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Abstract: On-road exhaust emissions from light-duty vehicles are greatly influenced by driving con-
ditions. In this study, two light-duty passenger cars (LDPCs) and three light-duty diesel trucks
(LDDTs) were tested to investigate the on-road emission factors (EFs) with a portable emission
measurement system. Emission characteristics of carbon monoxide (CO), hydrocarbons (HC) and
nitrogen oxides (NOx) emitted from vehicles at different speeds, accelerations and vehicle specific
power (VSP) were analyzed. The results demonstrated that road conditions have significant impacts
on regulated gaseous emissions. CO, NOx, and HC emissions from light-duty vehicles on urban
roads increased by 1.1-1.5, 1.2-1.4, and 1.9-2.6 times compared with those on suburban and high-
way roads, respectively. There was a rough positive relationship between transient CO, NOx, and
HC emission rates and vehicle speeds, while the EFs decreased significantly with the speed decrease
when speed < 20 km/h. The emissions rates of NOx and HC tended to increase and then decrease
as the acceleration increased and the peak occurred at 0 m/s? without considering idling conditions.
For HC and CO, the emission rates were low and changed gently with VSP when VSP < 0, while
emission rates increased gradually with the VSP increase when VSP > 0. For NOx NOx emission
rates were lower and had no obvious change when VSP < 0. However, NOx emissions were posi-
tively correlated with VSP, when VSP > 0.

Keywords: regulated gaseous emissions; real driving emissions; passenger car; diesel truck; porta-
ble emission measurement system (PEMS); vehicle specific power (VSP)

1. Introduction

It is widely known that motor vehicle exhaust emissions have become a major an-
thropogenic source of urban atmospheric pollution with the explosive growth of vehicle
population, especially in the metropolitan cities in China [1,2]. China has been the world’s
largest automobile manufacturer and seller for twelve consecutive years since 2009 [3]. By
the end of 2020, the number of automobiles in China has reached 281 million, which is
basically equivalent to the United States [4]. The statistical data released by the Chinese
Ministry of Ecological Environment (MEE) showed that the total motor vehicle exhaust
emissions of carbon monoxide (CO), hydrocarbon (HC) and nitrogen oxide (NOx) were
7.716 million tonnes, 1.892 million tonnes and 6.356 million tonnes, respectively [5].

To identify the characteristics of vehicular emissions, various test methods were
adopted in previous studies. For example, traffic tunnel measurement [2,6], remote

Atmosphere 2021, 12, 1125. https://doi.org/10.3390/atmos12091125

www.mdpi.com/journal/atmosphere



Atmosphere 2021, 12, 1125

2 of 16

sensing technology [7,8], the dynamometer test [9,10] and roadside sampling [11]. How-
ever, due to the different test principles, results obtained with these methods may not
accurately reflect the exhaust emission characterization under real driving conditions,
which means test vehicles being driven on the public roads in real traffic [12]. The average
concentration of NOx in an urban tunnel was tested by Jin et al., but the test concentration
was the mixed concentration of the vehicles in the tunnel and to yield the contaminant
concentration of the individual vehicle [2]. Remote sensing technology, as an economical
method for vehicle rapid monitoring, is commonly used to identify high-emission vehi-
cles, which is not suitable for experimental testing of light-duty vehicles [11,13]. The driv-
ing mode emission is usually higher than that of the dynamometer test if the influence of
vehicle operating conditions is ignored [14]. The standard driving cycles, New European
Driving Cycle (NEDC) and World-wide harmonized Light-duty driving Test Cycle
(WLTC), has been criticized for its lack of representativeness of real-world driving [15].
The difference in fuel consumption between the actual driving cycle and NEDC can reach
12% to 30%, and the difference in NOx can reach 32.2% to 628.3% [15,16]. Thus, the port-
able emission measurement system (PEMS) is more suitable for detecting the exhaust
emission in real environment. Currently, more and more PEMS experiments are being
conducted to investigate the emission characteristics of both gasoline and diesel vehicles
under actual driving conditions, especially after the implementation of Euro 6 and China
6 standards [17-19].

Vehicle exhaust emissions are a complex and dynamic process. Numerous previous
studies have shown that many factors, such as vehicle age and mileage [20], engine tech-
nology [21], ambient temperature [22] and inspection and maintenance (I/M) could have
a great influence on vehicle exhaust emissions [23]. Heavy duty operation, high mileage
and the lack of proper maintenance lead to higher vehicle emissions, resulting in deterio-
ration of the engine and catalyst, and ultimately increased emissions from vehicles in use
[24]. To control vehicle exhausts pollution and improve urban air quality, the national
government has implemented many control measures, including promoting clean trans-
portation fuel, improving exhaust gas post-treatment technology and formulating strict
emission standards. China has systematically adopted European vehicle emission stand-
ards since 2000 [25]. However, due to the rapid increase of vehicles and mileage, gas pol-
lutants in the urban atmosphere are still at a higher level.

When vehicles stop frequently, it will increase fuel consumption and pollutant emis-
sions. Shukla et al. found that the instantaneous emission rates of all test pollutants, in-
cluding CO, CO:z and HC under dynamic urban traffic conditions in Delhi increased ob-
viously when the vehicle accelerated sharply [26]. This phenomenon was mainly contrib-
uted to the fact that a rich mixture of processes was required for acceleration, which could
aggravate the incomplete combustion and accelerate the generation of exhaust emissions
[27]. Chen et al. conducted a study on nine heavy-duty diesel vehicles and reported that
low speed, frequent acceleration and deceleration are the main factors that aggravate ve-
hicle emissions and lead to high carbon monoxide and HC emissions [28]. Past research
by Rapone and Andre found that most accelerations and NOx emissions occur under con-
ditions of urban congestion. Under these conditions, NOx emissions were 3 times that of
rural driving categories at steady speed, which may be interrupted by short periods of
urban operation when driving through urban areas [12,29,30]. The vehicle specific power
(VSP) methodology is a road load model, which is often used to evaluate vehicle emissions
and identify high emission vehicles. The VSP includes parameters such as vehicle speed,
engine load and vehicle weight. Based on the road load modal analysis of vehicle dynam-
ics (speed, acceleration, rolling and aerodynamic resistance) and road terrain, it groups
experimental data points with similar dynamic conditions to allow comparison of fuel and
emission rate [31]. Zhai et al. developed the average emission rate and emission estimation
of diesel transit buses VSP model by establishing VSP model [32]. A study conducted by
Rhys-Tyler and Bell in London used urban remote sensing survey data as an input to fill
the VSP modal bins and use them to reconstruct the NEDC and provide pollutant
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emission estimates [33]. However, most of previous studies using the PEMS mainly con-
centrated on the heavy-duty diesel vehicles based on VSP [34-36]. Increasingly, research-
ers have begun to explore the relationship between emission rates and VSP based on light-
duty vehicles with the lightness and miniaturization of PEMS equipment and the empha-
sis on actual on-road emissions from light-duty vehicles. For example, Wang et al. tested
seven urban freight trucks with PEMS and fount that gaseous pollutants and PM emis-
sions increased with the increase of VSP [37]. Perugu et al. used the revamped VSP-based
MOVES model to establish the emission model of Indian light-duty vehicles in India, and
found that the emission rates of CO, HC and NOx in India were 9.54, 8.37 and 9.45 times
of the default US emission rates, respectively [38].

Therefore, two light-duty passenger cars (LDPCs) and three light-duty diesel trucks
(LDDTs) complying with different emission standards were selected mainly based on the
current vehicle fleet distribution in China, also taking into account that results should be
useful for Chinese model development and for future emission inventory calculations.
The instantaneous exhaust gaseous emissions were sampled and analyzed with the port-
able emission measurement system under real driving conditions. The main objectives of
this study mainly include: (1) Evaluating the on-road emission factors (EFs) of exhaust
CO, HC and NOx emissions from different vehicles; (2) Investigating the influence of driv-
ing speeds and accelerations on exhaust CO, HC and NOx emissions based on the three
LDDTs; (3) Analyzing the relationship between emission rates of exhaust CO, HC and
NOx and VSP of test vehicles under real driving conditions. The findings in this work may
provide researchers with first-hand data to develop and optimize light-duty vehicle emis-
sion models suitable for Chinese realities and provide policy makers with useful infor-
mation to control the on-road vehicle emission.

2. Materials and Methods
2.1. Test Vehicles and Routes

To ensure the representativeness, all the vehicles selected in this study were popular
models or had a large population in China. Two types of vehicles extensively used in
China were tested, including two light-duty passenger cars (LDPCs) and three light-duty
diesel trucks (LDDTs). The specifications of these test vehicles are listed in Table 1. All of
them are in good working conditions and driven by their owners throughout the test to
better reflect the actual emissions in use and to eliminate the impacts from changes in
driving habits. The fuel used in this study was directly purchased from local gas stations
and met the corresponding with the Chinese standards of Gasoline for motor vehicles
(China VIA) (GB 19730-2016), and Automobile diesel fuels (China VI) (GB19147-2016).

Table 1. Specifications of test vehicles.

Label Fuel Curb weight Modal Engine Odometer Emission After- Vehicle

(kg) Year Capacity (mL) (km) Standards Treatment Brand
LDPC1 Gasoline 1775 2016 1600 59,784 China V TWCa Lavida
LDPC2 Gasoline 1750 2018 1600 13,427 China V TWC Octavia
LDDT1  Diesel 4495 2013 3660 94,080 China III —— Allroad
LDDT2  Diesel 4485 2016 2545 28,918 China IV DPF ® Ouling
LDDT3  Diesel 2017 2982 25,560 ChinaV™  SCR<+DOC¢ Dayun

a: TWC is three-way catalytic converter; >: DPF is diesel particulate filter; < SCR is selective catalytic reduction; ¢: DOC is
diesel oxidation catalyst.

A test route was designed for the PEMS experiment according to the regulations of
Real Driving Emission Test (Type II test) in Limits and measurement methods for emis-
sions from light-duty vehicles (CHINA 6). As shown in Figure 1, the total length was ap-
proximately 62.4 km, including urban roads, suburban roads and highway roads. The
maximum speeds driving on the urban, suburban and highway roads were 40~60 km/h,
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70~80 km/h and 110~120 km/h, respectively. The average driving distance of urban, sub-
urban and highway roads is 12.4 km, 17.6 km and 32.4 km, respectively, and the detail
data for each trip of these test vehicles could be found in Table S1 in the Supplementary
Materials. The average measured time over urban, suburban and expressway were 39.3
min, 28.5 min and 25.4 min, respectively.

ST L LV B /g g : g
 Highway | - - .-

Figure 1. The route used for the real-driving emission tests. (Blue line: the urban road; Yellow line:
the suburban road; Red line: the highway road).

2.2. Measurement System

On-road exhaust gaseous emissions from the tested vehicles were measured using
the SEMTECH ECOSTAR PLUS (Sensors Inc., Michigan, USA) system. The SEMTECH
ECOSTAR PLUS system is compliant for the gases regulated under UN-ECE R49 and
Commission Regulation (EU) No. 582/2011 as well as under US EPA CFR40 part 1065. It
consists of multiple gas analyzers, exhaust flowmeter, power supply system, the Micro
Proportional Dilution System (MPS), PM sample modules and some connection lines.
NOx is measured with non-dispersive ultraviolet (NDUV) method, and CO and CO:z are
analyzed with non-dispersive infrared (NDIR) method. HC is detected by a hydrogen
flame ion detector (FID). The vehicle exhaust flow rates were measured using an exhaust
flow meter based on Pitot tube technology. In addition, a weather probe (WP) monitored
accurate ambient humidity, temperature and barometric pressure. The error limits of RH
and TEM of the WP were +5% and #2 K, respectively. A global position system (GPS) was
used to record instantaneous latitude, longitude and speed of the vehicles during the test;
the spatial resolution and speed was 10 m and +1 km/h, respectively. All the data were
collected at a resolution of 1 s and delivered to a laptop connected to the gas analyzers in
real time. The characterization of PM was not discussed in this text because particulate
matters were only sampled with filters without the instantaneous particulate emissions.
All the PEMS tests were performed in March to April, 2018. To reduce the interference of
uncontrolled traffic flow during the test, the driving route, time of the day and week, and
duration of each experiment was consistent as far as possible. Specifically, if the first test
for a vehicle was conducted on a day of the first week; then the repeated test of the vehicle
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was also conducted on the day of the second week. In addition, all the five test vehicles
were measured on weekdays from approximately 16:00-18:00 in the afternoon including
evening peak conditions. In addition, the average data of two repeated experiments of
each test vehicle were used in the study.

2.3. Data Processing

The PEMS can quantify COz, CO, NOx and HC in ppbv and g/s at a frequency of 1
Hz, and vehicle instantaneous speed (m/s) was recorded simultaneously by GPS. It should
be noted that some negative values of transient emissions might be found if lower than
the limits of the system, which would be treated as 0. Thus, the instantaneous emission
factor (EF) based on distance was calculated according to the following equation (Equa-
tion (1)):

ER;
EF;=1000-— (1)
1
where EF:iis the instantaneous EF at time i, g/km; ER: is the instantaneous pollutant emis-
sions (g/s); vi are the instantaneous speed (m/s) at point i. Both ER: and vi were given by
the PEMS system directly. As the speed of equals to zero, EF trends to be infinite. Thus,
idling data is not considered when calculating EF: with Equation (1).

The EFs of urban, suburban and highway roads are the cumulative sum of the emis-
sion factors per second within the corresponding distance. Repeat the test twice for each
vehicle and take the average as the EFs.

The acceleration ai for every time 7 in m/s? was calculated using the speed vi in m/s
over a two second average from the previous and the subsequent speed value (Equation

(2)):
0 0 2
ul - _2'( i+l " l-l) ( )

after calculating the acceleration, arrange all data at an interval of 0.02 m/s? to obtain
the quantitative relationship between emission rate, emission factor and acceleration.

The VSP is identified as the instantaneous power demand per unit mass of the vehicle
[39]. It is a proxy variable that reflects the engine power to overcome the rolling resistance
and aerodynamic drag, and to increase the kinetic and potential energies of the vehicle
[40]. In this study, we use VSP as an indictor of driving styles and investigate their effect
on exhaust gaseous emissions. The VSP for time i was calculated with Equation (3):

VSP =v;-(1.1-q; +9.18-0 + W) + ev;3 3)

where VSP is the vehicle specific power at time i, kW/tonne; vi is instantaneous speed at
point i recorded by GPS, m/s; ai is instantaneous acceleration at point i and was calculated
by Equation (2), m/s?% 0 is road grade and is dimensionless; w is rolling resistance term
coefficient (0.132); ¢ is drag term coefficient (0.00278).

The road grade was calculated with the segment method proposed by Boroujeni and
Frey [23]. The entire trip was divided into many small segments with a constant length.
The road grade of a certain segment was calculated with the altitude and segment length
using a linear regression method. In this study, a segment length of 50 m was chosen con-
sidering the accuracy of the calculated road grade in each segment. Detailed descriptions
of this method can be found in Boroujeni, Frey and Gallus et al. [23,41].

The instantaneous emission rate corresponding to the same VSP value usually has a
large dispersion; it is not conducive to the analysis of statistical law to directly use the
instantaneous value of VSP to study the vehicle emission law. In order to study the rela-
tionship between VSP and vehicle emissions more accurately, Frey et al. proposed that
VSP should be divided into different intervals (Bin) according to a certain interval, and
the average instantaneous emission rate of motor vehicles in the Bin should be taken as
the corresponding emission value of the Bin [42]. By using the formula of VSP and
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instantaneous rate data obtained from on-road tests, the VSP of two kinds of vehicles is
calculated. On this basis, the VSP was divided into intervals of 2 kW/t, and the section
division was carried out according to Equation (4). The division results are shown in Table
2.

VSPBin=n,V:VSPE(n—1,n+1];n € 2N 4)

Table 2. Bins of VSP for light-duty vehicles.

VSP Bin VSP VSP Bin VSP

Number (kW/t) Number (kW/t)
-16 VSP <-15 2 1<VSP<3
-14 -15<VSP<-13 4 3<VSP<5
-12 -13<VSP<-11 6 5<VSP<7
-10 -11<VSP<-9 8 7<VSP<9
-8 -9<VSP<-7 10 9<VSP<11
-6 -7<VSP<-5 12 11<VSP<13
-4 -5<VSP<-3 14 13<VSP<15
-2 -3<VSP<-1 16 15 < VSP

0 -1<VSP<1

3. Results and Discussion
3.1. Emission Factors of Regulated Gaseous Pollutants

The average CO, NOx, HC EFs of LDPCs and LDDTs under different road conditions
are shown in Figure 2. The specific data could be found in Table S2 in Supplementary
Materials. Figure 2 represents the average of four driving tests of two test vehicles, and
those of LDDT were the average result of three test vehicles with a total of six driving
tests. In general, there was a trend that the average emission factors of CO, NOx and HC
under urban road conditions were slightly higher than the ones for suburban and high-
ways. Specifically, CO emissions of LDPCs on suburban and highway decreased by 18.0%
and 31.5%, respectively, compared with urban roads; NOx emissions was also reduced by
18.4% and 22.1%; and the reduction of HC was even greater, reaching 46.6% and 60.2%,
respectively. For LDDTs, CO emissions under urban road conditions were 1.04 + 0.74
g/km, and those under suburban road conditions and highway road conditions were 0.94
+0.27 g/km and 0.74 + 0.48 g/km respectively. The NOx EFs under suburban and highway
road conditions were 3.29 + 0.73 g/km and 2.69 + 0.89 g/km, which were reduced by 18.2%
and 28.3% compared with urban road conditions. Consistent with LDPCs, the change in
HC emissions was also more obvious. The HC EFs were 0.40 + 0.22 g/km under urban
road conditions, which was 1.9 times and 2.6 times those under suburban and highway
road conditions, respectively.

As Shown in Figure 2, exhaust gaseous pollutants largely depend on the driving con-
ditions of these test vehicles. There were significant differences in speed and acceleration
on different road conditions. For example, the average speeds for LDDT3 on urban, sub-
urban and highway roads were 19.21 km/h, 37.86 km/h and 76.46 km/h, respectively.
Many previous studies have confirmed that the vehicle speed and acceleration had great
impacts on the operating of the engine and the performance of after-treatment device,
which were closely related with exhaust emissions [43—45]. For instance, on the highway
road, the maximum speed was 99.11 km/h, and the operation was stable in most cases,
then fuel injected into the cylinder could be fully burned and generate less incomplete
combustion substances. The average EFs of CO, NOx and HC on the highway roads were
only 0.38 g/km, 1.42 g/km and 0.037 g/km, respectively. However, there were 26 traffic
lights on the urban roads in this study which caused frequent acceleration, deceleration,
and stops. The low-speed driving caused insufficient fuel combustion and generated more
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CO, NOx, and HC emissions [1,15,46]. In addition, the efficiency of the after-treatment
device also has an important influence on vehicle emissions [17,46-48]. On the urban road,
the vehicle speed was low and starts and stops frequently, and the fuel combustion is not
sufficient, which leads to low exhaust temperature and can’t reach the starting tempera-
ture of TWC equipped for the LDPC tested in this study. Therefore, the catalytic conver-
sion efficiency of TWC to three pollutants is low. When the vehicle runs on the highway
roads, the vehicle runs smoothly, the exhaust temperature of the engine is high, the TWC
device works normally, and the pollutant emission is greatly reduced. Compared with
CO and HC, the EFs of NOx were less affected by road conditions, and always remains at
a low level, which indicates that the NOx reduction performance of the TWC could be
maintained in most engine operation areas, which is consistent with Park et al. [47].
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Figure 2. Average EFs of CO, NOx, HC under different road conditions (Error bars represent 1
standard error).

3.2. Effect of Speed and Acceleration on Emissions

The acceleration vs. speed plot driving on three road conditions during a normal test
trip of LDDT3 (China V) was shown in Figure 3. Clearly, urban driving presented the
lowest speed, mainly concentrated in 0—40 km/h, whereas the speed of suburban driving
and highway driving were concentrated in 40-60 km/h and 70-100 km/h, respectively. In
addition, Figure 3 also showed that accelerations during urban driving and suburban
driving conditions were significantly higher than those of highway driving conditions.
The average-, median- and maximum-speeds on three road conditions were listed in Table
S3 in Supplementary Materials.
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Figure 3. The speed-acceleration distribution during the test of LDDT3 (China V).

Instantaneous emission rates and factors of CO, HC, and NOx at various speeds for
LDDTs that meet the China III, China IV, and China V emission standards are presented
in Figure 4. Due to the instrument failure during the collection process, the instantaneous
CO emission rates of China IV were missing, and there were no corresponding EFs. The
results reflected that the emission rates of CO, HC, and NOx increased gradually with the
increase of the speed, while the EFs decreased. In theory, EFs not only depend on emission
rates, but also depend on the speed. At a given emission rate, the EFs would gradually
decrease as the emission rate increase. For instance, CO EFs decreased by 53.5% and
39.6%, and HC EFs decreased by 59.2% and 66.7% as the vehicle speed increased from 40
to 100 km/h for China [Il and China V diesel vehicles, respectively. However, at a given
speed, there would be a positive correlation between EFs and emission rates, which was
consistent with that shown in Figure 4. In most cases, CO, NOx and HC emission rates at
low speed were smaller than those at high speed. In contrast, the relationship between
speed and factors of CO, NOx, and HC emissions was rough negatively correlated when
the speed was smaller than approximately 20 km/h. Firstly, according to the data of NOx
at the speed of less than 20 km/h and the acceleration is not 0, the data of low speed and
deceleration account for 44.7-49.2%, and the data of low speed and acceleration account
for 50.8-55.3%. Under the condition of low-speed driving, the acceleration and decelera-
tion behavior will worsen the fuel combustion and aggravate the incomplete combustion,
resulting in a NOx emission factor higher than the combustion under the condition of
constant speed [27]. Secondly, as the speed increased, the combustion became more com-
plete and the improved combustion conditions had also reduced the concentration of CO
and HC. Additionally, car engine load increased with speed, the a high load would make
the cylinder reach a high temperature. Furthermore, part of the HC was converted into
other carbonaceous oxides at high temperature, which would play an important role in
promoting the oxidation of HC. It could also promote the oxidation from CO to CO:
[14,49].

There was a positive correlation between NOx emission rate and vehicle speed, and
as the speed increased the EF decreased under the different standards, which was shown
in Figure 4. The reasons for this phenomenon mainly includes two aspects. Firstly, the
formation of NOx is mainly due to the existence of sufficient oxygen and appropriate tem-
perature in the cylinder [50]. At the low speed, the oxygen in the cylinder was higher, thus
NOx was more likely produced. Secondly, the increase of speed is beneficial to improve
the uniformity of fresh air and fuel in the cylinder. The temperature in the cylinder in-
creases with the increase of combustion level. In return, high temperatures accelerate the
evaporation of the fuel, resulting in a more uniform mixture of air and fuel. Therefore, the
emission of NOx decreases with the increase of vehicle speed [27,51].
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Figure 4. Data of LDDTs complying with China III, China IV, and China V emission standards. Instantaneous EFs (a—d)
and emission factors (e-h) of CO, HC and NO at various speeds.

Figure 5 shows the emission rates and EFs of CO, HC, NOx from LDDTs with differ-
ent accelerations. According to the acceleration interval division data, the CO, HC and
NOx data of LDDTs are processed to obtain the CO, HC and NOx emission rates and EFs
in different acceleration intervals. The acceleration distribution is mainly within the range
of —1.0 to 1.0 m/s2. When the acceleration a = 0 and the speed v # 0, the emission rates of
the test pollutants was almost to the maximum, especially HC and NOx could reach 4
mg/s and 5 mg/s, respectively. When the acceleration a # 0, in other words, at the acceler-
ated and decelerated driving conditions, the emission rates of test pollutants were gener-
ally lower than those at a = 0. Specifically, the emission rates gradually increased as the
values of acceleration increased when a > 0; and the trend was just opposite when a < 0.
As shown in the right column of Figure 5, there was a slight upward trend in the EFs of
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CO, HC and NOx when a > 0. There was no significant trend in the EFs, except NOx when
a<0. There are several reasons for this phenomenon. Few pollutants were generated with-
out the combustion with the fuel injection cut off during the sharp deceleration (a < 0),
which might only emit from the residuals in deposits and voids in the engine. On the other
hand, more fuel would be injected into the cylinder to generate more power at the accel-
eration conditions (a > 0), which would aggravate exhaust emissions. The experimental
results in this work were consistent with those reported by several previous studies on
vehicle measurement of CO, HC, and NOx [1,28,42,46]. Rapid acceleration generally re-
sults in higher emissions, sometimes even a single rapid acceleration could also lead to
higher emissions [42]. Some previous studies reported that the proportion of idling time
during driving in the city was the highest (approximately 30.3%), indicating that acceler-
ation and deceleration in the low-speed phase were more frequent, which would increase
the NOx emissions [1,46]. Therefore, it is of great significance to control vehicular emis-
sions under vehicle acceleration conditions to improve urban air quality.
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Figure 5. The average emission rates (a—d) and EFs (e-h) of CO, HC and NOx from LDDTs in dif-
ferent acceleration intervals.

3.3. Emission Characteristics of Pollutants Based on VSP

Figure 6 shows the VSP interval distribution characteristics of LDPC and LDDT. It
can be seen from the Figure 6 that the VSP of each model is mainly distributed between
-15-15 kw/t, accounting for 98.7-99.6% of the test time. The VSP of LDPC is only 14.4% in
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the negative range, 30.4% in Bin0 distribution, and 55.2% in the positive range. The VSP
of LDPC is mainly distributed in (-3, -1], (-1, 1], (1, 3], (3, 5], (5, 7] and (7, 9] range, which
indicates that LDPC drives in a relatively stable state most of the time, and the proportion
of rapid acceleration and deceleration is relatively low. The VSP distribution of LDDT and
LDPC is similar. The proportion of VSP in the negative range is only 12.3%, in Bin0 distri-
bution is 30.0%, and in the positive range is 57.7%, which indicated that the VSP distribu-
tion of LDDTs and LDPCs were consistent under the same driving conditions.
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Figure 6. VSP distribution of typical vehicles (The abscissa in the figure is VSP Bin, and the ordinate is the time proportion
and cumulative frequency of VSP interval).

The relationship between the emission rates of regulated gaseous pollutants and VSP
is shown in Figure 7 and the specific data of Figure 7 is presented in Table S4 in the Sup-
plementary Materials. Emission rates of LDPC and LDDT in Figure 7 were the average of
the measured LDPCs and LDDTs (LDDT1 and LDDT 3), respectively. It should be noted
that CO data of LDDT2 were not used in Figure 7 due to the data loss during testing. The
CO emission rate of different vehicles changes with VSP basically the same, but there are
also certain differences. For LDPC, when VSP < 0, the CO emission rates was relatively
small, basically below 0.1 mg/s, and there was no obvious trend. For LDPC, when VSP >
0, the CO emission rate increased with the increase of VSP, reaches the peak at Bin12, and
then decreased. When the VSP value is negative, the CO emission rates of LDDT basically
does not exceed 7 mg/s, and the lowest CO emission is at Bin-14 for LDDT, when the VSP
value was positive, the CO emission rates increased rapidly with the increase of VSP, and
it reaches its maximum value at Bin10. This phenomenon was mainly contributed to that
a negative value of VSP corresponds to deceleration conditions, fuel injection is reduced,
so CO emissions are lower than those of VSP > 0, and when VSP is positive, a high VSP
meant a rich mixture, resulting in incomplete fuel combustion, so CO emissions rise [44].
For LDPC, in Bin12, the average acceleration was 0.52 m/s? and the average speed is 48.76
km/h. In Bin14 and Bin16, the average acceleration is 0.39 m/s? and 0.38 m/s? and the ve-
locity is 44.56 km/h and 42.13 km/h, respectively. According to the calculation formula,
the VSP value of Bin12 was the largest, while the VSP value of bin14 and bin16 decreased.
When VSP > 12, the proportion of high-speed vehicles was lower, then the emission rates
did not exceed those of Bin12. For LDDT, the corresponding vehicle operation conditions
of Bin10 were that the acceleration a > 0, and 80% of the vehicle speed v > 60 km/h, and
more than half of the vehicle speed v > 90 km/h, which indicated that vehicles Bin10 are
driving at medium- or high-speed phases. Therefore, The Bin10 interval corresponded to
the highest LDDT-CO emission rate. In Bin12, Bin14, and Bin16, the proportion of high-
speed (v > 90 km/h) vehicles was 19.5%, 22.3% and 40.5%, so the CO emission rates in-
crease from Bin12 to Bin16, but the emission rates did not exceed those of Bin12.
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Figure 7. The relationship between the average emission rates of CO, NOx and HC and VSP.

As shown in Figure 7, there were no significant changes of NOx emissions when VSP
<0, and the NOx emission rate increased first and then tended to decrease as the speed
increases when VSP > 0. The slight difference of NOx emission rates between Bins4 and 6
did not change the general tendency. When VSP was in the intervals of [-16, 0] and (0, 16],
the NOx emission rates of LDPC were 0.07-1.32 mg/s and 0.86 -5.53 mg/s, respectively.
And those for LDDT were 11.98-23.32 mg/s and 27.79-60.85 mg/s, respectively. Obvi-
ously, NOx emission rates at VSP < 0 were much lower than those at VSP > 0. When VSP
was negative, NOx emission was lower, and there was no increasing or decreasing trend
with the increase of VSP. When VSP is positive, NOx emission is positively correlated
with VSP. In addition, for LDPC, the emission rate at Bin-14 was the lowest, only 0.07
mg/s. The average acceleration and speed of Bin-14 interval were —1.33 m/s? and 25 km/h,
respectively, which indicates that the vehicles driving in this interval were under the ab-
rupt deceleration conditions. For LDDT, the emission rate at Bin0 was the lowest, corre-
sponding to the vehicle idling or low-speed stable driving conditions.

As shown in Figure 7, there was no significant change of the HC emission rates and
changes gently with VSP when VSP < 0. However, the vehicle HC emission rates increased
gradually with the VSP increased from 0 to 14 kW/t. For LDPC, the minimum emission
rates of HC reach to 0.14 mg/s in Bin-4~-8, and the maximum emission rate (1.46 mgy/s)
was found in Bin14. This was mainly contributed to that the average speed and accelera-
tion in Bin-4~-8 were 22.30 km/h and —0.63 m/s?, respectively, and the minimum accelera-
tion was —1.83 m/s2. Therefore, the vehicles were in low speeds and deceleration states,
and the emission rates were very small. The average speed and acceleration at Bin14 were
44.56 km/h and 0.39 m/s?, respectively. The vehicles performed uniform acceleration driv-
ing, resulting in the high emission rates. The emission rates of Binl6 were lower than
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Bin14 because the average vehicle speed of Bin16 was 39.45 km/h and the average accel-
eration was 1.11 m/s2. The impact of speed on the emission rate was higher than that of
acceleration in the interval of Bin14 and Bin16. For LDDTs, the minimum and maximum
emission rates are 1.85 mg/s (at Bin0) and 3.29 mg/s (at Bin8), respectively. At Bin0, the
speeds v = 0 km/h of the three vehicles was as high as 65%, and the speed v <20 km/h was
as high as 77.9%. The data of speed v < 20 km/h and deceleration accounted for 26.4%.
Therefore, it was idle for LDDTs at Bin0O for most of the time, and the emission rates were
very low. At Bin8, more than 75% of the vehicles had speeds higher than 60 km/h, and the
vehicles were driving at the medium- and high-speed driving conditions, so the vehicles
operated in good conditions and had high emission rates.

4. Conclusions

This study measured the exhaust CO, HC, and NOx emissions from five typical light-
duty vehicles which had adopted a portable emissions measurement system under real
driving conditions, and analyzed the relationships between emission characteristics of
regulated gaseous pollutants and operating conditions mainly containing speed, acceler-
ation, and VSP. We found that road conditions had an important impact on regulated
gaseous emissions, especially for HC emissions from both LDPCs and LDDTs. CO, NOx,
and HC emissions from five test vehicles on the urban roads were found to increase by
approximately 1.1-1.5 times, 1.2-1.4 times, and 1.9-2.6 times, respectively, compared with
those on suburban and highway roads.

Data analysis of numerous transient emissions showed that a rough positive correla-
tion was found between speed and CO, NOx, and HC emission rates. In most cases, CO,
NOx, and HC emission rates at a low speed were smaller than those at a high speed. In
contrast, the relationship between speed and factors of CO, NOx, and HC emissions was
rough negatively correlated when the speed was smaller than approximately 20 km/h.
There were no significant changes in the EFs when the speed was greater than 20 km/h.

The accelerations were divided into 12 bins with a 0.2 m/s? interval in this study.
Under normal cruise conditions, the emission rates of NOx and HC reach the peak at 0
m/s?, and the peak of CO occurred at acceleration a little higher than 0 m/s?. There were
no significant changes in EFs of CO, NOx, and HC when the acceleration was smaller than
0 m/s? and an upward trend of the EFs was found with increasing speed when the accel-
eration was positive.

The VSP was divided into 17 bins with a 2 kW/t interval in this study. VSP of these
test vehicles was mainly distributed between -15-15 kW/t, accounting for 98.7-99.6% of
the test time. When VSP <0, CO, NOx, and HC emissions were lower, and changes in VSP
had less impact on pollutant emissions. For both LDPCs and LDDTs, the lowest emission
rates of exhaust pollutant were generally occurred in the Bin0 interval, except NOx emis-
sions. When VSP >0, CO, NOx, and HC emission rates increased obviously, the gaseous
emission rates decreased when the VSP was too high.

Supplementary Materials: The following are available online at www.mdpi.com/article/10.3390/at-
mos12091125/s1, Table S1. Mileage records of all PEMS experiments in this study; Table S2. Average
emission factors of LDPCs and LDDTs under different road conditions; Table S3. Average, median
and maximum speeds of LDDT3 driving under three road conditions; Table S4. Emission rates of
CO, NOx and HC at different VSP bins.
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