed to the electric motor’s efficiency and the
absence of fuel combustion. However, when the vehicle ac-
celerates beyond a certain threshold, the internal combustion
engine (ICE) is activated to provide additional power. At this
juncture, there was a marked increase in CO; emissions, re-
flecting the higher fuel consumption required to initiate the
engine’s operation. This transient spike underscores the in-
stantaneous fuel demand and combustion process associated
with engine startup in HEVs.

As presented in Fig. 5, an examination of the various
speed phases within the WLTC revealed that HEVs demon-
strated notably lower CO; emissions during low-speed seg-
ments, especially under hot start conditions. This reduction
in CO;, emissions can be attributed to the efficient opera-
tion of the electric motor at lower speeds. Conversely, the
emission factors for CH4 and N,O were observed to be rel-
atively high in these low-speed segments, indicating a trade-
off in emission profiles. When compared to conventional
gasoline vehicles, HEVs generally exhibited lower emissions
across a range of pollutants. The exception to this trend
was the CHy emissions during cold starts at low speeds,
where HEVs display elevated levels. This anomaly suggests
that while HEVs are more efficient overall, certain con-
ditions may lead to increased emissions of specific pollu-
tants. For example, the analysis of CO emissions from hy-
brid vehicles reveals significant advantages when compared
to conventional fuel-powered vehicles. Specifically, during
cold starts, hybrid vehicles exhibit a CO emission factor
of 70.9mgkm™!, whereas their conventional counterparts
register 95.7 mgkm™~!, reflecting a 26.8 % reduction in CO
emissions under these conditions. Similarly, during hot starts,
hybrid vehicles achieve an impressive CO emission factor
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of 43.3mgkm™~!, compared to the 71.9 mgkm~! emitted by
conventional vehicles, demonstrating a 40.5 % decrease. This
indicates that hybrid vehicles have more advantages in terms
of combustion efficiency comparison.

3.4 Global warming potentials of light-duty vehicles

As shown in Fig. 6, vehicle exhaust emissions, particularly
the emission of CO;, remain the primary contributor to
global warming potential, accounting for over 99 % of the
total of the three GHGs. Even though CHy and N»>O have
global warming potentials 25 and 298 times higher, respec-
tively, than that of CO,, the sheer volume of CO, emissions
from vehicle tailpipes still dominates. Furthermore, for con-
ventional gasoline-powered vehicles, the GWP values tended
to decrease as emission standards became more stringent.
However, for China VI vehicles, those equipped with PFI
engines exhibited higher GWP compared to those with GDI
engines, with GDI vehicles showing a 17.6 % reduction com-
pared to PFI vehicles. This difference highlights the vary-
ing efficiency and emission profiles between the two types
of engine technology. GDI technology allows for more pre-
cise fuel delivery and better combustion efficiency, which
translates into lower CO, emissions. Furthermore, the im-
pact of hybrid engine technology on GWP values is particu-
larly noteworthy. HEV's combine an internal combustion en-
gine with an electric motor, which enhances fuel efficiency
and reduces emissions. The data indicate that HEVs achieve
a further 12.0 % reduction in GWP compared to conventional
GDI vehicles. Therefore, vehicles with GDI engines and hy-
brid technology exhibit lower GWP values.

For bi-fuel taxis, under “TWC worked” conditions, the
fuel consumption is higher when using ethanol gasoline and
conventional gasoline compared to using CNG. At the same
time, due to the catalytic effect of TWC, CO and HC can be
converted into CO», resulting in higher GWP values. This in-
dicates that bi-fuel vehicles can benefit from alternative fuels,
especially the use of CNG, which can effectively reduce the
emissions of vehicular GHGs. Unexpectedly, under “TWC
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deteriorated” conditions, lower GWP values were observed
compared to those under “TWC worked” conditions, with a
decrease of approximately 27.8 %. This contradictory find-
ing indicates that although TWC is effective in reducing pol-
lutants such as CO, HC, and NO,, its level of control over
greenhouse gas emissions may still be worth further discus-
sion. Overall, the deterioration of TWC may lead to a re-
duction in GWP, but this is also accompanied by the risk of
increased emissions of other pollutants, indicating a complex
interaction between emission control technologies and over-
all environmental impacts.

4 Conclusions

Vehicular emissions constitute a pivotal contributor to atmo-
spheric pollutants and greenhouse gases in the troposphere.

Atmos. Chem. Phys., 25, 7669-7682, 2025

While extensive research has been conducted on the emis-
sion characteristics of gaseous pollutants emanating from ve-
hicle exhausts, there remains a notable scarcity of studies fo-
cusing on greenhouse gas emissions, particularly in the con-
text of achieving carbon neutrality. To address this gap, our
study conducted a comprehensive investigation into the emis-
sion characteristics of three important GHG (CO,, CHy, and
N>O) emanating from a diverse fleet of 11 light-duty vehi-
cles, encompassing conventional gasoline cars, hybrid elec-
tric vehicles, and bi-fuel taxis. The main findings of our re-
search are outlined below.

Compared to China IV and China V vehicles, China VI ve-
hicles significantly reduce greenhouse gas emissions, which
might be related to the low CO, and CH4 emissions of China
VI vehicles being associated with their low fuel consump-
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tion, while the low N>O emissions are associated with their
aftertreatment technologies.

Compared to PFI engines, GDI engines can reduce CO;
emissions but have adverse effects on CHy and N>O emis-
sions. The different responses of these three greenhouse
gases to engine technologies may stem from variations in
combustion efficiency, the air:fuel ratio, and combustion
temperature between the two engine technologies.

In contrast to hot startup mode, cold starts promote CO»
and CH4 emissions, while N,O emissions exhibit an oppos-
ing trend, which is mainly related to the higher NO, concen-
trations during hot starts.

Under the “TWC worked” conditions, the GHG emissions
from conventional gasoline and ethanol gasoline are roughly
equivalent. However, CNG, as a clean fuel, can significantly
reduce CO; emissions, whereas it promotes CHy emissions
since CHy is its primary component.

Unexpectedly, the CO, emissions from the two liquid fuels
under the “TWC deteriorated” conditions exhibit lower emis-
sion factors than those under the “TWC worked” conditions.
In the case of N,O emissions, the TWC deterioration does
not lead to higher N,O emissions when using conventional
gasoline or ethanol gasoline, mainly because of the signifi-
cant reduction in NO, under the “TWC deteriorated” condi-
tions despite the significant increase in CO and THC. How-
ever, under CNG usage, the emission factor of N,O under
“TWC deteriorated” conditions is approximately 3 times that
under “TWC worked” conditions. This significant increase is
primarily associated with a substantial increase in NOj.

In terms of greenhouse gas emission reduction, hybrid ve-
hicles demonstrate a significant advantage over conventional
gasoline vehicles primarily due to the usage of electric mo-
tors. Specifically, hybrid vehicles exhibit notably lower CO»
emissions in low-speed phases, while emissions of CH4 and
N> O tend to be relatively high at these speeds.

The global warming potential from vehicle exhaust is pri-
marily attributed to CO; emissions. HEVs demonstrate a
more advantageous environmental impact compared to con-
ventional gasoline vehicles. Surprisingly, however, under the
“TWC deteriorated” conditions, a lower GWP value has been
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observed, indicating a complex interaction between emission
control technologies and environmental impact.

This study aims to provide insights into the emission char-
acteristics of GHGs from vehicles, which are crucial for de-
veloping targeted strategies to reduce GHG emissions and
enhance the overall efficiency and environmental perfor-
mance of vehicle emission control systems. However, a limi-
tation of this study is that the vehicle fleet remains relatively
small. In future research, we should investigate motor vehicle
GHG emissions more systematically while simultaneously
measuring auxiliary parameters such as catalyst temperature
to facilitate a mechanistic understanding of GHG formation.
This will aid in managing and controlling the GHG emissions
from vehicles in the future.
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