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Abstract. On-road ammonia (NH3) emissions play a significant role in fine particulate matter (PM> 5) forma-
tion in urban areas, posing severe risks for human health. Limited studies have depicted the spatial and temporal
variations of on-road NH3 emissions, in particular lacking detailed quantification of their contributions within
densely populated areas. In this study, we established a comprehensive vehicular NH3 emission model and com-
piled a gridded on-road NH3 emission inventory with high spatial (3 km x 3 km) and temporal (monthly) reso-
lution for mainland China. China’s annual vehicular NH3 emissions are estimated to increase from 32.8 £ 1.7
to 87.1 £37.5kt during the period of 2000-2019. Vehicular NH3 emissions are significantly concentrated in
densely populated areas, where agricultural emissions have relatively lower intensity. It is found that vehicular
NH3 emissions could exceed agricultural emissions in the grids containing 23.0 2.1 % of the Chinese popu-
lation in 2019 (approximately 326.6 & 25.4 million people), and this ratio is up to 29.4 £ 3.0 % in winter. For
extremely populous megacities such as Beijing and Shanghai, vehicular NH3 emissions exceed agricultural emis-
sions, where 69.2 £ 1.2 % and 72.0 £ 1.3 % of the population resides, respectively. Thus, the significant role of
on-road NH3 emissions in populated areas may have been underappreciated. This study gave a better insight
into the absolute value and relative importance of on-road NH3 emissions for different regions, seasons and

population densities in China; this is important in terms of the implications for air quality.

1 Introduction

As the leading alkaline gas and one of the major reactive ni-
trogen species in the atmosphere, ammonia (NH3) plays a vi-
tal role in fine particulate matter (PM> s) pollution and nitro-
gen deposition. NH3 readily neutralizes with acidic species
from precursors of sulfur dioxide (SO;) and nitrogen oxides
(NO,) to form secondary organic aerosols (SOAs) (Lv et al.,
2022; Chu et al., 2016), which not only enhances regional
haze but also threatens public health (Huang et al., 2014; Ru-
Jin et al., 2014; Pan et al., 2016). It is found that NH3 emis-
sions contributed a larger amount to PM» 5 than NO, emis-
sion globally and in most countries, indicating that PM; 5

is more strongly NH3-limited than NO,-limited (Gu et al.,
2021). There is increasing evidence indicating that the reduc-
tion of NH3 emissions should be more efficient than other
particle precursors at mitigating haze pollution (Fu et al.,
2017; Gu et al., 2021), highlighting the priority for ammo-
nia regulation. After removal from atmosphere, NH3 and am-
monium (NHI) from both wet and dry deposition may also
contribute to soil acidification, eutrophication and even a re-
duction of biodiversity (Stevens et al., 2004; Li et al., 2016).
Therefore, efforts to better understand and control NH3 emis-
sions are essential.
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Although agriculture dominates the total anthropogenic
NHj3 emissions at global scales (Paulot et al., 2014), increas-
ing studies have pointed out the significant role of on-road
NH3 emissions in urban areas (Chang et al., 2016; Farren
et al., 2020; Fenn et al., 2018; Sun et al., 2017b). On-road
NH3 emissions are highly concentrated in densely populated
areas, where agricultural emissions rarely exist (Sun et al.,
2017a). It is reported that on-road NH3 emissions have ex-
ceeded agricultural emissions where nearly half of the US
population resides (Sun et al., 2017a; Fenn et al., 2018). Pro-
nounced bimodal diurnal variations in NH3 concentration
consistent with traffic patterns were also observed in many
megacities, suggesting a significant contribution of on-road
NHj3 emissions in urban areas (Wang et al., 2015; Pandolfi et
al., 2012). Moreover, on-road NH3 emissions are co-emitted
with NO, in dense, highly urbanized areas and may have a
more effective pathway to particle formation than agricul-
tural NH3 emitted in rural, low-NO, areas (Farren et al.,
2020). Thus, on-road NHj3; emissions could be critical for
public health in urban areas due to their contribution to PM; 5
formation, since more than half of the global population lives
in cities (World Bank Group, 2022).

There are two major sources for vehicular NH3 emis-
sions — gasoline vehicles equipped with three-way catalysts
(TWCs) and diesel vehicles equipped with selective catalytic
reduction (SCR). NH3 is the by-product from the reduction
of nitric oxide (NO) for gasoline vehicles equipped with
TWCs (Livingston et al., 2009; Bishop and Stedman, 2015).
Also, NHj3 leakage during the injection of urea into the SCR
system, commonly termed “ammonia slip”, is gaining im-
portance with the extensive applications of SCR in diesel
vehicles (Suarez-Bertoa et al., 2017; Mendoza-Villafuerte et
al., 2017; He et al., 2020). With the extensive equipment of
TWCs and SCR due to the latest emission standards, NH3
has been contributing increasing fractions of the reactive
nitrogen species emitted by vehicles in the recent decade
(Bishop et al., 2010; Sun et al., 2017b; Fenn et al., 2018).
However, regulations for on-road NH3 emissions are far be-
hind other traffic-related pollutants (i.e., NO,, PM, CO and
HC) (Wu et al., 2017b). Currently, the heavy-duty Euro VI
and China VI are the only emission standards that legis-
late an NH3 emission cap (10 ppm as the cycle-average slip
limit), aiming at restraining SCR slip (Sun et al., 2017a). To
respond to the increasing concern regarding vehicular NH3
emissions, stringent limits of 20 mgkm~! for light-duty ve-
hicles and 65 mgkWh~! for heavy-duty vehicles have been
introduced in a proposal version of future Euro 7/VII regula-
tions (European Commission et al., 2022). The introduction
of NH3 emission limits will require installation of specific
aftertreatment devices; for example, ammonia slip catalysts
(ASCs) and clean-up catalysts (CUCs) are expected to ensure
that Euro 7/VII vehicles comply with these proposed limits
(Torp et al., 2021).

NH3 emission inventories can significantly affect the accu-
racy of PMj 5 modeling and play a crucial role in the refine-
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ment of mitigation strategies. Numerous studies have estab-
lished NH3 emission inventories on a global level (Meng et
al., 2017), national level (Fenn et al., 2018; Xing et al., 2013;
Kang et al., 2016; Li et al., 2021) and regional level (Zhao et
al., 2012; Zheng et al., 2012). However, these studies failed
to take into account the spatial distribution of on-road NHj3
emissions and the potential for relatively higher emissions
from mobile sources in dense, highly urbanized areas. Also,
NHj3 emissions from the transportation sector are thought to
be highly underestimated globally (Meng et al., 2017), in the
United States (Sun et al., 2017b) and in the UK (Farren et al.,
2020), mainly due to the large uncertainties that remain in ve-
hicular NH3 emission factors (EFs) and traffic activity data
(Meng et al., 2017). The exact contribution of traffic sources
to NH3 emissions on various spatial scales is still an area
of debate, especially in densely populated areas. Therefore,
comprehensive vehicular NH3 EFs and high-quality on-road
NH3 emission inventories are urgently required for air qual-
ity modeling and future NH3 regulations.

In this study, we established a comprehensive vehicular
NH3 emission factor (EF; in units of mgkm™') model that
includes both gasoline and diesel vehicles. The long-term
trend of vehicular NH3 emissions from 2000 to 2019 was
estimated based on the EF factors and province-level traffic
activity data. Then, a highly resolved vehicular NH3 emis-
sion inventory with high spatial (3 km x 3 km) and temporal
(monthly) resolution was compiled for mainland China, and
the relative contribution of on-road vehicles to total anthro-
pogenic NH3 emissions was analyzed among different sea-
sons and population densities. This study is aimed to give a
better insight into the absolute value and relative importance
of on-road NH3 emissions for different regions, seasons and
population densities; this is important in terms of the impli-
cations for air quality.

2 Methodology and data

2.1 Establishment of a vehicular NHz emission factor
model

We developed a comprehensive vehicular NH3 EF model for
both gasoline and diesel vehicles based on local exhaust mea-
surement data in China. Nine vehicle categories and six emis-
sion standards (i.e., China 1/I to China 6/VI) were divided up
according to the official vehicle registration rules in China
(see Table S1).

For gasoline vehicles, Huang et al. (2018) revealed the
strong correlation between NH3z emissions and modified
combustion efficiency (MCE), an indicator calculated based
on CO and CO; emissions. In this study, CO and CO, EFs
for gasoline vehicles were obtained from the EMBEV model,
the archetype model for China’s National Emission Inven-
tory Guidebook (Zhang et al., 2014). Several studies have
found a significant temperature dependence of NH3 emis-
sions from light-duty gasoline vehicles (LDGVs) that in-
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creased as the temperature decreased, mainly linked to rich
combustion during cold-start operations (Selleri et al., 2022;
Suarez-Bertoa et al., 2017). The latest version of EMBEV
updated the cold-start sub-module and developed compre-
hensive ambient temperature corrections that can character-
ize the spatial and monthly variations in EFs across China
(Wen et al., 2021), enabling us to estimate NH3 EFs for var-
ious seasons and provinces.

For diesel vehicles, we obtained NH3 measurement data
from a fleet of heavy-duty diesel vehicles (HDDVs) (China
III to China V) using portable emissions measurement sys-
tems (PEMSs) and dynamometers (He et al., 2020). As China
VI had not been widely implemented until 2020, the NH3
EFs for HDDVs were categorized into pre-China IV (with-
out SCR) and China IV/V (majorly equipped with SCR). The
test results indicated that the introduction of SCR systems to
diesel fleets might risk higher NH3 emissions, though NHj3
emissions varied significantly among tested HDDVs. NHj3
EFs of other diesel vehicles were calculated based on the rel-
ative fuel consumption compared with HDDVs. We did not
introduce temperature corrections due to the lack of measure-
ments.

As for the uncertainties in NH3 EFs, we referred to the er-
ror bars of NH3 emission measurements from various studies
(Tables S2 and S3) to estimate the uncertainty ranges of gaso-
line and diesel vehicles under different emission standards,
shown in Table S4. For diesel vehicles, the large uncertainty
ranges in SCR-equipped EFs have included the impacts of
abnormal urea uses and different SCR control strategies.

2.2 Bottom-up estimation of long-term vehicular NH3
emissions

In this study, vehicular NH3 emissions inventories by
province and month were calculated for mainland China
from 2000 to 2019 based on a bottom-up method, including
vehicle population, vehicle kilometers traveled (VKT) and
NH;3 EFs by province, calendar year, month and vehicle cat-
egory, as Eq. (1) illustrates.

Epym= ZZZVPv,ﬁes,p,y X VKTy, fes.p.y
v f es

X EFy fes.pm X 1072, (1)

where E y ;, is the monthly vehicular NH3 emissions of
province p in calendar year y from 2000 to 2019 (in units
of t); VPy, fes,p,y is the vehicle population of province p
in calendar year y, defined by vehicle category v, fuel type
f and emission standard es (in units of number of ve-
hicles); VKT, fes,p,y is the corresponding annual-average
VKT (in units of km yr_l); and EFy fes p,m is the NH3 EFs
in province p and month m, defined by vehicle category v,
fuel type f and emission standard es (in units of mgkm™1).
The province-level vehicle population data were obtained
from the National Bureau of Statistics of China (NBSC) and
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further processed to match up with the resolution and scale of
this study (method reported by Wu et al., 2016). The annual-
average VKT for various vehicle categories was estimated
based on previous survey results regarding vehicle usage in
China (Wu et al., 2016, 2017a; Zhang et al., 2014). The NHj3
EFs by province, month and vehicle category are obtained
from the vehicular NH3 emission factor model established in
Sect. 2.1.

To validate the accuracy of bottom-up estimations, we
compared the NH3 emissions from gasoline vehicles with the
top-down estimation based on annual gasoline consumption
and fuel-based EFs from related studies, as Eq. (2) illustrates.

M(COy)
M(C)

M (NH3)

M(COy)’

Etop-down,y = FCy x 0.85 x

x EFy (NH3/COy) x 2

where Etop-down,y iS the top-down estimation of NH3 emis-
sions from gasoline vehicles in calendar year y (in units of
t); FC, is the annual gasoline consumption in calendar year y
(in units of ¢); FC,, is then converted to CO; emissions based
on the carbon content (0.85 gkg™!) of gasoline and the molar
mass ratio of CO, and carbon; EF, (NH3/CO3) is the fuel-
based NH3 EFs of gasoline fleet in China in calendar year y
from Sun et al. (2017b) (in units of ppbv ppmv_1 CO»); and
M(COy), M(C) and M(NH3) are the molar masses of CO,,
carbon and NH3, respectively (in units of gmol~!). The an-
nual gasoline consumption data were obtained from the Na-
tional Bureau of Statistics of China (NBSC, 2019).

2.3 Compilation of the gridded NH3 emission inventories

NH3 emission data from other anthropogenic sources by
province were obtained from the updated work of Zheng
et al. (2019). The agricultural and vehicular NH3 emissions
were compiled at 3km x 3km and monthly resolution for
mainland China in 2019. Monthly variations in agricultural
emissions are from Zhang et al. (2018). Emissions from fer-
tilizer applications and livestock productions were presented
at the provincial level first and then allocated by grassland
areas and rural residential areas, referring to Li et al. (2021).
The land cover data with a resolution of 1 km were obtained
from China’s National Land Use and Cover Change (CN-
LUCC) dataset (Xu et al., 2018).

For on-road NH3 emissions, we allocated the total vehic-
ular NH3 emissions of each province to 3km x 3km grids
based on the relative ratio of traffic indicator in each grid
(see Egs. 3 and 4).

~ Ruaitic,i
Pt ZTRt_rafﬁc,i
Rtrafﬁc,i = (a : Lrankl,i +b- LrankZ,i +c- Lrank3,i)
X [d * Rurban area,i T € (1 — Rurban axea,i)] ’ 4)

E < E, 3)
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where i represents grid ID; p represents province; n is the
grid number in each province; E, is the total vehicular NH3
emissions of province p in 2019 (in units of ¢); E, ; is the
vehicular NH3 emissions allocated to grid i (in units of ?);
Riraffic,i 1s the traffic indicator in grid i, defined by the road
length of different road types (Lrank i, Where ranks 1-3 rep-
resent highway, arterial road and residential road) and the
urban area ratio (Rurban area,i); and a—e are allocating factors,
referring to the traffic flow ratio of different road types in ur-
ban and rural areas in Beijing (Yang et al., 2019). Here, a—e
are 1,0.4, 0.3, 0.8, and 0.2, respectively. The digital road map
was obtained from the latest OpenStreetMap data for China
(OpenStreetMap, 2022). The urban area ratio was calculated
based on the urban residential areas within each grid.

We compared the gridded allocation results of on-road
NHj; emissions with the estimations based on link-level in-
ventories in four megacities in China (i.e., Beijing (Yang et
al., 2019), Shanghai (An et al., 2021), Shenzhen (Wen et al.,
2020) and Chengdu (Wen et al., 2022)), shown in Fig. S1.
Link-level NH3 emission inventories were calculated based
on the traffic profiles of the whole road network obtained in
our previous studies (Wen et al., 2022, 2020; Yang et al.,
2019) and NHj3; EFs derived in Sect. 2.1. The coefficient
of determination (R?) varied from 0.63 to 0.80 among the
four megacities, demonstrating the accuracy of the alloca-
tion method for on-road emissions. We also compared the
monthly variations of total anthropogenic NH3 emissions de-
rived in this study with surface NH3 observations obtained
from the Ammonia Monitoring Network in different regions
of China given in Kong et al. (2019), shown in Fig. S2. The
monthly variations compare well with NH3 observations over
different regions in China, demonstrating the accuracy of
both spatial and monthly allocations.

3 Results and discussion

3.1 Historical trend of vehicular NH3z emissions in China

NH3 EFs of LDGVs and HDDVs derived in this study are
compared with relative literature covering studies that used
dynamometers, remote sensing, PEMSs and other field mea-
surement techniques, as shown in Fig. 1 (details listed in Ta-
bles S2 and S3). NH3 EFs of LDGVs decreased significantly
with the upgrading of vehicle emission standards, consistent
with trends in other literature. Note that the derivations of
EFs in milligrams per kilometer (mgkm™") from grams per
kilometer (gkg~!) have not been adjusted to account for dif-
ferent driving conditions and fuel consumption (see notes
of Tables S2 and S3), whilst dynamometer measurements
may be lower than on-road emissions. Also, impacts of vari-
ous ambient environment and driving conditions and interfer-
ences from high-emitting or other vehicle types may account
for the differences (Davison et al., 2020). NH3 EFs of HD-
DVs without SCR are negligible (4.4 2.4 mgkm™"), while
the introduction of SCR systems greatly increased the risk
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of ammonia slip (73.9 £ 118.7mgkm~!). The introduction
of ammonia slip catalysts (ASCs) in the heavy-duty China
VI emission standard would significantly reduce NH3 emis-
sions of HDDVs (Mendoza-Villafuerte et al., 2017). Since
China VI HDDVs had not been deployed nationwide until
July 2021, HDDVs equipped with SCR and ASCs were not
included in the calculation of NH3 emission inventories.

Taking the phase of emission standards into considera-
tion, the trends of annual- and fleet-average NH3 EFs for
gasoline and diesel vehicles in China from 2000 to 2019
are shown in Fig. S3. NH3; EFs for gasoline vehicles de-
creased from 66.64 2.6 in 2000 to 16.0£3.9mgkm™! in
2019 due to the continuous upgrading of emission standards.
NH3 EFs of diesel fleet were negligible before 2014, while
they started to increase with the national implementation of
China IV in 2014. The fleet-average NH3 EFs of diesel ve-
hicles surpassed gasoline vehicles in 2016 and increased to
36.5429.2mgkm~! in 2019.

The annual vehicular NH3; emissions increased from
32.841.7t087.1 +37.5ktyr~! from 2000 to 2019 in China,
as shown in Fig. 2. The continuous increase from 2000 to
2010 mainly resulted from the rapid growth of gasoline ve-
hicle ownership. However, emissions from gasoline vehicles
have started to decrease with the upgrading of emission stan-
dards in the past decade. NH3 emissions of gasoline vehicles
estimated based on bottom-up method agreed well with the
top-down estimations based on annual gasoline consumption
and fuel-based EFs (see Fig. S4). Emissions from diesel ve-
hicles have grown significantly under the joint effects of in-
creasing HDDV numbers and the rapid introduction of SCR
systems since 2014. The emission proportion of diesel fleet
grew significantly from less than 3 +2 % before 2014 to
33£26% in 2019. With the implementation of the heavy-
duty China VI emission standard in 2020, NH3 emissions
from diesel vehicles should be well controlled. Gasoline ve-
hicles (mainly LDGVs) will keep dominating the total on-
road NH3 emissions in the near future.

3.2 Spatial and temporal distribution of on-road NH3
emissions in China

Highly spatially resolved (3 km x 3 km) vehicular NH3 emis-
sion intensities in China in 2019 are illustrated in Fig. 3.
On-road emissions are distributed along the road network,
and the emission hotspots are highly correlated with densely
populated areas, which is different from the spatial dis-
tribution of agricultural emissions (see Fig. S5). On-road
NH3 emissions in two of the most populous regions, i.e.,
the Beijing—Tianjin—Hebei (BTH) region and the Yangtze
River Delta (YRD), are also illustrated in Fig. 3b and c.
The average on-road NHj3 emission intensities in main-
land China, BTH and YRD are 9.3 +4.0, 42.4+18.2 and
46.5+20.0kgkm=2 yr—!, with average population densities
of 146, 511 and 668 persons per km? in 2019, respectively.
Note that on-road NH3 emissions are positive correlated
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Figure 2. Annual vehicular NH3 emissions by fuel type in China
with uncertainty ranges, 2000-2019.

with population density, which will be further analyzed in
Sect. 3.3.

We analyzed the contribution of on-road NH3 emissions
to total anthropogenic emissions in 2019. Agriculture (in-
cluding livestock and fertilizer) dominated the total anthro-
pogenic NH3 nationwide (>90 %), and the contribution of
vehicular NH3 emissions is insignificant compared with agri-
cultural emissions (<1 %). However, the proportion of ve-
hicular emissions varied significantly (from 0.36 £0.16 %
to 8.91 £3.83 %) among provinces (see Fig. S6). Beijing
and Shanghai are the top two provinces with the high-
est vehicular NH3 emission contributions in China, which
are 8.91 £3.83 % and 7.33 £ 3.15 %, respectively, compared
with the nationwide level of 0.9540.42 %. Beijing and
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Figure 3. Spatial distribution of on-road NH3 emission intensities
in (a) mainland China, (b) the Beijing-Tianjin—Hebei (BTH) region
and (c) the Yangtze River Delta (YRD) in 2019.

Shanghai are not only core cities in the BTH and YRD re-
gions but also two of the most populous megacities in China
(with residential populations of over 20 million). Thus, we
chose Beijing and Shanghai as typical cities to discuss here-
inafter.

Though several studies have pointed out the significant
temperature dependence of NHj3 emissions from LDGVs
(Selleri et al., 2022; Suarez-Bertoa et al., 2017), few stud-
ies have considered the seasonal variation of on-road NHj3
emissions in either inventory or air quality modeling. In this
study, the temperature impacts on NH3 emissions have been
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depicted by the comprehensive EF model. Figure 4 illus-
trates the monthly variations in NH3 EFs for LDGVs of var-
ious emission standards in Beijing and Shanghai. The fleet-
average NHj3 EFs of gasoline vehicles in February were 1.50
and 1.41 times of those in August for Beijing and Shanghai,
respectively, consistent with the NH3 emission ratio of 1.4—
2.1 reported in dynamometer measurements conducted under
—7°C relative to 23°C (Selleri et al., 2022; Suarez-Bertoa et
al., 2017). As the monthly variations of agricultural emis-
sions (higher in summer than winter) are opposite to vehic-
ular emissions, the vehicle emission proportions are signifi-
cantly higher in winter. As shown in Fig. S7, the city-scale
vehicular NH3; emission proportions are up to 14 % and 12 %
in winter in Beijing and Shanghai, respectively, nearly twice
the annual-average ratio of 8.9 % and 7.3 %. The proportion
would be even larger in urban areas, posing substantial risks
for haze episodes during the wintertime.

3.3 Relative contribution of on-road and agricultural
NH3 emissions among different population densities

The highly spatially resolved NH3 emission inventory en-
ables us to distinguish the relative contribution of vehicular
and agricultural emissions among various population den-
sities. Population density data in mainland China were ex-
tracted from WorldPop (Tatem, 2017) at a spatial resolution
of 100 m and then aggregated into 3 km to match the resolu-
tion of emission inventories. As shown in Fig. 5, the distri-
bution of on-road NH3 emission intensity is positively cor-
related with population density, while the trend in agricul-
tural emission is the opposite. NH3 emission intensities of
on-road traffic are much lower than agriculture for less pop-
ulated areas, but the median will surpass agricultural sources
in grids with a population density higher than 10000 per-
sons per km?. For extremely populous grids (population den-
sity >20000 persons per km?), agricultural emissions are
less important compared with on-road traffic emissions.
According to the statistics based on gridded emission
inventories and population density, on-road NHj3; emis-
sions exceed agricultural emissions in grids containing
23.0£2.1% of the Chinese population in 2019 (approx-
imately 326.6 +=25.4 million people), and this number is
up to 29.4+£3.0% in winter. For densely populated areas
with a population density higher than 2000 persons per
km?, on-road NH3 emissions exceed agricultural emissions
where 53.3 £ 3.6 % of the population resides (approximately
287.8 £ 19.5 million people), and this is up to 66.2+3.1 %
in winter. As two of the most populous megacities in the
world, Beijing and Shanghai had 21.9 and 24.8 million res-
idents in 2019. As shown in Fig. 6, on-road NH3 emis-
sions in Beijing and Shanghai are significantly concentrated
in densely populated areas where agricultural emissions sel-
dom exist, and gasoline vehicles accounted for most of these
emissions due to the strict restrictions on heavy-duty trucks
in central urban areas. The statistics show that on-road NH3
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emissions exceed agricultural emissions where 69.2 + 1.2 %
and 72.0+ 1.3 % of the population resides in Beijing and
Shanghai, respectively. Thus, the significant role of on-road
NHj3 emissions in populated areas and in winter may have
been underappreciated without taking into account the tem-
poral and spatial variations of on-road emission invento-
ries. Note that residential emissions also serve as an impor-
tant source for anthropogenic NH3 emissions in Beijing and
Shanghai (see Fig. S7). However, residential NH3 emissions
(i.e., mainly from human excrement and domestic fuel com-
bustion) are mostly attributed to human activities in rural
residential areas for megacities like Beijing and Shanghai
(Streets et al., 2003). Thus, even with high emission con-
tributions in the whole city, residential emissions may not
be as influential as traffic emissions in urban areas. As an-
other important reactive nitrogen species besides NO,, the
significance of NH3 emission control has not been fully ad-
dressed. Serving as a major contributor to both NO,, and NH3
emissions in urban areas, a multipollutant control strategy for
vehicular NO, and NH3 emissions may be a more effective
pathway to mitigating PMj 5 pollution in densely populated
areas.

4 Conclusions

In this study, we established a comprehensive vehicular
NH3 emission factor model and compiled a gridded on-
road NH3 emission inventory with high spatial (3 km x 3 km)
and temporal (monthly) resolution for mainland China. NH3
EFs for gasoline vehicles decreased from 66.6 in 2000 to
16.0mgkm~! in 2019 due to the continuous upgrading of
emission standards. The annual vehicular NH3; emissions in-
creased from 32.84 1.7 to 87.1+37.5ktyr™! from 2000
to 2019 in China, mainly resulted from the rapid growth
of gasoline vehicle ownership. On-road NH3 emissions are
significantly concentrated in densely populated areas, where
agricultural emissions seldom exist. It is found that on-road
NH3 emissions exceed agricultural emissions in grids con-
taining 23.0 £ 2.1 % of the Chinese population in 2019 (ap-
proximately 326.6 million people), and this ratio is up to
29.4 £ 3.0 % in winter. For extremely populous cities such as
Beijing and Shanghai, on-road NH3 emissions exceed agri-
cultural emissions, where 69.2+1.2% and 72.0+1.3 % of
the population resides, respectively.

This study gave a better insight into the absolute value
and relative importance of on-road NH3 emissions for differ-
ent regions, seasons and population densities in China; this
is important in terms of the implications for air quality. We
emphasized the significant role of on-road NH3 emissions in
populated urban areas, which may have been underappreci-
ated previously, highlighting the necessity to consider vehic-
ular NH3 emissions in air quality simulations. In addition,
we clearly depicted the seasonal variation of on-road NHj3
emissions in our inventory by considering temperature de-
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pendence of NH3 emissions from LDGVs. As the monthly
variations of agricultural emissions (higher in summer than
winter) are opposite to vehicular emissions (higher in winter
than summer), the city-scale vehicular NH3 emission propor-
tions in winter are nearly twice the annual-average ratio in

https://doi.org/10.5194/acp-23-3819-2023

Beijing and Shanghai. This finding reminds us of the possibly
more severe risks for haze episodes during the wintertime.
Precise air quality simulations based on the highly resolved
NH3 emission inventory are required to quantify the relative
contribution of on-road NH3 emissions to urban PM> s pol-
lution in different seasons.

Although several pathways for agricultural emission
abatement have been raised (Sha et al., 2021), the regula-
tion for agricultural NH3 emissions is difficult due to both
the technical gap and potential obstruction from stakehold-
ers (Plautz, 2018). However, mitigating vehicular NH3 emis-
sions could be more feasible compared with the control
of agricultural emissions. With the implementation of the
heavy-duty Euro VI and China VI emission standards, NH3
emissions from diesel vehicles are expected to be well con-
trolled (see Fig. 1). The NH3 emission problems from petrol
vehicles have also been addressed by the upcoming Euro
7/VII standard (European Commission et al., 2022), and
there are proven aftertreatments to ensure that Euro 7/VII ve-
hicles comply with these proposed limits (Torp et al., 2021).
Except for regulations from emission standards, traffic man-
agement of the passenger vehicle fleet and the promotion
of electric vehicles can also significantly mitigate vehicu-
lar NH3 emissions in urban areas. Therefore, the control of
on-road NH3 emissions can be a feasible and cost-effective
way of mitigating haze pollution in urban areas, calling for
greater priority to strengthen regulations for vehicular NH3
emissions worldwide.

Note there are some limitations about this study. Firstly,
impacts of driving condition were not included in this
study. It is well documented that LDGV NH3 emissions
are strongly dependent on driving conditions (Huang et al.,
2018). Higher LDGV NH3 emissions are found under both
low-speed (Farren et al., 2021) and aggressive highway driv-
ing cycles (Huang et al., 2018). For urban areas with com-
plex driving conditions and that are easily affected by traffic
congestion, vehicular NH3 emissions are further enhanced.
It is important to address the impacts of traffic conditions on
vehicular NH3z emissions in urban areas if real-world speed
monitoring data are available in future works (Wang et al.,
2023). Secondly, we estimated EFs of other diesel vehicles
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based on the relative fuel consumption compared with HD-
DVs due to the lack of measurement data. This approach has
obvious limitations and can be improved if more measure-
ment data are available. Nevertheless, HDDVs accounted for
89.8 % of the total NH3 emissions from diesel vehicles in
2019. Thus, the uncertainties brought by EFs of other diesel
vehicles are limited.
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