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Abstract: Vehicle exhaust emissions have seriously affected air quality and human health, and
understanding the emission characteristics of vehicle pollutants can promote emission reductions. In
this study, a chassis dynamometer was used to study the emission characteristics of the pollutants of
two gasoline vehicles (Euro 5 and Euro 6) when using six kinds of fuels. The results show that the
two tested vehicles had different engine performance under the same test conditions, which led to a
significant difference in their emission characteristics. The fuel consumption and pollutant emission
factors of the WLTC cycle were higher than those of the NEDC. The research octane number (RON)
and ethanol content of fuels have significant effects on pollutant emissions. For the Euro 5 vehicle, CO
and particle number (PN) emissions decreased under the WLTC cycle, and NOx emissions decreased
with increasing RONs. For the Euro 6 vehicle, CO and NOx emissions decreased and PN emissions
increased with increasing RONs. Compared with traditional gasoline, ethanol gasoline (E10) led to
decreases in NOx and PN emissions, and increased CO emissions for the Euro 5 vehicle, while it
led to higher PN and NOx emissions and lower CO emissions for the Euro 6 vehicle. In addition,
the particulate matter emitted was mainly nucleation-mode particulate matter, accounting for more
than 70%. There were two peaks in the particle size distribution, which were about 18 nm and 40 nm,
respectively. Finally, compared with ethanol-gasoline, gasoline vehicles with high emission standards
(Euro 6) are more suitable for the use of traditional gasoline with a high RON.

Keywords: chassis dynamometer; ethanol gasoline; research octane number; pollutant emissions;
particle size distribution

1. Introduction

With the development of the economy and industrialization, the automobile industry
is developing rapidly. In 2019, the number of motor vehicles in China reached 348 million,
of which gasoline vehicles accounted for 74.7% (260 million). Simultaneously, the pollution
caused by the transportation sector has become increasingly prominent and has become
the primary source of air pollution in most of China’s urban areas. People are paying more
and more attention to the environmental problems caused by traffic. Reducing vehicle
emissions is very important for alleviating air pollution [1].

Exhaust pollutants are produced during the operation of automobile engines. Studies
have shown that fuel composition and engine settings significantly affect fuel economy;,
gaseous emissions, and particulate matter (PM) emissions [2—4].The differences in gasoline
engines are mainly reflected in the fuel injection strategy, compression ratio, speed, load, and
other parameters. The differences of gasoline are manifested in the octane number, sulfur
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content, distillation range, and so on. Gasoline is a complex manufactured mixture made up of
hydrocarbons, additives, and blends [5]. The octane number of the gasoline is one of the most
important parameters describing the anti-knocking quality of fuel, and it has a significant
impact on engine efficiency and emissions [6,7]. The optimal octane number of gasolines
is determined by the engine design and the compression ratio. Generally, high-octane fuel
makes the engine perform better. Sayin et al. tested the influence of two gasoline fuels with
different octane numbers, RON91 and RON95, on engine performance and emissions [6].
The results showed that RON91 fuel had lower CO and HC emissions. Moreover, Liu et al.
investigated the impact of the octane number (ON) on the combustion and emissions of an
HCCI engine and found that high-octane fuels tended to emit more CO and HC [8].

E10 is a gasoline ethanol blend with up to 10 vol% ethanol, and China has been
advancing the popularity of ethanol gasoline. Many studies have shown that ethanol fuels
result in the reductions of total hydrocarbon (THC), nitrogen oxide (NOx), and carbon
monoxide (CO) emissions from vehicles [9-12]. Some studies have also found that ethanol-
gasoline can effectively reduce particulate matter emission in the tail gas [5,13-16]. The
reduction in particulate matter caused by ethanol fuel can be attributed to the chemically
bonded oxygen and the OH bond, which promote oxidation of the precursors [17-20].
However, some studies have shown that ethanol-gasoline leads to higher particulate
emissions [21-24]. Chen et al. studied the effect of ethanol content on particulate emissions
from a single-cylinder GDI engine. PN emissions increased when ethanol content increased.
The author suggested that the number of particles increases because the high evaporation
enthalpy of ethanol fuel makes it difficult for the fuel to evaporate completely during the
injection process, resulting in higher particle number emissions.

Besides this, some studies showed that increased aromatics content would lead to
increases in carbon monoxide (CO), total hydrocarbons (THC), particulate matter mass,
and particle number [25-27]. Zhu et al. found that aromatic and olefin contents had
relatively small impacts on fuel consumption [28]. Yang et al. studied the effects of varying
aromatic contents (20% and 30%) on the direct injection exhaust emissions of five vehicles.
They found that aromatics played an essential role in the emissions, but aromatics had
no effect on NOx emissions [29]. Schifte et al. studied the influence of the olefin and
aromatic content of gasoline on exhaust emissions with 15% ethanol blends. They found
that non-oxygenated fuels with a high aromatic and olefin content showed higher ozone
formation values, and the aromatic content was positively related to hydrocarbons and CO,
emissions [30]. Other studies have also shown the strong influence of gasoline aromatics
on GDI and PFI vehicles [31-33].

Many factors besides fuel affect automobile emissions, such as engine technology,
driving conditions, and post-processing technology. Among these, engine technology is the
principal influence. At present, gasoline direct injection (GDI) and port fuel injection (PFI)
are the two main fuel injection technologies. Although PFI vehicles now make up most
of China’s vehicle fleet, the proportion of GDI vehicles is increasing rapidly. GDI engines
can effectively improve the gasoline engine’s compression ratio and thermal efficiency,
and are widely available worldwide. In Europe, for example, more than 40% of light
vehicles are equipped with GDI engines [34]. However, a light-duty vehicle with a GDI
engine tends to emit more particulate matter (PM) (especially particle numbers (PNs))
compared with port fuel injection (PFI) vehicles and diesel engines equipped with particle
filters (e.g., diesel particulate filters, DPF) [35]. Many studies have indicated that particle
numbers emitted from GDI engines cannot meet the emission limits mandated by the
China 6 regulations—6 x 10! #/km. Studies have explained why GDI PN emissions
are high due to the uneven mixing of fuel and air. The PN emissions of GDI engines
have attracted widespread attention, and more and more people are studying this [36,37],
especially tiny particles. At the same time, some roadside observation experiments found
that the particulate matter emitted by traffic sources is an important part of atmospheric
aerosols [38,39]. Because the discharged particles are all small-sized particles, they account
for a relatively low proportion of the quality of particles, but a large proportion in the
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quantity. Although particle emissions from gasoline vehicles are of increasing concern,
relevant studies on this issue are lacking.

In the 1990s, the European Union launched its automotive emission regulations [40].
Since then, other countries have begun to follow suit, and some countries have directly
adopted the European automotive emission regulations. Increasingly stringent emission
regulations continue to reduce pollutant limits. China announced the China 6 regulations
in 2016, and these regulations were fully implemented nationwide in July 2020. The NEDC
(New European Driving Cycle) and WLTC (Worldwide harmonized Light vehicles Test
Cycles) tests are the most widely used test cycles for light vehicles in China. The NEDC
cycle includes four urban driving segments (UDC) characterized by low vehicle speeds,
low engine loads, and low exhaust gas temperatures, followed by one extra-urban driving
segment (EUDC) to account for more aggressive and high-speed driving modes. The WLTC
consists of four-speed phases (low, medium, high, and extra-high). The average speed and
maximum speed of the NEDC are 33.6 km/h and 120 km /h, respectively, while the average
speed and maximum speed of the WLTC are 46.5 km/h and 131.3 km/h, respectively.
Because the WLTC can better reflect real road conditions, the China 6 regulation required
the WLTC to replace the NEDC, which is not representative for assessing compliance with
pollutant emission limitations and vehicle fuel economy requirements [41]. Many studies
have compared the two test cycles and verified them [42-46].

The objective of this study was to investigate the effects of engine operation characteristics,
gasoline research octane numbers (RONs), and ethanol levels on the fuel economy and
emissions of two GDI vehicles (Euro 5 and Euro 6) over the NEDC and WLTC test cycles.
This study mainly analyzed the impact on gas emissions, and discussed particle number
concentration and PSD. In this work, previous studies were verified and further supplemented.

2. Materials and Methods
2.1. Test Fuel Types

At present in China, many areas have begun to sell ethanol gasoline (E10) to replace
traditional gasoline. Six fuels were used in this study. The physical and chemical properties
of the fuels are given in Table 1. All the fuels were prepared by a specific supplier in
accordance with China’s standards for motor vehicle gasoline. The six gasolines have been
labeled as G1, G2, E1, G3, G4, and E2. The fuel number indicates the RON and ethanol
content of each gasoline type. Of these types of gasoline, four are conventional gasolines
(G1, G2, G3, and G4), and two are ethanol gasolines (E1 and E2). Ethanol-gasoline is a
blend of 90% regular gasoline and 10% ethanol fuel.

Table 1. Parameters of the tested fuels.

Fuels G1 G2 E1l G3 G4 E2 Test Method
Research octane number (RON) 92.6 92.4 92.7 95.4 95.3 96.1 GB/T 5487
Sulfur (mg/kg) 6.3 42 6.3 6.2 5 6.5 SH/T 0689
Density, @20 °C (kg/m?) 733.5 741.2 734.3 738.6 746.5 734.3 GB/T 1884
Vapor pressure (kPa) 58.6 61 61 58.1 60.2 60.1 GB/T 8017
Olefin (V/V)) 9.1% 14.1% 11.3% 9% 14% 10.6% SH/T 0741
Benzene (V/V)) 0.6% 0.5% 0.7% 0.6% 0.5% 0.7% SH/T 0713
Aromatics (V/V) 23% 28.2% 28.4% 25% 32.1% 29.1% SH/T 0741
Ethanol (m/m) - - 10.5% - - 10.9% SH/T 0663
Methanol (m/m) 0.1% 0.1% - 0.1% 0.1% - SH/T 0663

As shown in Table 1, G1, G2, and E1 have a lower RON. As is known to all, the higher
the octane number is, the better the anti-explosion performance of the engine. Of the gasoline
types with low RONSs, G1 has the highest sulfur content, G2 has the lowest, and G1 and E1
have a similar sulfur content. Correspondingly, for high RON gasoline, G3 has the highest
sulfur content, G4 has the lowest, and G3 and E2 have a similar sulfur content. In terms of
olefin content, G2 and G4 are the highest, followed by E1 and E2, then the other gasoline types.
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2.2. Test Vehicle

Urban vehicles are mainly light gasoline vehicles, and most of them are vehicles
meeting the Euro 4 and Euro 5 emission standards. With the implementation of the Euro 6
emission standards, the proportion of Euro 6 compliant vehicles is gradually increasing.
Therefore, two conventional gasoline vehicles (Euro 5 and Euro 6) were selected in this
study: the technical specifications of the test vehicles are described in Table 2. Both vehicles
were rented from an external provider and are considered typical of the Chinese fleet in their
categories. To ensure that the experiment ran smoothly, we carried out a comprehensive
inspection of the test vehicles. The vehicles were numbered according to the emission
standards (#1 and #2).

Table 2. Specifications of test vehicles.

Vehicle #1 Vehicle #2
Registration year 2017 2019
Emission standard Euro 5 Euro 6
Length x width x Height 4620 x 1775 x 1480 4695 x 1885 x 1700
Wheelbase (mm) 2700 2710
Intake system VGA, VVT-iWw VGA, DCVVT
Cylinders Inline, 4 Inline, 4
Displacement (mL) 1197 1495
Compression ratio 10 10
Maximum torque (N-m) 185 265
Maximum power (kW) 85 112
Odometer (km) 29,000 20,000
After-treatment configuration TWC TWC

2.3. Test Cycles

The test cycles were the NEDC (New European Driving Cycle) and the WLTC (World-
wide harmonized Light vehicles Test Cycles). The WLTC has the vehicle accelerating or
decelerating 84% of the time over the whole cycle, with only 13% at idle and 4% driving
at a constant cruise. In comparison, 40% of the NEDC is at steady-state cruise conditions,
24% is at idle, and 36% involves accelerating or decelerating [43,45-47]. To explore the two
test cycles profoundly, Figure S2 presents the acceleration distribution in terms of velocity
for both test cycles. The NEDC only has a few constant accelerations and decelerations at
different velocities, and the value is simplex. In contrast, the WLTC covers a wider band
of combinations, and it has sufficient combinations of acceleration and vehicle speeds to
reflect a vehicle’s actual on-road conditions effectively.

2.4. Instrumentation

In this study, a SEMTECH-DS PEMS system (manufactured by Sensors Inc., Saline, MI,
USA) was used to measure gaseous pollutant emissions. The system consisted of an exhaust
flow meter (EFM), a heated sampling tube, exhaust gas analyzers, a global positioning
system (GPS), and a weather station for recording ambient temperature and humidity. The
SEMTECH-DS utilized a NDIR (non-dispersive infrared) method to measure the exhaust gas
concentrations of CO (carbon monoxide) and CO, (carbon dioxide), a NEUV (non-dispersive
ultraviolet) method to measure NOx (nitrogen oxide), and a flame ionization detector (FID)
system to measure THC (total hydrocarbons). The data on pollutants were recorded at 1 Hz
frequency. The EFM used a pitot tube based on Bernoulli’s principle to calculate the mass
flow on the basis of the air flow differential pressure measurement [48]. Before the test, the
analyzer was calibrated with nitrogen and standard gas to ensure its accuracy.

An electrical low-pressure impactor (ELPI), manufactured by Dekati Ltd. (Kangasala,
Finland), was used to measure the particle concentration and size distribution as a function
of the aerodynamic particle size in real-time in this study. Many articles have described
the performance and usage of these instruments [49-53]. The instrument used in this
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study was a high-temperature electrical low-pressure impactor (HT-ELPI+), which is a
unique version of the Dekati ELPI+. It enables real-time measurement of particles with a
size distribution from 0.006 um to 10 um, and the particle size range covers five orders of
magnitude, including most nucleation-mode particles (Dp < 50 nm) and all accumulation-
mode particles (50 nm < D, < 1000 nm) [54,55]. The HT-ELPI+ allows direct measurement
of high-temperature (up to 180 °C) aerosol samples without cooling the sample, which can
prevent the generation of new particles.

2.5. Study Design of the Experiment

Two vehicles were tested using the six fuels on a vehicle chassis dynamometer. A
schematic diagram of the experimental system is shown in Figure S1. Each test consisted
of 3 NEDC cycles and 3 WLTC cycles, with a specific interval between each test cycle. To
ensure the consistency of the measurements to eliminate the influence of confounding
factors, the residual gasoline was burned up before switching to the next fuel. After the
new fuel had been added, the vehicle was driven through a test NEDC cycle to ensure that
the fuel supply system was full of fresh fuel. In the process of the test, the vehicle was
driven by computer software controlling the throttle voltage based on the test conditions,
which ensured that the driving conditions of each type of cycle were consistent. In addition,
we conducted more than two tests on each fuel and each working condition.

2.6. Data Quality Assurance

Measured data include 1 Hz data from the PEMS, OBD data logger. Negative values
of concentrations typically occurred when the real pollutant concentration was low and
not statistically significantly different from zero. In such cases, the negative values were
set to zero or excluded. The exhaust flow rates can could be directly measured using
an exhaust flow meter. The fuel use rate based on mass per time-based fuel use and the
exhaust emission rates for each second were estimated based on the estimated exhaust flow
rate and the measured pollutant concentrations. To mitigate against measurement errors,
the PEMS was span-calibrated to standard gas mixtures before each measurement.

3. Results and Discussion
3.1. Engine Performance of the Test Vehicles

This section discusses the operating characteristics of the engines of the test vehicles
under different test cycles. The engine’s operating characteristics have a great impact on
emissions [56,57]. Figure S3 gives the time-domain profiles of the vehicles (speed and
acceleration) and engines (speed and load). It presents the relationships between the
vehicle’s speed and acceleration, engine speed, and the two vehicles” load for two test
cycles. When the vehicle was idle (speed = 0, acceleration = 0), the engine speed and load
are in a low steady-state. Under cruise mode (speed is a constant but not 0, acceleration = 0),
the engine speed and load were in a higher steady-state.

Figure 1 illustrates the engine speed and load of the two vehicles during the two test
cycles. Figure 1a shows the distribution of engine speed and load. Both the engine speed
and the load of Vehicle #1 were to the left of those of Vehicle #2. Figure 1b illustrates the
statistical distribution of the engine speed and load of the test vehicles during different
cycles. It shows the difference in the speed and load between the two vehicles during
the two test cycles. Vehicle #1’s engine speed was mostly distributed between 810 and
1630 rpm in the NEDC and between 830 and 2150 rpm in the WLTC, while the engine
speed of Vehicle #2 was mainly distributed between 810 and 2000 rpm in the NEDC, and
between 810 and 2330 rpm in the WLTC. For the engine load, the main distribution range
was 15-48% in the NEDC, and 13-63% in the WLTC for Vehicle #1, and 13-41% in the
NEDC, 12-52% in the WLTC for Vehicle #2. Compared with Vehicle #1, Vehicle #2 had a
higher engine speed and a lower engine load within the same test cycle. Both vehicles had
a higher engine speed and a higher engine load during the WLTC cycle.
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Figure 1. Engine speed vs. load distribution of the two test vehicles: (a) distributions of engine speed
and load; (b) statistical distributions of engine speed and load.

3.2. CO, Emissions and Fuel Economy

Figure S4 illustrates the evolution of the two vehicles’” instantaneous CO, emissions
during the NEDC and WLTC test cycles using six different fuels. There is a good correla-
tion between CO, emissions and vehicle speed. The CO, emissions peak appears in the
acceleration section. This is because of the increase in engine speed and load during the
acceleration phase. When the acceleration stopped, CO, emissions dropped sharply to
a lower value. In the NEDC cycle, the maximum instantaneous CO, emissions occurred
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during the EUDC cycle, that is the vehicle was moving at that speed to its maximum value.
It is also the time when engine speed and load reached the maximum. The instantaneous
emissions of vehicles were stable during idling and at constant-speeds, and decreased when
the vehicles slowed down. In the last section, engine speed and load had a similar variation.
From this, we can see CO, emissions mainly depend on the vehicle’s engine speed and load.
Figure S5 illustrates the evolution of the instantaneous fuel consumption (FC) rate. The
change in instantaneous fuel consumption with velocity was similar to that of CO,. The
peak of the instantaneous fuel consumption rate also appeared in the acceleration section
because of the increase in engine speed and load during the acceleration phase.

Figures 2 and 3 show the specific CO, emissions and fuel consumptions of the six
fuels during the NEDC and WLTC. There is a typical linear relationship between fuel
consumption and CO; emissions. Wang et al. quoted someone else’s formula for calculating
fuel consumption, and the coefficient between CO, emissions and fuel consumption was
around 23.2 (100 g/L) [47]. In this study, the coefficient was 23.8 and 23.7 for Vehicle #1
and Vehicle #2, respectively.

For both test vehicles, the fuel consumption during the WLTC was higher than that
during the NEDC. For Vehicle #1, there was a significant difference in fuel consumption
between the NEDC and WLTC. The most notable difference appeared for G4, for which
the WLTC rate was 8.44% higher than that of the NEDC. The specific fuel consumptions
during the WLTC were, on average, 6.60% higher than that during the NEDC for Vehicle
#1, but for vehicle #2, the difference in fuel consumption between the NEDC and WLTC
was minimal. The difference between the two conditions was the largest for G4 among
all the test fuels, for which consumption during the WLTC was 2.01% higher. The WLTC
used an average of 2% more fuel than the NEDC for Vehicle #2. For these two vehicles, the
average engine load of Vehicle #2 was smaller for both cycles, resulting in a small difference
in fuel consumption.

When traditional gasolines were used, a higher RON resulted in a lower FC. This
result was consistent with the results by Stradling et al. [58]. When Vehicle #1 switched
from conventional gasoline to ethanol, the FC did not change significantly. However, for
Vehicle #2, the FC of E2 fuel was higher than that of other fuels. The content of the other
fuel components (olefins, benzene, and aromatics) was too low to reflect their importance
to FC. Obviously, the fuel consumption of Vehicle #2 was significantly higher than that of
Vehicle #1. This may be because the average engine speed of Vehicle #2 was higher than
that of Vehicle #1, resulting in a higher fuel injection rate for Vehicle #2, resulting in higher
fuel consumption.

250 - 250 .
Vehicle #1 NEDC Vehicle #2 NEDC

WLTC WLTC

200 200

CO, (g/km)
|
CO, (g/km)

150 - r r r 150;:

Gl G2 El G3 G4 E2 Gl G2 El G3 G4 E2
Fuel Fuel

Figure 2. Specific CO, for the six fuels.
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Figure 3. Specific fuel consumption rates for the six fuels.

3.3. CO and NOx Emissions

Figure S6 shows the instantaneous emissions of CO from the two vehicles during the
NEDC and WLTC test cycles using the six fuels. The CO emissions increased significantly
as the vehicle speed increased (the acceleration phase). Because the fuel injection increased,
the air—fuel ratio decreased, and the combustion was incomplete during the acceleration
stage. The emissions were remarkably high during high-speed acceleration during the
NEDC (in the EUDC stage) and the WLTC (in the ultra-high stage). The instantaneous
emissions value of CO in the ultra-high stage of the WLTC was higher than that at the
EUDC stage of the NEDC for the two test vehicles.

Figure 4 gives the specific CO emissions (g/km) of the two vehicles for each fuel
type during the NEDC and WLTC test cycles. For Vehicle #1, the EF of CO during the
WLTC was higher than that during the NEDC cycle, and high-RON fuels emitted more CO.
CO emissions during the WLTC were 97%, 93%, 116%, 104%, 91%, and 105% higher than
those of the NEDC for six test fuels, respectively. Unlike Vehicle #1, low-RON fuels had
higher CO EF for Vehicle #2. Moreover, the EF of CO during the WLTC was not always
higher than that during the NEDC when using different fuels. Because ethanol fuel is
oxygen-rich, it could reduce carbon monoxide emissions. However, the carbon monoxide
emissions of gasoline vehicles using ethanol-gasoline were higher than those of vehicles
using traditional gasoline. Obviously, under NEDC conditions, the emissions of Vehicle
#2 are higher than that of Vehicle #1. This may be due to the high fuel consumption of
Vehicle #1.

The instantaneous NOx emissions of the six fuels during the two cycles for the two
vehicles are presented in Figure S7. NOx emissions increased when the vehicle accelerated,
and the peaks appeared at the end of the acceleration phases. When a vehicle accelerates,
the amount of fuel injection increases and the cylinder’s temperature rises, resulting in
higher NOx emissions. NOx emissions go up sharply during high-speed acceleration in
the NEDC (at the EUDC stage) and WLTC (at the ultra-high stage).

Figure 5 compares the specific NOx emissions of the six fuels during the NEDC and
WLTC cycles for the two vehicles. The specific NOx emissions of the WLTC cycle are
higher than those of the NEDC for the two test vehicles. As we know, NOx is generated
in a high-temperature and oxygen-rich environment. Compared with the NEDC cycle,
vehicles had higher average engine speed and load during the WLTC, leading to a relatively
long period of high temperatures, which contributed to increasing the NOx emissions.
Low-RON gasoline emitted more NOx, which is because low-octane fuels cause strong
knocking. For Vehicle #1, the WLTC NOx emissions were 120%, 109%, 145% 109%, 69%,
and 137% higher than those of the NEDC for the six test fuels, respectively. For Vehicle #2,
the WLTC NOx emissions were 50%, 30%, 51%, 5%, 17%, and 75% higher than those of the
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NEDC for the six test fuels, respectively. Because ethanol fuel is oxygen-rich, it will emit
more NOx. Vehicle #2 is fully compliant but not Vehicle #1. Not all vehicles will reduce
emissions when using ethanol-gasoline.
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Figure 4. Specific CO emission for the six fuels.
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Figure 5. Specific NOx emission for the six fuels.

3.4. Particle Number Emissions

3.4.1. Particle Number Emissions

The instantaneous total particle number concentrations of the two test vehicles are
shown in Figure S8. The particle number concentration increased sharply with vehicle
velocity. Significant peaks of particle numbers were located at the end of the acceleration
phase. For Vehicle #1, the particle number concentration was between 10° #/cm® and
108 #/cm® in the NEDC cycle, and between 10° #/cm® and 1010 #/cm? in the WLTC cycle.
For Vehicle #2, the particle number concentration was between 10° #/cm3 and 108 #/cm3
in the NEDC cycle, and between 10° #/cm3 and 108 #/cm3 in the WLTC cycle. For the
two vehicles, the particle number concentration was rarely observed during idling. The
difference in particle number concentrations at each cruising speed is tiny in Vehicle #2. This
might be because the engine load of Vehicle #2 changed little at different cruising speeds.
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For Vehicle #1, there was a lower particle number concentration when the lower-octane
fuels were burnt, but the opposite is true for Vehicle #2.

Figure 6 plots the time evolution of the total particle numbers. The number of particles
per second is multiplied by the concentration per second in the corresponding exhaust
volume flow. For Vehicle #1, the particle numbers were between 10° #/s and 10! #/s in
the NEDC cycle, and between 10° #/s and 10'® #/s in the WLTC cycle. For Vehicle #2, the
particle numbers were between 107 #/s and 10! in both the NEDC and WLTC test cycle.
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Figure 6. Instantaneous particle number emissions from the two vehicles during the NEDC and
WLTC tests with different fuels: (a) Vehicle #1; (b) Vehicle #2.
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When the vehicle is at a high speed (EUDC phase in the NEDC and extra-high-speed
phase in the WLTC) the engine speed and load are at a higher level, and the combustion
time of fuel becomes shorter. The particle number increases sharply with incomplete
combustion. When the vehicle accelerates, the inlet pipe pressure rises and more gasoline
is needed to achieve better power, which leads to an increase in fuel consumption. Hence,
the engine generates more particulate matter.

3.4.2. PN EFs

Figure 7 shows the emission factors of the particle numbers of the two test vehicles
with six fuels. For Vehicle #1 (Figure 7a), the PN EFs were higher in the WLTC cycle than in
the NEDC cycle. The reason for this is that the vehicle had a higher average speed, a higher
engine load, and more frequent acceleration and deceleration. This led to the incomplete
combustion of fuel, thus generating many particles. At the same time, the high fuel
consumption of Vehicle #1 under WLTC conditions is also one of the reasons for emissions.
In the NEDC test cycle, fuels with a high RON emitted more particles, and the EF of particle
number was lower with ethanol-gasoline. G3 emitted the most TPN (1.4 x 10'2 #/km) and
E1 had the lowest TPN EF (9.9 x 10!! #/km). The proportion of nucleation-mode particles
produced by high-RON fuels was lower than that produced by low-RON fuels. On the
contrary, high-RON fuel produced a higher proportion of accumulation-mode particles.
The proportions of nucleation-mode particles were 84.02%, 83.58%, 82.42%, 81.36%, 73.93%,
and 73.48%, respectively, for the six fuels, and the proportions of accumulation-mode
particles were 15.98%, 16.34%,17.55%, 18.63%, 26.06%, and 26.52%, respectively. Similarly,
fuels with a high RON produced less PN in the WLTC. The EF of TPN was the highest for
G2 fuel (3.4 x 10'3 #/km), and E2 had the lowest EF (1.7 x 103 #/km). The difference in
the proportion of nucleation-mode particulates and accumulation-mode particles produced
by high-RON fuel compared with low-RON fuel was small. The proportions of nucleation-
mode particles were 94.95%, 97.63%,97.49%, 96.82%, 97.14%, and 96.29%, respectively. The
proportions of accumulation-mode particles are 5.01%, 2.35%, 2.49%, 3.16%, 2.83%, and
3.69%, respectively. Although the EF of accumulation-mode particles was very low in
the WLTC, it was still higher than that of the NEDC. Compared with the TPN EFs of the
two test cycles, the TPN EF of the WLTC was an order of magnitude higher than that of
the NEDC.

For Vehicle #2 (Figure 7b), the difference in PN EF between the two test cycles was
small. During the NEDC test cycle, high-RON fuels produced higher PN EFs. E2 fuel
had the highest PN EF (2.7 x 102 #/km), while G1 had the lowest EF (1.9 x 10'2 #/km).
Compared with traditional gasoline, the proportion of nucleation-mode particulates emitted
by ethanol-gasoline was higher but the proportion of accumulation-mode particulates was
lower. The proportions of nucleation-mode particles were 76.14%, 69.64%, 77.47%, 76.87%,
71.15%, and 79.74%, respectively. The proportions of accumulation-mode particles were
23.86%, 30.36%,22.51%, 23.13%, 28.84%, and 20.26%, respectively. In the same way, fuels
with a high RON produce more PN in the WLTC. The EF of TPN was the highest for E2
fuel (2.9 x 10'2 #/km), and G1 had the lowest EF (1.7 x 10'? #/km). The difference in the
proportion of nucleation-mode particulates and accumulation-mode particles produced by
high RON fuel compared with low RON fuel was small. The proportions of nucleation-
mode particles were 75.64%, 72.41%, 77.65%, 78.75%, 74.39%, and 78.87%, respectively. The
proportions of accumulation-mode particles were 24.36%, 27.59%, 22.35%, 21.22%, 25.58%,
and 21.16%, respectively. There was little difference in the TPN EF between the two test
cycles, and those of the WLTC were —7.31%, 7.28%, 7.21%, 31.92%, 9.71%, and 2.74% higher
than those of the NEDC for the six fuels, respectively.

3.4.3. PSD Analysis

Figure S9a shows the PSD of Vehicle #1 during the NEDC and WLTC cycles with the
six fuels. During the NEDC, the PSD demonstrated a bimodal logarithmic distribution,
and two nucleation particle number concentration peaks appeared around 16 nm and
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40 nm. The particle number concentration was 10° #/cm? at the position of the two
peaks. Interestingly, at the first peak, high-RON fuels (G3, G4, and E2) produced fewer
particles than low-RON fuels, and G2 had the highest PN concentration (1.2 x 10° #/cm?).
However, at the second peak, high-RON fuels emitted more PN, and G3 had the highest
PN concentration (1.7 x 10° #/cm?). During the WLTC cycle, the PSD demonstrated a
unimodal logarithmic distribution, and the peak corresponded to a particle size of about
16 nm, similar to the first peak for the NEDC. The particle number concentration was
107 #/cm? at the peak position, and E1 had the highest PN concentration (4 x 107 #/cm?).
The PN concentration decreased sharply when the particle size was larger than 140 nm, and
when the particle sizes were in the range of 300—1000 nm, the particle number concentration
is 10 #/cm® and 10° #/cm® at NEDC and WLTC.
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Figure 7. Cont.
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Figure 7. Particle number EFs of the two vehicles during the NEDC and WLTC test cycles: (a) Vehicle #1;
(b) Vehicle #2.

Figure S9b shows the PSDs of Vehicle #2 during the NEDC and WLTC cycles with the
six fuels. Unlike Vehicle #1, the PN concentration gap for different particle sizes between
the NEDC and WLTC was tiny for Vehicle #2. The PSDs of the six fuels all appeared to have
a bimodal logarithmic distribution during the two test cycles, and the two peaks appeared
around 18 nm and 42 nm. High-RON fuels (G3, G4, E2) produced more particles than
low-RON fuels. At the first peak position, E2 had the highest PN concentration during the
NEDC and WLTC: 4.7 x 10% #/cm? for the NEDC and 4.2 x 10° #/cm? for the WLTC. At
the second peak position, G4 had the highest PN concentration (3.3 x 10° #/cm?) for the
NEDC, and G3 had the highest PN concentration (4.1 x 10° #/cm3) for the WLTC. The PN
concentration decreased sharply when the particle size was larger than 150 nm. When the
particle size was located in the range of 300-1000 nm, the particle number concentration
was 10 #/cm? and 100 #/cm? for the NEDC and WLTC, respectively. Hu et al. tested the
PSD of gasoline direct injection vehicles, and also found a bimodal distribution, but the
peak particle size (at 6 and 50 nm in diameter) was different from that in this study [59].
Tan et al. tested the particle size distribution of diesel vehicles, and also found that bimodal
distribution with the peak particle sizes are about 10 nm and 50 nm [60]. However, the
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maximum concentration of PN emitted by diesel vehicles can reach 10° #/cm3, which is
significantly higher than that of the gasoline vehicles in this study.

Figure 8 shows that the EFs of different particle sizes based on the two test vehicles’
driving distance, the distribution of the emission concentrations, and the emission factors
of particles with different sizes, were similar [59]. The PN EFs for Vehicle #1 with different
particle sizes are shown in Figure 8a. For the NEDC cycle, all test fuels’ particle size
distribution characteristics present similar bimodal distributions, with two peaks at 18 nm
and 40 nm in diameter. G2 had the highest PN EF (6.7 x 10'” #/km) at the first peak, and
G3 had the highest EF (8.1 x 10'” #/km) at the second peak. During the WLTC, the PSD
demonstrated a unimodal logarithmic distribution (the particle size was 16 nm), and G2
produced the highest EF (4 x 10'2 #/km) at the peak. Figure 8b demonstrates the PN EFs
of Vehicle #2 with different particle sizes. The six fuels” PSDs appear to have a bimodal
logarithmic distribution during the two test cycles (the two peaks appeared at around
18 nm and 42 nm). At the first peak, E2 had the highest PN EF during the NEDC and
WLTC: 1.7 x 10" #/km for the NEDC and 1.8 x 10'! #/km for the WLTC. At the second
peak, G4 had the highest PN EF (1.2 x 10'! #/km) for the NEDC cycle, and G3 had the
highest PN EF (1.3 x 10! #/km) for the WLTC cycle. By and large, fuels with a higher
RON emit more small particles in Vehicle #2. The test results of this study are higher than
those of other studies [59].
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Figure 8. EFs of particles with different particle sizes: (a) Vehicle #1; (b) Vehicle #2.

3.4.4. Discussion of Particulate Emission

Generally, the PN EFs of the WLTC were higher than those of the NEDC because
the WLTC cycle has a higher average speed, more frequent acceleration, and higher fuel
consumption. Vehicle #1 fully confirmed this conclusion, but Vehicle #2 did not. According
to the working conditions of the vehicles” engine in the test processes, Vehicle #1 had a lower
average engine speed and a higher average engine load. This led to an unstable combustion
process and worse combustion conditions, resulting in large amounts of particulate matter
being generated (mostly NPM). In contrast, the engine load of Vehicle #2 was relatively
low and changed slightly during the WLTC cycle, resulting in little variation between the
NEDC and WLTC cycles.

Different engines must use the appropriate fuel to run better and generate lower
emissions. From the point of view of PN emissions alone, Vehicle #1 was more suitable
for low-RON fuel, while Vehicle #2 was more suitable for high-RON fuel. The higher the
olefin and aromatic hydrocarbon content of fuels with the same RON, the more particles
will be emitted (G2 has a higher olefin and aromatic content than G1, and G4 has a higher
olefin and aromatic content than G3). For Vehicle #1 with a higher average engine load,
ethanol-gasoline emitted less PN than conventional gasoline. In contrast, for Vehicle #2
(high engine speed and low load), ethanol-gasoline emitted more PN. In summary, the
main factor affecting PN emissions is the engine parameters.

3.5. Matching of Vehicles and Fuels

In this section, the fuel consumption and pollutant emission factors of the two vehicles
using six kinds of fuel under two test conditions are compared and analyzed comprehen-
sively by using radar charts, as shown in Figure 9. The fuel consumption and pollutant
emission factors of each fuel were normalized to evaluate the adaptability of the vehicle to
the fuel, which is helpful for finding out the better fuel match for the vehicle. As shown in
the figure, the change in fuel performance has little influence on CO; and fuel consumption
but had strong influence on other pollutants.
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Figure 9. Radar chart of normalized pollutant emission factor.

Lower-RON gasoline will lead to more intense combustion in the engine, resulting in
a higher combustion temperature. Ethanol-gasoline is an oxygen-enriched fuel, which can
promote the complete combustion of fuel. Therefore, lower-RON ethanol-gasoline may
lead to higher NOx emissions and lower PN and CO. As shown in the figure, for Vehicle #1,
the NOx emissions of low-RON fuel were higher, but the NOx emissions of ethanol—fuel
were lower. It was found that the PN and CO emissions of ethanol-gasoline with low RON
were lower during the NEDC test cycle. However, under the WLTC test condition, the PN
emissions of low-RON fuel were higher. For Vehicle #2, the difference in the pollutants
emitted by different fuels under the two test cycles was exceedingly small. Low-RON fuel
produced more PN and CO, which is different from the result for Vehicle #1. Moreover, the
NOx emissions of ethanol-gasoline with a low RON were significantly higher than those of
other fuels.

Many studies suggest that the WLTC test conditions are more in line with the actual
road driving characteristics of motor vehicles. Therefore, by calculating a comprehensive
index (the area of the radar map, as shown in Table S1) of each fuel, the optimal matching
fuel for the two vehicles is obtained. E2 is the most suitable for Vehicle #1, and G4 is the
most suitable for Vehicle #2. At present, China is vigorously promoting ethanol-gasoline
nationwide, and many cities have stopped selling traditional gasoline. Based on the research
in this paper, ethanol-gasoline with a high RON is a good choice for Vehicle #1(Euro 5),
but Vehicle #2 (Euro 6) is more suitable for the use of traditional gasoline with a high RON.
At present, China is vigorously promoting ethanol-gasoline, but not all vehicles using
ethanol-gasoline can achieve the purpose of emission reduction. Therefore, the promotion
of new vehicles and fuel should be based on experimental support in the future.

4. Conclusions

In this study, the effects of the performance of different fuel (RON and ethanol content)
and engine operation characteristics on the gaseous pollutants and particulate emissions
from two light passenger vehicles were experimentally investigated. The results are sum-
marized as follows:

(1) Compared with the NEDC test cycle, the test vehicles had higher fuel consumption
and pollutant emission factors during the WLTC test cycle. For Vehicle #1, the fuel
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consumption and emission factors for the WLTC cycle were significantly higher than
those under the NEDC test conditions. For Vehicle #2, the fuel consumption and
emission factors for the WLTC were also higher than those under the NEDC test
conditions, but the gap was exceedingly small;

(2)  Fuel performance will affect vehicle emissions. The content of olefins and aromatics
has little effect on emissions, but RON and ethanol content have a strong impact on
emissions. An increase in RON led to an increase in fuel economy and a decrease
in NOx emissions for the two vehicles. For vehicle #1, increasing the RON led to
higher CO emissions and lower PN emissions. For Vehicle #2, the observation was
the opposite. When ethanol-gasoline was used, the CO and PN emissions increased
and the NOx emissions decreased for Vehicle #1, while the CO emissions decreased
and the NOx and PN emissions increased for Vehicle #2. For the four traditional fuels,
increasing the fuel’s aromatic content led to higher particle number emissions;

(3) Many particles are emitted during the driving process, of which the largest proportion
is that of the nucleation-mode particles. For Vehicle #1, the proportion of nucleation-
mode particles was between 70% and 90%. For Vehicle #2, the proportion of nucleation-
mode particles was higher, more than 90%. There were two peaks in the particle
emission particle size distribution, at about 18 nm and 40 nm;

(4) From the perspective of emissions levels, the adaptability of the two vehicles to six
kinds of fuel was analyzed. Through a comparative analysis, the fuel suitable for the
test vehicle in this study was found. The Euro 6 vehicle (Vehicle #2) in this experiment
is more suitable for the use of traditional gasoline with a high RON.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/en15020622/s1, Figure S1: Schematic diagram of the test system;
Figure S2: Acceleration VS vehicle speed for the NEDC and WLTC test cycles; Figure S3: Time-
solved profiles of vehicle” speed, acceleration, and corresponding engine’ speed, load; Figure 54:
Time evolution of the CO, during the test cycles with eight different test fuels of the two vehicles;
Figure S5: Time evolution of the instantaneous fuel consumption rate during the test cycles with
eight different test fuels of the two vehicles; Figure S6: Time evolution of the CO during the test cycles
with eight different test fuels of the two vehicles; Figure S7: Time evolution of the NOx during the
test cycles with eight different test fuels of the two vehicles; Figure S8: Instantaneous particle number
concentration from the two vehicles during the NEDC and WLTC with different fuels; Figure S9: The
number concentration of particles with different particle sizes; Table S1. The area of each pentagon in
the radar chart (Figure 9).
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