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ABSTRACT: Motor vehicle ammonia (NH3) emissions have
attracted increasing attention for their potential to form
secondary aerosols in urban atmospheres. However, vehicle
NH3 emission factors (EFs) remain largely unknown due to a
lack of measurements. Thus, we conducted detailed measure-
ments of NH3 emissions from 18 Euro 2 to Euro 5 light-duty
gasoline vehicles (LDGVs) in Shanghai, China. The distance-
and fuel-based NH3 EFs average 29.2 ± 24.1 mg·km−1 and
0.49 ± 0.41 g·kg−1, respectively. The average NH3-to-CO2
ratio is 0.41 ± 0.34 ppbv·ppmv−1. The measurements reveal
that NH3 emissions from LDGVs are strongly correlated with
both vehicle specific power (VSP) and the modified
combustion efficiency (MCE); these relationships were used
to predict LDGV NH3 EFs via a newly developed model. The predicted LDGV NH3 EFs under urban and highway driving
cycles are 23.3 mg·km−1 and 84.5 mg·km−1, respectively, which are consistent with field measurements. The NH3 EF has
decreased by 32% in average since the implementation of vehicle emission control policies in China five years ago. The model
presented herein more accurately predicts LDGV NH3 emissions, contributing substantially to the compilation of NH3 emission
inventories and prediction of future motor vehicle emissions in China.

■ INTRODUCTION

Ammonia (NH3) is an important atmospheric alkaline species.
NH3 reacts with nitric and sulfuric acids to form nitrate and
sulfate aerosols, which degrade regional air quality.1−3

Agricultural activities, such as livestock breeding and NH3-
based fertilizer application, are the dominant sources of NH3
emissions at regional and global scales.4−7 However, recent
work has revealed that NH3 emissions from vehicles, which are
an important NH3 source in urban areas,8,9 contribute more
than agricultural sources to secondary aerosol formation during
haze pollution events in urban Beijing, China.10 Gasoline
vehicles equipped with three-way catalytic converters (TWCs),
which generate NH3 during the catalytic reduction of nitric
oxide (NO) via the water−gas shift reaction, are the major
contributor to vehicular NH3 emissions.11 Unlike conventional
pollutants such as CO, nitrogen oxide (NOx), total hydro-
carbons (THCs), etc., NH3 emissions from gasoline vehicles
are currently not regulated. Recent remote sensing studies in
the United States indicate that ratios of NH3 emissions to
reactive nitrogen emissions are rapidly increasing.13

NH3 emission factors (EFs) were initially determined for
entire vehicle fleets under real-world conditions via tunnel
experiments.14−16 Subsequent laboratory dynamometer studies
have been conducted in the past decade to determine NH3 EFs
for individual vehicles.17−23 Dynamometer results indicate that
vehicular NH3 emissions depend strongly on vehicle operation
and characteristics, such as driving cycle, Vehicle Specific
Power (VSP), and vehicle age. Such studies are important for
the development of vehicular NH3 emission inventories.
However, quantitative studies on NH3 emissions from vehicles
in China remain limited. Liu et al.24 and Chang et al.8 reported
NH3 EFs from on-road vehicles in tunnel experiments in 2014
and 2016, respectively, but the EFs therein differed by nearly a
factor of 10. Sun et al.9,25 measured fleet-integrated NH3
emissions using a mobile laboratory in six cities in China
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and the United States, observing that NH3 emissions from on-
road vehicles were higher in Chinese cities than in U.S. cities,
especially for Chinese cities with less stringent standards.
Vehicle emission models, such as MOVES, COPERT, IVE,
etc., can be used to estimate NH3 emissions from vehicles.
Nonetheless, the accuracy of vehicular NH3 emission model
results remains in question due to the lack of experimental
verification in China, leading to large uncertainties in
transportation sector NH3 emission inventories.5,26−29

The number of motor vehicles in China has grown rapidly in
recent years, reaching 184 million in 2016, of which 163
million (88.5%) were light-duty gasoline vehicles (LDGVs),
representing a 16% increase over the previous year.30 Rapid
increases in the vehicle fleet will probably lead to higher NH3

emissions in urban areas in China. It is therefore essential to
understand local NH3 emissions from gasoline vehicles in
China. Moreover, previous studies have not quantified the
relationships between vehicular NH3 emissions and vehicle
performance and characteristics. Further research is needed to
improve NH3 emissions modeling for LDGVs with diverse
driving habits, vehicle specifications, and emission standards.
In this study, NH3 emissions were measured for 18 in-use

LDGVs with Euro 2 to Euro 5 emission standards using an
extractive diode laser ammonia detection system on a
dynamometer chassis. The vehicles were tested via the
Worldwide harmonized Light vehicles Test Cycle (WLTC)
under cold- and hot-start conditions. The impacts of driving
cycle and combustion efficiency on NH3 emissions were
explored in terms of results from this and previous studies.
Then, a regression model was established and used to estimate
LDGV NH3 EFs under different driving cycles and combustion
efficiencies using large amounts of vehicle inspection data. The

results may be used to improve the accuracy of LDGV NH3
emissions estimations.

■ EXPERIMENTAL METHODS
Test Vehicles and Fuels. A total of 18 LDGVs were tested

in this study, all of which were passenger cars, which constitute
more than 99% of the LDGVs in China.30 The test vehicle
model years spanned 2006 to 2016. The accumulated mileages
were 23 529−371 935 km and the engine displacements were
1.5−2.3 L. The test fleet consisted of two Euro 2, four Euro 3,
eight Euro 4, and four Euro 5 vehicles. China implemented
Euro 2, 3, 4, and 5 emission standards in 2004, 2007, 2011, and
2016, respectively. Euro 2−5 vehicles accounted for ∼96% of
the gasoline vehicles in China in 2017. Descriptions of the test
vehicles are provided in Supporting Information (SI) Section
S1. Typical commercial fuel found at gasoline stations in
Shanghai was used in the tests herein; this fuel should be in
compliance with Euro 5 fuel requirements, which specify that
the fuel contain <10 ppm of S, 25% olefins, and 40% aromatics.

Test Procedures. All vehicles were tested on a VULCAN
EMSCD48 1.22-m single roll electric chassis dynamometer
(Horiba, Japan) at the Shanghai Motor Vehicle Inspection
Certification and Tech Innovation Center. Tailpipe emissions
were sampled using a constant volume sampling (CVS) system
(CVS-7000, Horiba, Japan). Raw exhaust was diluted with
high-efficiency particulate air (HEPA)-filtered air in the CVS.
Exhaust gas analysis was performed using a Horiba MEXA-
7000 measurement system. CO and CO2 were measured using
nondispersive infrared (NDIR) instruments, THCs were
measured via flame ionization detection (FID), and NOx
(including NO and NO2) were measured using a chem-
iluminescence detector (CLD). The detector deploys with a
molybdenum converter to convert NO2 to NO and measures

Figure 1. (a) Instantaneous NH3 emission rates and (b) modified combustion efficiencies (MCEs, equal to Δ[CO2]/(Δ[CO2] + Δ[CO])) under
hot-start conditions during the WLTC. Solid lines represent average values from the test vehicles. Shaded areas represent 10% and 90% confidence
intervals.
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NO. It should be mentioned that a small amount of NOz may
be converted to NO by the converter and then accounted as
NOx emissions.
All vehicles were tested over the WLTC, and four vehicles

were tested under both cold- and hot-start conditions (see SI
Table S1). The WLTC consists of four segments, namely “low-
speed”, “medium speed”, “high-speed”, and “extra high-speed”.
The actual speeds were not allowed to deviate by more than
±2 km·h−1 from the driving cycle target speeds more than 10
times during a given test; tests that failed to meet this criterion
were suspended. The vehicles were switched off and stored at
room temperature (∼10−20 °C) for more than 12 h prior to
cold-start testing.
NH3 Measurements. A variety of measurement instru-

ments, including Fourier Transform Infrared (FTIR),17,19,23,31

tunable diode laser (TDL),18,20 chemical ionization mass
spectrometer (CIMS),21,22 and soft ionization mass spectrom-

eter (SIMS)32 systems, has been used for real-time vehicle
NH3 emission measurements in previous studies. In this study,
we used a TDL-based NH3 measurement system (NMS, IAG
Inc., Austria). The analyzer consists of an infrared laser with a
400 mm path length, optical lenses that focus the laser light
through the sample gas and then onto a detector, the detector,
and the associated electronics, which control the laser and
translate the detector signal into a gas concentration. NH3
typically requires an extended period to equilibrate with
instrument walls. To minimize wall losses, the interior surfaces
of the instrument are made primarily of stainless steel and
polished using a special technology to minimize binding sites;
the sampling flow rate was set to 10 L·min−1 to improve the
response time (1 Hz), and the instrument was equipped with a
heated sampling tube that maintained a sample temperature of
191 °C. The analyzer was calibrated with a commercial
reference gas (490 ppm of NH3 in N2, 4 L cylinder, certified by

Table 1. NH3-to-CO2 Ratios and Distance- and Fuel-based NH3 EFs from Dynamometer, Tunnel, Remote Sensing, and On-
Road Measurements

study test vehicles
measurement

method
analytical
method

NH3
(mg·km−1) NH3 (g·kg−1)

NH3 to CO2 ratio
(ppbv·ppmv−1)

this study 13 (Euro 2−5) dynamometer
(WLTC)

TDL 29.2 ± 24.1 0.49 ± 0.41 0.41 ± 0.34

Suarez-Bertoa et al
. (2014)31

7 (Euro 5a−6) dynamometer
(NEDC)

FTIR 20.3 ± 19.6 0.31 ± 0.33

Livingston et al
. (2009)23

41 (Tier 0, Tier 1, TLEV, LEV,
ULEV, SULEV)

dynamometer
(FTP)

FTIR 41 ± 46

dynamometer
(UC)

FTIR 58 ± 48

dynamometer
(SC03)

FTIR 24 ± 16

dynamometer
(US06)

FTIR 76 ± 82

dynamometer
(M090)

FTIR 32 ± 28

Heeb et al. (2008)21 10 (Euro 3) dynamometer
(EDC)

CIMS 16 ± 12

10 (Euro 4) dynamometer
(EDC)

CIMS 10 ± 7

Karlsson (2004)32 5 dynamometer
(NEDC)

SIMS 8.3 ± 7.2

dynamometer
(FTP)

SIMS 17.3 ± 14.0

Durbin et al. (2004)19 12 (LEV, ULEV, SULEV) dynamometer
(FTP)

TDL 10.7

dynamometer
(US06)

TDL 52.0

Durbin et al. (2002)17 39 (Tier 0, Tier 1, LEV, ULEV) dynamometer
(FTP)

FTIR 33.6 ± 32.9 0.41 ± 0.12

Vieira-Filho et al
. (2016)33

gas-dominated tunnel H2SO4
absorption

44 ± 22

Chang et al. (2016)8 85% gasoline tunnel H2SO4
absorption

28 ± 5

Liu et al. (2014)24 88.2% gasoline tunnel CLD 230 ± 14 1.79 ± 0.14
Kean et al. (2009)16 ∼99% gasoline tunnel IC 49 ± 4 0.40 ± 0.02
Kean et al. (2000)15 ∼99% gasoline tunnel IC 78 ± 6 0.64 ± 0.04
Fraser and Cass
(1998)14

>90% gasoline tunnel colorimetric 61

Bishop et al. (2015)13 LDV remote sensing dispersive UV 0.43−0.80
Bishop et al. (2010)12 LDV remote sensing dispersive UV 0.49−0.79
Burgard et al. (2006)35 LDV remote sensing dispersive UV 0.50 ± 0.01
Baum et al. (2001)34 LDV remote sensing dispersive UV 34 ± 11 0.35 ± 0.03 0.32
Zavala et al. (2006)36 LDV on-road chasing TILDAS 0.12 ± 0.07
Sun et al. (2017)9 LDV in the U.S. on-road chasing open-path

TDL
0.27−0.40

LDV in China on-road chasing open-path
TDL

0.36−0.56
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the National Institute of Metrology, China) each day before
measurement. The reference gas bias was within 10% at all
times. Four LDGVs from the test fleet were used to validate
the reproducibility of the measurement system. Detailed
analysis is provided in SI Section S2. The results indicate
both the instantaneous NH3 concentrations and emission rate
were highly reproducible. During the replicate tests, the
relative deviations in the NH3 EFs were 2.1−16.5%, according
to the EFs shown in SI Table S1.

■ RESULTS AND DISCUSSION
Measurement Results. Instantaneous NH3 emission rates

during the WLTC under hot-start conditions are shown in
Figure 1(a). Maximum NH3 emissions occur primarily during
the extra high-speed segment of the WLTC.
Previous studies have indicated that NH3 emissions from

gasoline vehicles with TWCs tend to be higher during fuel-rich
combustion, in which the air: fuel equivalence ratio (λ) is
relatively low.18,21 Because λ was not measured, we used the
modified combustion efficiency (MCE), which is calculated via
Δ[CO2]/(Δ[CO2] + Δ[CO]), to represent combustion
efficiency herein. Figure 1(b) shows instantaneous MCE
values during the WLTC. NH3 emissions are strongly
negatively correlated with the MCE. MCE decreases
perceptibly during the extra high-speed segment, while NH3
emissions show corresponding increases.
The MCE is also relatively low during the first 200 s after

vehicle ignition; however, NH3 emissions do not increase, as
the TWC is not yet activated during this period due to the low
temperature. This feature is more obvious under cold-start
conditions; NH3 emissions in the first 200 s are generally lower
after a cold-start than after a hot-start, as shown in SI Figure
S2. After 200 s, cold-start NH3 emissions increase substantially
compared with hot-start emissions. After ∼800 s, the NH3
emissions under the two start-up conditions are similar.
Detailed information is provided in SI Section S3.
Test vehicle fuel consumption and distance-based EFs for

NH3 and other gaseous species are summarized in SI Table S1.
The methods used to calculate fuel consumption and the EFs
are detailed in SI Section S1. The test vehicle NH3 EFs vary
from 1.3 to 73.0 mg·km−1 and average 29.2 ± 24.1 mg·km−1.
The average fuel-based NH3 EF is 0.49 ± 0.41 g·kg−1 (the
gasoline density is assumed to be 0.75 kg·L−1). The average
NH3-to-CO2 ratio is 0.41 ± 0.34 ppbv·ppmv−1. The EFs of
regulated pollutants (e.g., CO, THC, NOx, etc.) decrease with
increasingly stringent emission standards, as shown in SI
Figure S3. However, there is no correlation between NH3 EFs
and the emission standards; considerably higher NH3 EFs are
detected for Euro 5 LDGVs, which implies that LDGV NH3
emissions should be determined by factors other than the
emission control technology used in the given vehicle.
Table 1 summarizes the distance- and fuel-based NH3 EFs

and NH3-to-CO2 ratios measured in this study and compares
these values with previous results obtained from dynamometer,
tunnel, remote sensing, and on-road experiments. The
distance-based NH3 EFs from previous dynamometer studies
vary from 10 to 76 mg·km−1 over a wide range of vehicle
technologies and driving cycles; vehicles operated under more
aggressive driving cycles, such as the Unified Cycle (UC) and
US06, usually have higher NH3 EFs, which is consistent with
our measurements. The NH3 EFs and NH3-to-CO2 ratios
herein also agree well with on-road tunnel measurements,
remote sensing data, and on-road vehicle chasing results from

previous studies. Chang et al.8 and Sun et al.9 reported an
average NH3 EF of 28 ± 5 mg·km−1 and NH3-to-CO2 ratios of
0.36−0.56 ppbv·ppmv−1 in cities in China, quite similar to the
results measured herein. Tunnel and on-road measurements
encompass all types of vehicles, including gasoline and diesel
vehicles. However, we believe that the influence of diesel
vehicles on NH3 emissions is limited. First, test tunnels and
roads are generally dominated by gasoline vehicles, which
account for ∼85−99% of the passing vehicles. In addition, few
diesel vehicles in China were equipped with selective catalyst
reduction (SCR) systems at the time of the previous studies;
vehicles without SCR systems generally have low NH3
emissions and, thus, little effect on emissions results.37

NH3 Emissions and VSP. VSP, which is defined as the
instantaneous power generated per unit mass of the vehicle, is
a comprehensive index used to evaluate vehicle engine load,
where higher VSP values indicate higher engine load. VSP can
be calculated according to Formula 1, as proposed by Jimenez-
Palacios:38

ε

ρ

= + + + +

+
·

+

= + + + × −

Ä

Ç
ÅÅÅÅÅÅÅÅ É

Ö
ÑÑÑÑÑÑÑÑ

v a g s C C

C A
m

v v

v a s v

VSP (1 ) ( )

1
2

( )

(1.1 9.81 0.132) 0.302 10

i R if

a
d

w
2

3 3 (1)

where v is the velocity (m·s−1); a is the acceleration (m·s−2); εi
is the “mass factor”, which is the equivalent translational mass
of the rotating components (wheels, gears, shafts, etc.) in the
powertrain; g is the acceleration due to gravity (m·s−2; a value
of 9.81 m·s−2 was used herein); s is the road grade; CR is the
rotational drag coefficient (unitless); Cif is the friction
coefficient (unitless); ρa is the air density (kg·m−3; 1.293 kg·
m−3 at 20 °C was used herein); Cd is the aerodynamic drag
coefficient (unitless); A is the frontal area of the vehicle (m2);
m is the vehicle mass (kg); and vw is the wind speed (m·s−1).
For light-duty vehicles, Jimenez-Palacios37 recommended the
following simplified parameters: εi = 0.1, s = 0, CR = 0.0135,
and Cd·A/m = 0.0005; s, Cif, and vw can be neglected. Hence,
the equation can be simplified to equal the second part of
Formula 1.
VSP has been widely used in emission models to estimate

vehicle emissions. Different VSP intervals relate to different
operating modes of a vehicle. When VSP < 0 kW·t−1, vehicles
are in a state of deceleration. On the contrary, vehicles are in a
state of acceleration or cruise speed. When 0 ≤ VSP < 15 kW·
t−1, vehicles are usually in low-speed transient or cruising.
When VSP ≥ 15 kW·t−1, vehicles are usually running at high
speed. The relationship for each test vehicle is provided in SI
Section S5. Figure 2(a) indicates that the average NH3
emission rate is flat when VSP is negative, and then increases
with increasing VSP when VSP is positive. NH3 emissions
show two different modes of behavior when VSP > 0 kW·t−1; a
slowly upward trend in low-VSP region and a rapidly
increasing trend in high-VSP region. Both trends are in linear.
The breakpoint between two modes is located at about 15 kW·
t−1 when vehicle is running at medium-high speed. The
correlation between NH3 emission rate and VSP in this study
is consistent with that in Huai et al.20 Due to the changing
slope, we divided the VSP values into three intervals (VSP < 0
kW·t−1, 0 ≤ VSP < 15 kW·t−1, and VSP ≥ 15 kW·t−1) and
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calculated a linear regression function for each interval; the
regression formulas are shown in Figure 2(b).
NH3 Emissions and MCE. As discussed above, NH3

emissions are strongly correlated with the MCE; the associated
test vehicle data regression equation is shown in Figure 3. The
NH3 EF generally decreases with increasing MCE. The linear
regression yields a slope (average NH3-to-MCE ratio) of
−2054 ± 240 and an R2 of 0.79, indicating that the MCE can
be used to predict the NH3 EF. The NH3 in gasoline exhaust is
a byproduct of the reduction of NO produced in the engine by
the TWC.39 The MCE is a combination of engine combustion

efficiency and conversion efficiency on the catalyst. Lower
MCE value indicates worse combustion efficiency and more
original emissions, which will generally induce more NH3
generation after the catalytic converter. Thus, this correlation
implies that improving the combustion efficiency can help to
control NH3 emissions from TWC-equipped LDGVs.

NH3 Emission Prediction for In-Use LDGVs. Using the
correlations between NH3 EF and VSP and between NH3 EF
and MCE, one can estimate NH3 emissions from an individual
LDGV when the driving cycle, CO EF, and CO2 EF are
known. The NH3 EF over a given driving cycle can be
predicted by Formula 2.

= × +a bEF MCEi (2)

Here, EFi (mg·km−1) is the NH3 EF over driving cycle i, and a
and b are the fit parameters shown in Figure 3. When the
driving cycle varies, the NH3 EF can be predicted by Formula
3.

= ×
∑ × ̅

∑ × ̅
[ ] [ ]

[ ] [ ]

Q f U

Q f U
EF EF

( )/

( )/j i
t t t j

t t t i

j

i (3)

where EFj (mg·km−1) is the NH3 EF for driving cycle j; Q[t]
(mg·s−1) is the average NH3 emission rate in VSP bin t, which
can be determined using the piecewise linear regression
equations shown in Figure 2(b); f [ti] and f [tj] are the fractions
of VSP bin t applied in driving cycle i and j; and U̅i and U̅j (km·
h−1) are the average speeds during driving cycles i and j.
MCE data were obtained for 4,048 randomly selected in-use

LDGVs from vehicle emission inspection stations in Shanghai
and Hangzhou, China; these in-use LDGVs were tested using
the vehicle mass analysis system (VMAS) test method, which
is widely used in Chinese cities. CO2 was measured in a one-
bag Economic Commission of Europe (ECE) urban cycle test
using a nondispersive infrared (NDIR) detector. CO was
detected simultaneously via NDIR. The maximum speed in the
driving cycle was 50 km·h−1, and the average speed was 18.8
km·h−1. The MCE was calculated via EFCO2/(EFCO2 + EFCO).
As shown in Figure 4(a), the in-use LDGV MCEs increase
with more stringent emission standards. In the last two
decades, China has implemented a number of regulations,
including new vehicle emission standards, in-use vehicle
inspections, and fuel quality improvements. Emissions of
regulated pollutants, including CO, THC, and NOx, from
vehicles have been effectively mitigated.40 Our previous study
indicated that CO emissions from Euro 3, 4, and 5 LDGVs are
63%, 90%, and 90% lower than those from Euro 2 vehicles.41

In general, the combustion efficiencies of LDGVs in China
have gradually improved. The changes in MCE shown in
Figure 4(a) are consistent with the actual situation in China.
NH3 EFs can be predicted using Formula 3 and the

measured MCEs. Figure 4(b) shows predicted NH3 EFs for in-
use LDGVs under different emission standards. t test was used
for significant evaluation for the predicted NH3 EFs. There was
no significant difference between Euro 1 and Euro 2 vehicles,
but the difference was significant with Euro 3, Euro 4, and
Euro 5 vehicles, and the P values were far less than 0.01. NH3
EFs generally decrease with more stringent emission standards.
The average NH3 EFs for Euro 1 and Euro 2 LDGVs are
similar at 32.9 ± 21.7 and 30.8 ± 22.6 mg·km−1, respectively.
The NH3 EFs for Euro 3, Euro 4, and Euro 5 LDGVs have
decreased by 39%, 59%, and 65%, respectively, compared with
Euro 2 vehicles. NOx emissions have decreased more rapidly

Figure 2. (a) Relationship between NH3 emission rates and VSP
measured herein (blue line) and in Huai et al.20 (orange line); error
bars indicate standard deviations. (b) Piecewise NH3 emission rate
linear regressions (black lines) for the measurements in this study.

Figure 3. Correlation between test vehicle NH3 EFs and MCEs. The
solid line represents the fitted curve; the dashed lines represent the
5−95% confidence interval.
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than NH3 emissions. The NOx EFs for Euro 3, Euro 4, and
Euro 5 LDGVs are 52%, 81%, and 92% lower than those for
Euro 2 vehicles. Following the changes in emission standards
in China since 2011 (Euro 0, 1, 2, 3, and 4 vehicles accounted
for 10%, 17%, 20%, 48%, and 6% in 2011, while Euro 0, 1, 2, 3,
4, and 5 vehicles accounted for 1%, 5%, 6%, 24%, 52%, and
11% in 2016), the average LDGV NH3 and NOx EFs were 32%
and 45% lower in 2016 than in 2011. This trend is consistent
with remote sensing and tunnel studies in the U.S. by Bishop et
al.12,13 and Kean et al.16 Air-fuel ratio is the most important
factor determining NH3 generation. Better fueling control and
less fuel-rich combustion in newer vehicles determine the
constant decrease in NH3 emissions. Catalytic formulation
used in TWC is another factor to influence the NH3
generation. A previous study reported that low precious
metal loading TWC and lean NOx trap (LNT) catalyst
produce lower NH3 emissions, while all of the formulations
produced significant amounts of NH3 when operated under

sufficiently rich conditions.43 Therefore, improvement of
combustion efficiency dominates the reduction of NH3
emissions in these years, which indicates that China’s vehicle
pollution prevention and control policies have synergistic
effects in controlling NH3 emissions from LDGVs. However,
NH3 is becoming a major contributor to nitrogen emissions, as
its decreasing trend is slower than NOx. Thus, increased
monitoring of NH3 emissions from LDGVs in China is
warranted.
Because the ECE cycle does not represent actual light-duty

vehicle driving conditions, we used formula (4) to predict NH3
EFs for a number of different driving cycles, including six
dynamometer cycles and two real-world cycles. The dyna-
mometer cycles included the ECE, NEDC, FTP, UC, US06,
and WLTC; the real-world cycles were obtained from an on-
road driving survey in Shanghai, China.6 A total of 150 h of
valid GPS data was used to establish VSP bins on urban and
highway roads, on which the average speeds were 25 and 70
km·h−1, respectively. Detailed VSP distributions for these
driving cycles are provided in SI Section S6.
Figure 5 shows the predicted NH3 EFs for different driving

cycles compared with dynamometer measurements from

previous studies. The results indicate that LDGV NH3
emissions are strongly dependent on driving conditions. The
predicted NH3 EFs are highest during the US06 cycle, followed
by the WLTC, UC, NEDC, and FTP test, and lowest during
the ECE cycle. The predicted NH3 EF during the real-world
urban cycle in China is 23.3 mg·km−1, similar to that measured
in an urban tunnel in Shanghai, China.8 During the highway
cycle, the EF reaches 84.5 mg·km−1, or ∼3.6 times that during
the urban cycle. The results predicted for the ECE, NEDC,
FTP, and UC tests agree well with dynamometer measure-
ments in previous studies.17−19,22,23,31,32 The U06 cycle
predicted NH3 EF is somewhat overestimated, but still below
the upper limit of the measured results.

Uncertainty Analysis. The measured results indicate that
LDGV NH3 emissions vary widely even in vehicles with the
same emission standard. Therefore, considerable uncertainty
remains in the model results. Combustion efficiency is a key
factor in model result uncertainty. As shown in Figure 4(b), a
lack of MCE data for individual vehicles may cause deviations
of up to 103% in the predicted NH3 EF. In contrast, the
uncertainty of the 95% confidence interval is approximately

Figure 4. Box plot of (a) MCEs, (b) predicted NH3 EFs, and (c)
measured NOx EFs for in-use LDGVs under different emission
standard categories based on inspection data over the ECE cycle test.
Boxes represent the 25% and 75% confidence intervals; crosses
represent average values.

Figure 5. Predicted NH3 EFs (blue bars) during different driving
cycles and compared with dynamometer measurement results from
previous studies (dots).

Environmental Science & Technology Article

DOI: 10.1021/acs.est.8b03984
Environ. Sci. Technol. 2018, 52, 11223−11231

11228

http://pubs.acs.org/doi/suppl/10.1021/acs.est.8b03984/suppl_file/es8b03984_si_001.pdf
http://dx.doi.org/10.1021/acs.est.8b03984


54% when the MCE is known, according to Figure 3. Other
factors, including TWC efficiency,18 environmental temper-
ature,31 and even fuel quality,19 also influence model accuracy.
Nevertheless, the NH3 EFs predicted herein generally agree
well with the existing field measurement results and can
represent the overall LDGV NH3 emissions in China.
Comparison to Existing Vehicle Emission Models.

Existing vehicle emission models, such as MOVES, COPERT,
and IVE, can also be used to predict LDGV NH3 emissions. To
compare these models to the model presented herein, we used
these models to calculate NH3 EFs for Euro 1 through Euro 5
LDGVs under both urban and highway cycles in Shanghai,
China. Because the MOVES model calculates vehicle
emissions based on the model year instead of the emission
standard, we used the years in which Euro 1 through Euro 5
were implemented, namely 1992, 1996, 2000, 2005, and 2010,
respectively, to represent the equivalent emission standards.
Table 2 compares the NH3 EFs predicted by these models and
the model presented herein. The trends predicted by our
model between NH3 EFs and emission standards are
consistent with those predicted by MOVES. However,
MOVES predicts much lower EFs during the highway cycle
than does the model herein. The average NH3 EFs and EF-
emission standard relationships predicted by COPERT and
IVE models are quite different from those predicted by our
model. Overall, the LDGV NH3 emissions estimated in China
by existing models deviate considerably. First, the MOVES and
COPERT models estimate smaller values of NH3 emissions
compared with our model results, while IVE model estimates
larger values relative. Second, the COPERT and IVE models
do not accurately reflect the trends in LDGV NH3 emissions as
China continues to accelerate its fleet composition updates.
Implications. NH3 from vehicles is an important source of

secondary aerosols in the urban atmosphere in China.8−10

However, NH3 emissions from LDGVs in China are not well
constrained due to a lack of measurements. The number of
gasoline vehicles reached 0.16 billion by the end of 2016,
increasing at a rate of more than 15% per year. If an annual
mileage of 15 000 km is assumed for each LDGV, the
estimated NH3 emissions from LDGVs in China would be
approximately 0.12 Mt based on the EFs predicted in this
study. The total LDGV NH3 emissions are far below those
from agricultural sources (which were recently estimated to be
∼8 Mt in 2012).26 However, they dominate the NH3 emissions
in urban areas, especially during morning and evening peak-
traffic hours, when agricultural emissions are relatively low.42

In addition, we found higher LDGV NH3 emissions under
aggressive highway driving cycles. Recent rapid growth in
urbanization and economic scale in China have led to extensive
highway development and greatly increased intercity vehicular
traffic. For example, in Shanghai, light-duty vehicle highway
mileage accounts for ∼48% of the total mileage traveled. The
average LDGV NH3 EF during a comprehensive driving cycle
is estimated to be 52.7 mg·km−1, more than 2 times that during

an urban cycle. Therefore, accounting only for NH3 emissions
on urban roads will lead to considerable underestimation of
emissions.
It is worth mentioning that LDGV NH3 emissions have

decreased in conjunction with the effective implementation of
vehicle emission control policies in China. China will continue
to accelerate the refurbishment and elimination of old vehicles,
which should in turn promote decreases in LDGV NH3
emissions in China within the next few years. However,
motor vehicles remain a notable source of NH3 in urban areas
due to accelerated urbanization and car use in China. This
study provides a detailed EF data set that can be used to
compile vehicular NH3 emission inventories and predict future
trends in vehicular NH3 emissions in China.
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