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Abstract. Plug-in hybrid electric vehicles (PHEVS) have been greatly promoted due to their
advantages in both performance and energy saving. However, real-world particle emission
measurements for PHEV are generally conducted by dilution system but rarely through the
directly hot-sampling method. This study firstly employs a hot-sampling HT-ELPI+, the main
component of a portable emission measurement system, to investigate the real-world emissions
of particle matter (PM) and particle number (PN) from a Euro V PHEV. Obvious higher emission
factors (EFs) of PN and PM occurred on the highway compared to those on other road types.
However, the lowest EFs occurred on the urban road for PN, while on the rural road for PM. The
average speed-bin EFs of PN and PM both exhibited increasing trends with the speed increase,
especially when the speed exceeds 100 km/h. And the peak PN and PM emission rates in
different speed ranges exhibit the highest in the high-speed range, while the lowest in the low-
speed range. Furthermore, the particle number size distribution exhibited an obvious unimodal
distribution (mode size: 9 nm) for the whole speed and the medium- and high-speed ranges,
while a bimodal distribution (mode size: 9 nm and 30 nm) for the low-speed range.

1. Introduction

With the rapid increase in vehicle population and activity, the vehicle has grown to be an increasing
source of gaseous and particle pollutants that influencing air quality in urban areast* 2. Compared to the
strength in reducing vehicle gaseous and particle mass (PM) emissions, the control requirements in
particle number (PN) emissions, are relatively loose. The PN emissions from light-duty vehicles in
China are not limited until the implication of national stage 6 that setting the not-to-exceed (NTE) limit
of 610! #/km for laboratory test over the WLTC and the NTE limit of 1.26x10*2 #/km for the real
driving emission test. Therefore, conducting PN emission measurements on vehicles, especially those
complying with the national stage below 6, will be beneficial to evaluate the PN emission level of
vehicles and formulate vehicle particle emission control management policies.

As to the vehicle exhaust particle emission characteristics, a large number of relevant studies have
been done at home and abroad. Compared to conventional engine vehicles, hybrid electrical vehicles
(HEVs) generally generated much higher real-world PN emissions due to that the PN emissions are
more easily produced at engine start®l, Especially due to the enriched air-fuel mixtures and lowered
catalyst conversion efficiencies caused by the higher frequency of engine stop-and-goes for hybrid
vehicles, HEVs frequently fail to reach the existing RDE limits*. With the rapid increase in HEVs
population, the investigations on real-world exhaust PN emission will be increasingly vital for the HEVs
particle emission control.
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However, most studies against vehicle exhaust PN emissions are focused on particles with a diameter
above 23 nm due to the absence of limitations on particles with a diameter below 23 nm in the
requirements of China 6. Furthermore, the exhaust PN emissions of most studies are obtained by dilution
system, which may exist a risk of particle conversion caused by the condensation and thus bias the
particle results. To investigate the real-world particle emissions, a Euro V plug-in hybrid electric vehicle
(PHEV) was tested using a portable emission measurement system (PEMS) under real-world driving
conditions. And the particle with a diameter between 0.006 and 2.5 um was directly hot-sampled without
a dilution system. PN and PM emission measurements on the PHEV under uncharged initial battery
state of charge were elaborately considered, to reduce the negative effect of engine stop-and-goes for
hybrid vehicles. Besides, to fully analyze the emission characteristics under different driving conditions,
the road type-based PN and PM emission factors (EFs), speed-bin EFs, and operating mode vehicle
specific power (VSP)-bin emission rates were evaluated. Furthermore, the particle number size
distributions (PSDs) under different driving modes and speed intervals were also analyzed.

2. Materials and Methods

2.1. Test Vehicles and Routes

Real-world emission measurements on a Euro V PHEV were conducted in February 2019 in Tianjin
city, China. During test periods, the ambient temperature and relative humidity were averaged as
6.0+2.5 °C and 65.0+8.6 %, respectively. Detailed information about the tested PHEV is demonstrated
in Table 1. The E10 ethanol-blended gasoline used here was acquired directly from the local market. A
typical route with a length of 74 km was chosen to conduct the PEMS test, which is mainly covered by
urban, rural, and highway. To investigate the characteristics of real-world driving emissions emitted by
the tested PHEV under various traffic situations in Tianjin as much as possible, a total of 3 trip tests
were carried out during the test. To avoid the differences in test results caused by the inconsistent driving
habits of different drivers, one driver was arranged to drive the tested vehicle successively.

Table 1. Test vehicle specifications

Parameters PHEV

Vehicle model GEELY Borui GE

Fuel type E10

Gross/Curb weight (t) 1.79/2.16

Eneine tvbe Turbocharged + direct
gmne typ injection +DOHC

Max. combustion engine

power (kW/Nm) 192/425

Max. electric engine power

(kW/Nm) 60/160

Displacement (L) 1.5

After-treatment TWC

Emission standard Euro V

Model year 2018.11

Odometer (km) 4680

Gear Automatic 7

2.2. Measurement system
In this study, the real-world instantaneous and cumulative emissions of gaseous and particles were
collected by a united PEMS consisting of a SEMTECH-DS and an ELPI+. Besides, several other units
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fixed around the vehicle body were also included, such as a SEMTECH High-Speed Exhaust Flow
Meter (SEMTECH EFM-HS) to continuous and direct monitor the vehicle exhaust flow, a temperature
probe to monitor the exhaust temperature near the exit of the tailpipe, a GPS to acquire vehicle speed
and location information (i.e., altitude, latitude, and longitude), and a weather probe for the ambient
temperature and relative humidity. The gaseous were not analyzed herein. The ELPI+, developed by
Dekati Ltd., was utilized to classify particles over an aerodynamic diameter range of 6 nm~10 um in a
flow rate of 10 L/min. Particles in this study were directly measured by the ELPI+ without a dilution
system but equipped with a specialized external heating device. By heating the impactor, the heating
device allows direct measurement of up to 180°C aerosol samples from the exhaust pipe. Additionally,
the heating device and the sampling tube near the exit of the exhaust flow meter of the PEMS were
connected by a 1.5 m heated sampling line, the temperature of which was controlled and maintained
stability around 180°C by a secondary integrated digital control unit.

The lithium battery was employed to power the PEMS instrument to make sure that the vehicle
engine operation will not be affected by the power demand of the device. All data acquired in this study
were recorded at a frequency of 1 Hertz. The whole PEMS together with the co-driver, with a total
weight being around 120 kg, resulted in 5.6% of the curb weight of the tested vehicle. Meanwhile,
purging and zero flow verifying were also conducted for the EFM and ELPI+ before and after each test.
Besides, a laptop computer, connected to the instrument by the local area network, was employed to
monitor the real-time operational status of the device.

2.3. Vehicle Specific Power
Vehicle Specific Power (VSP), defined as the instantaneous engine power output per vehicle unit mass
(kW/ton), is also used herein to further reflect the gaseous emission characteristics and the differences
in emissions between different initial power states under various operating modes. According to the
MOVES!, based on instantaneous vehicle speed, acceleration, vehicle mass, and road load coefficients,
VSP can be calculated as the following equation:
VSP=%'U+%-v2+%-v3+a‘v+g~v-sin9 (1)

Where M is the gross mass of individual test vehicle (tons), v is the vehicle speed (m/s), a is the
vehicle acceleration (m/s?), g is the gravitational acceleration (9.81 m/s?), and 0 is the road grade
(radians). The road load coefficients of A (kW s/m), B (kW s?m?), and C (kW s®m?) represent the
coefficients of the rolling resistance, rotational resistance, and aerodynamic drag, respectively. Obtained
from the MOVES model, the values of A, B, and C coefficients are 0.13810, 0.00177, and 0.00043 for
the light-duty tested vehicle herein. The road grade can be regarded as O due to the relatively flat area
for the test route with elevation gain less than 15 m over 20 km[",

3. Results & Discussion

3.1. Effects of road types on exhaust emissions

To investigate the effect of various road types with different driving conditions on the PN and PM
emissions emitted by the tested vehicle, the road types herein are mainly classified based on the speed
referring to the Real Driving Emissions (RDE) legislation®l. The on-road PN and PM EFs of the vehicle
tested on different road types are demonstrated in Fig.1. Besides, the driving parameters of the tested
vehicle under different road types are demonstrated in Table 2. It is clear that with the average speed
increase from urban, rural to the highway, the cruise fraction also exhibits an increasing trend, while the
relative positive acceleration (RPA)F!, acceleration fraction, and deceleration fraction present
decreasing trends. Consequently, compared to the complex traffic conditions on the urban road, the
traffic behaviors on the rural road, especially on the highway, are relatively more stable due to the lower
frequency and strength of acceleration and deceleration.
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Fig. 1. Average EFs of (a) PN and (b) PM on different road types

As shown in Figure 1, the EFs on the highway, rural and urban road are (1.840.0)<10%,
(1.6£1.4)x<10%3, (6.240.3)<10%, and (6.320.3)>10" #/km, respectively, for the PN; and being 11046,
742, 12+10, and 3927 g/km, respectively, for the PM. Obvious higher EFs of PN and PM occurred on
the highway compared to those on other road types, which is probably related to the markedly larger
average speed and cruise fraction as shown in Table 2. However, the lowest EFs occurred on the urban
road for PN, while on the rural road for PM. Compared to PN, the PM is more easily produced under
the driving conditions with lower speed and higher frequency and strength of acceleration (Table 3).
Consequently, the PM and PN are both easily produced under severe engine working conditions with
extraordinary high speed, but the PM tends to be more easily generated under poor driving conditions
with low speed and high frequency and strength of acceleration when compared to PN.

.Table 2. The real-world driving parameters of the tested vehicle

Parameters Urban Rural Highway Whole trip
Trip distance (km) 24.1+1.8 29+2.6 21.322.5 74.430.1
Avg. speed (km/h) 271435 | 747409 | 107.0416 | 50.245.0
Acce'erazt';;;‘ fraction | 57418 | 243419 | 14548 | 255407
Cruise fraction (%) 20.7+1.8 53.344.8 74.543.0 36.5+2.9
Dece'eragz;‘ fraction | 55405 | 224229 | 11085 | 255#.2
Idle fraction (%) 20.445.6 0 0 12.543.9
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Fig. 2. Average speed-bin and the boxplot of EFs of (a) PN and (b) PM

3.2. Effects of driving modes on exhaust emissions

To investigate the variation of PN and PM EFs under different speed bins for the tested vehicle, the
calculation method of EFs for each speed range in the COPERT model was drawn in this study™®. The
average speed-bin PN and PM EFs herein are obtained firstly by integrating exhaust particle emissions
from on-road tests over micro-trips with 1 km distance to obtain the EFs for these trips™], and then by
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averaging the EFs over different speed ranges of 10 km/h split by the average micro-trip speeds.® The
relationships between average speed and average speed-bin PN and PM EFs (yellow diamonds) for the
tested vehicle are illustrated in Fig. 2. The average speed-bin EFs of PN and PM both exhibit obvious
exponential function relationships with vehicle speed, with the correlation coefficient (R2) at 0.55-
0.7169. Besides, the average speed-bin EFs of PN and PM both exhibit increasing trends with the speed
increase, especially when the speed exceeds 100 km/h, which is consistent with the result in Section 3.1.

To further clarify the effect of driving conditions on particle emissions, the relationship between VSP
and particle emission rates is analyzed and demonstrated in Fig. 3. The PN and PM emission rates
generally increase with VSP in the low-, medium-, and high-speed ranges, which is following the result
in the previous study™?. The peak PN and PM emission rates in different speed ranges exhibit the highest
in the high-speed range, while the lowest in the low-speed range. Meanwhile, the peak emission rates
for PN in the low-, medium-, and high-speed ranges are 1.8x<10!, 1.6x10'? and 8.6x<10%? #/s,
respectively; and those for PM are 2.7, 4.8, and 10.7 mg/s, respectively. Besides, obvious higher VSP-
bin PN and PM emission rates occur in the high-speed range relate to those in the low- and medium-
speed ranges. This is in accordance with the fact that the peak emission rates for PN and PM occur in
speed and acceleration bins with speeds above 95 km/h. Consequently, the particle emission control
should be mainly focused on the severe engine working conditions caused by the high speed.
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Fig. 3. Variations of average VSP-bin gaseous emission rates of (a) PN and (b) PM

3.3. Effects of operating mode on particle number size distribution

The PSDs for the tested vehicle under different driving speeds and modes were demonstrated in Fig. 4.
The PSD exhibits an obvious unimodal distribution (mode size: 9 nm) for the whole speed and the
medium- (60<V<90 km/h) and high-speed (V>90 km/h) ranges, while a bimodal distribution (mode size:
9 nm and 30 nm) for the low-speed range (V<60 km/h). This fact indicates that the particles with the
size of around 9 nm are more easily generated with the speed increase. The peak mode size of the low-
speed range here is consistent with the result on the urban road in a previous study™?l. In addition, the
peak PN concentration of the acceleration mode is larger than that of other driving modes when the
speed is below 90 km/h. However, when the speed is above 90 km/h, the peak PN concentration of the
cruise mode is larger than that of other driving modes. The PN emissions emitted during the driving
conditions with a speed below 90 km/h are mainly generated by the engine load caused by the
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acceleration movements, while the PN emissions emitted under the high driving speed conditions are
mostly produced due to the full combustion that happened during the cruise mode.
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Fig. 4. Variations of the PN size distribution under different speed and driving conditions

4. Conclusions

1) The EFs on the highway, rural road, urban road, and whole trip are (1.820.0) <104, (1.6+1.4)<10"3,
(6.240.3)<10"?, and (6.340.3)>10" #/km, respectively, for the PN; and being 110446, 742, 1210, and
3947 mg/km, respectively, for the PM. Obvious higher EFs of PN and PM occurred on the highway
compared to those on other road types. However, the lowest EFs occurred on the urban road for PN,
while on the rural road for PM.

2)  Obvious exponential function relationships were found between the average speed-bin EFs of
PN and PM and vehicle speed. The average speed-bin EFs of PN and PM both exhibited increasing
trends with the speed increase, especially when the speed exceeds 100 km/h. Besides, the PN and PM
emission rates generally increase with VSP in the low-, medium-, and high-speed ranges. And the peak
PN and PM emission rates in different speed ranges exhibit the highest in the high-speed range, while
the lowest in the low-speed range.

3)  The PSD exhibited an obvious unimodal distribution (mode size: 9 nm) for the whole speed
and the medium- (60<V<90 km/h) and high-speed (V>90 km/h) ranges, while a bimodal distribution
(mode size: 9 nm and 30 nm) for the low-speed range (V<60 km/h). In addition, the peak PN
concentration of the acceleration mode is obviously larger than that of other driving modes when the
speed is below 90 km/h. However, when the speed is above 90 km/h, the peak PN concentration of the
cruise mode is larger than that of other driving modes.
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