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a b s t r a c t
With emission standards becoming stricter, nitrogen oxides (NOx) and particle number (PN) emissions are the
main concerns of modern passenger cars, especially for the real-world driving. In this paper, two direct injection
(DI) petrol passenger cars and a diesel passenger car are tested on the same routes, driven by the same driver.
Instantaneous NOx and PN emissions are monitored by a portable emission measurement system (PEMS) in
the tests. During the real-world driving, the exhaust temperatures of the two petrol cars are sufﬁciently high
to ensure high efﬁciency of three-way catalysts (TWCs). On the other hand, the exhaust temperatures of the diesel car in some sections of the route are lower than the crucial light-off temperature of the selective catalytic reduction (SCR) below which its effectiveness in NOx reduction would be much affected. NOx and PN
concentrations are low during motorway driving for the petrol passenger car equipped with a gasoline particulate ﬁlter (GPF); however, they are high and change frequently in the whole journey for the petrol passenger car
without a GPF. NOx emission factors are quite low over most of the driving sections for the diesel car, but some
signiﬁcant high peaks are observed in the acceleration process. NOx emission distributions over speed and
acceleration are similar for both petrol cars; and they differ signiﬁcantly from the diesel counterpart. Particle
size from the diesel car is the largest, followed by the petrol car with a GPF.
© 2021 Published by Elsevier B.V.
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start phase contributed to more than 70% of the total PN emissions, implying the large contributions from liquid phase particles. In the cold
start phase, PN concentration was much higher than other conditions,
and majorities of the particle size were smaller than 150 nm. Particles
with size being smaller than 23 nm were more than 60% of the total
PN emissions (Ko et al., 2019).
NOx emission rates of diesel passenger cars over real-world driving
were much higher than those from WLTC and NEDC conditions
(Triantafyllopoulos et al., 2019), especially under cold start conditions
(Gao et al., 2019a; Gao et al., 2019b). The NOx emissions over realworld driving were approximately twice of the values over WLTC, and
almost 10 times of NEDC (Triantafyllopoulos et al., 2019). It also addressed the importance of the real-world emission monitor and indicated the NOx contributions from cold start stages; additionally, the
variations of real-world NOx emissions were signiﬁcant for petrol
passenger cars (Valverde et al., 2019). Cha et al. (Cha et al., 2019)
showed that NOx emission factors over real-world driving conditions
were approximately seven times of the emission limits based on 17
Euro-6 compliant passenger cars. O'Driscoll et al. (O'Driscoll et al.,
2018) compared NOx emissions from diesel and petrol passenger cars
under real-world driving conditions, showing that NOx emission
factors of diesel cars were much higher than petrol cars, especially on
motorways, mainly due to more NOx formations and lower efﬁciency
of the NOx reduction system.
In summary, there are many real-world tests being conducted for
passenger cars, and the real-world emissions are compared over various
driving cycles in labs. However, the real-world emission comparisons
e.g. NOx and PN from DI petrol cars and diesel cars which meet Euro-6
emission standards over the same routes and same driver are still
under-studied. Previous published results include the impacts from
driving habits which present signiﬁcant effects on emissions (Böttcher
and Müller, 2015; Hasan et al., 2019). In this paper, two DI petrol cars
and a diesel car are tested under real-world driving conditions. A portable emission measurement system (PEMS) is used to monitor instantaneous NOx and PN emissions. The comparisons of the emissions from
these three passenger cars are made; meantime, the distributions of
the average emission rates over speed and acceleration are analysed.
This research makes the foundations of the future focuses on dropping
real-world emissions from passenger cars.

1. Introduction
Road transport sector is one of the big contributions to air pollution
(Costagliola et al., 2018; Gao et al., 2022). According to the UK government report (Emissions of air pollutants in the UK) published in 2019,
particles smaller than 10 μm (PM10), particles smaller than 2.5 μm
(PM2.5), and NOx emissions from road transport account for
approximately 12%, 13%, and 33% of the country's total emissions
respectively. Advanced techniques are adopted to achieve the
downsizing of internal combustion engines such as turbochargers (Lee
et al., 2016), which results in high in-cylinder combustion temperature,
contributing to the formations of more ﬁne particles and nitrogen oxides (NOx) emissions (Prasath et al., 2020). However, ﬁne particles
have greater harm to human health and the environment than coarse
particles (Lelieveld and Pöschl, 2017; Tobías et al., 2018) due to their
deeper penetration into the respiratory system. In order to reduce
exhaust emissions from on-road vehicles, strict emission standards are
set such that emission factors from on-road vehicles are lower than
the limits derived from the standard driving cycles (Tutuianu et al.,
2015). However, emission factors vary substantially from cycle to
cycle (Bielaczyc et al., 2016; Demuynck et al., 2012; Karjalainen et al.,
2014; Ko et al., 2017). It was demonstrated by (Marotta et al., 2015),
NOx emission factors over the Worldwide harmonized Light vehicles
Test Cycles (WLTC) were much higher than the New European Driving
Cycle (NEDC), and the factors over WLTC were eight times of the factors
over NEDC for the maximum difference. Hu et al. (Hu et al., 2021) investigated the impacts of driving cycles on particle mass (PM), particle
number (PN), and particle size distributions of three direct injection
(DI) petrol cars, with one being equipped with a gasoline particulate ﬁlter (GPF). For the car with a GPF, PN emission factors were more dependent on the driving cycles than the ones without GPFs (Hu et al., 2021).
In reality, real-world driving conditions are much more complex than
the standard driving cycles. WLTC is closer to real-world driving conditions than NEDC, but NOx and particle emissions over WLTC are still
much lower than real-world driving (Merkisz et al., 2016).
Real-world driving emission (RDE) test procedures are introduced
into Euro-6 emission standards to limit real-world emissions
(Giechaskiel et al., 2019; Hooftman et al., 2018), especially for NOx
and particle emissions. Euro-6 emission standard limits both PM and
PN emissions from DI petrol cars (Weber et al., 2019; Yinhui et al.,
2016). In order to meet the strict emission standard on particles, GPFs
are usually applied to DI petrol cars (Awad et al., 2020; Jang et al.,
2018; McCaffery et al., 2020; Yang et al., 2018); GPFs present excellent
performance of PM and PN emission reductions, especially for solid
phase particles (Baek et al., 2020; Chan et al., 2016; Jang et al., 2018).
Due to the different driving behavior over various driving cycles, the efﬁciency changed signiﬁcantly from cycle to cycle (Jang et al., 2018). The
ﬁlter efﬁciency of GPFs is approximately 86.2%, 96.1%, and 77.3% for the
driving cycles of Federal Test Procedure (FTP-75), WLTC, and Supplemental Federal Test Procedure (US06) respectively. The Regarding diesel passenger cars, DPFs as the most successful technique controlling
PM and PN emissions are widely used, and their performances over various driving cycles have been researched (Bermúdez et al., 2014; Hays
et al., 2017; Hoepfner and Roduner, 2013; Li et al., 2013). The ﬁlter efﬁciency of DPF was in the range of 82– 95% over the driving cycle of
WLTC, NEDC, and extra urban driving cycle (EUDC).
It was demonstrated by Demuynck et al. (Demuynck et al., 2017), PN
emission factors from a DI petrol car without a GPF were below the standard limits over WLTC; however, the factors were increased to three
times of PN limits under real-world driving conditions. With the introduction of a GPF, PN emissions were dropped to a low level meeting
the emission standard under real-world driving conditions. Realworld PN emission factors were also demonstrated to be much higher
than lab tests based on standard driving cycles (Wihersaari et al.,
2020). Ko et al. (Ko et al., 2019) researched the real-world PN emissions
from a DI petrol car equipped with a GPF, and indicated that the cold

2. Experimental section
2.1. Vehicle information
The speciﬁcations of the three passenger cars are given in Table 1.
There are two petrol cars and a diesel car; they meet Euro-6 emission
standards. For the two petrol cars, three-way-catalysts (TWCs) are
used to control the gaseous emissions; one of them is equipped with a
GPF to control the particle emissions. Regarding the diesel passenger
car, a diesel oxidation catalyst (DOC), a DPF and a SCR are used to control both gaseous and particle emissions. All the passenger cars are turbocharged and direct fuel injection, and P-GPF has the smallest engine
size. Because of the direct injection applications, particle formations of
petrol cars are increased signiﬁcantly, resulting from the rich air/fuel
zones due to short fuel diffusion process. It should be noted that the
compression ratio of P-N-GPF is much higher than the other petrol passenger car. Generally, high compression ratio will lead to high incylinder combustion temperature, with the results of more and ﬁner
particles; additionally, P-N-GPF is free of a particle ﬁlter which may result in high PN emissions.
2.2. Test equipment and procedure
NOx and particle emission factors are signiﬁcantly affected by cold
start events in the journey (Merkisz et al., 2019); such that the cold
start events will affect the analysis of the relationships between
2
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Table 1
Vehicle speciﬁcations of the test vehicles.

Table 3
Speciﬁcations of the particle PEMS.

Car label

P-GPF

P-N-GPF

D-DPF

Items

Value

Car maker
Model
Manufacture year
Fuel type
Fuel delivery
Aspiration
Engine size/ L
Max. power @ speed/ kW
@RPM
Max. torque @ speed/ Nm
@RPM
Compression ratio
Running mass/ kg
Gaseous
After-treatment
Particles
Emission standards
Gear number (type)
Type approval cycle
Type approval NOx
(mg/km)
Type approval PN (#*1011)
Type approval CO2 (g/km)
Mileage/km

Opel
Crossland-X
2019
Petrol
Direct injection
Turbocharged
1.12
81@5500

Skoda
Octavia
2017
Petrol
Direct injection
Turbocharged
1.5
110@5000

Skoda
Octavia
2019
Diesel
Direct injection
Turbocharged
1.6
85@3250–4000

Maker
Operating temperature
Storage temperature
Weight
Warm-up time at 20 °C ambient
temperature
Data logging frequency

AVL
5 to 40 °C
−40 to 70 °C
45 kg
<0.5 h

125@1500

250@1500–3000 250@1500–3000

10.5
1278
TWC
GPF
Euro-6d_temp
6 (A)
WLTP
17.5

12.5
1470
TWC
–
Euro-6c
6 (M)
WLTP
34.1

16.2
1556
DOC + SCR
DPF
Euro-6d_temp
7 (DSG)
WLTP
29.2

4.2
153
34,261

1.08
115
73,494

0.02
141
31,204

Dilution ratio (constant)
Sample ﬂow over ﬁlter
Soot measuring range
Soot detection limit

recorded by a GPS system. All second-by second data was saved into a
laptop. In this paper, the analysis is only focused on NOx and PN emissions which are the main concerns of the modern passenger cars.
The three vehicles were driven by the same driver on the same
routes. The route started from the VTT research centre (Finland), including rural roads, urban roads, and motorways. The percentages of the
urban roads, rural roads, and motorways in the total distance were
around 76.8%, 16.5%, and 6.7% respectively; the speed limitations were
marked in the map as well. The altitude along the driving distance during the journey is shown in Fig. 2. As can be seen, the changes of the altitude over the routes were gentle.

emission factors and driving behaviours (Gao et al., 2021). Real-world
NOx and PN emissions of the three passenger cars were monitored
using a state-of-the-art gas PEMS and a particle PEMS. The speciﬁcations
of the gas PEMS and particle PEMS are shown in Table 2 and Table 3 respectively. This system included a gas module and a particle module
which accurately measured the concentration of NOx and PN emissions
from both petrol and diesel cars. An ultraviolet (UV) analyser was used
to measure NOx concentration. Total particles included solid phase and
liquid phase particles, and only the particles being larger than 23 nm
were counted by the PEMS system. In order to avoid the effect from
high-volatility substances and water vapors, the thermal denuder was
heated to 300 °C. PEMS was installed at the back of the cars and an extension to the exhaust tailpipe was used to mount an exhaust ﬂow
meter (EFM) tube along with a temperature sensor used to monitor
the exhaust ﬂow rates and temperature, as well as a sampling probe
at the very end. Fig. 1 shows the real-world driving routes and test
cars. The PEMS was calibrated before the test, and the cars were fully
warmed up (coolant temperature being approximately 70 °C) before
the test run to avoid the cold impacts. AVL Concerto M.O.V.E post processing program was used to record the sampling data, including gaseous pollutants, PN. Longitude, latitude, and altitude were also

3. Results
In this section, the test results are presented and the comparisons of
the real-world driving emissions among the three passenger cars are
conducted; meantime, the relationships between exhaust emission
rates (e.g. NOx and PN) and driving behaviours (e.g. speed and
acceleration) are analysed.
3.1. Emissions under real-world driving conditions
Real-world driving parameters of P-GPF including speed, acceleration, and exhaust temperature are shown in Fig. 3. The videos during
the real-world driving were also recorded to check the driving situations for data analysis. The snapshots of the video during the car running
are shown in Table S1. At the ﬁrst half period of the journey, the speed
was lower than 60 km/h during most of the driving time. There were
several sections where the speed approached to zero due to the trafﬁc
lights. During the ﬁrst half period of driving, acceleration changed signiﬁcantly due to the frequent acceleration and deceleration events; additionally, the exhaust temperature was in the range of 500– 650 °C.
After the rural and urban driving, the car was driven on the motorways
where the speed was increased to nearly 100 km/h from 40 km/h in a
short time, and the exhaust temperature was increased up to 800 °C.
The exhaust temperature was decreased gradually after a short period
of the motorway driving due to low acceleration. During the motorway
driving, the acceleration was low. Then, the car was driven on the ring
roads from the motorways, followed by a sudden decrease and an increase of speed. The speed was kept at around 85 km/h. After the ring
roads, the speed varied in the range of 0– 55 km/h with frequent deceleration and acceleration. Huang et al. (Huang et al., 2019) monitored the
exhaust temperature of a petrol passenger car, and the monitoring point
was at the end of tail-pipe where the exhaust temperature was lower
than 130 °C.
Fig. 4 presents the concentration of NOx and PN emissions in the
real-world driving tests. NOx concentration changed signiﬁcantly on
the rural roads and urban roads, where the exhaust temperature was

Table 2
Speciﬁcations of the particle PEMS.
Items

Value

Maker
Operating temperature
Storage temperature
Weight
Warm-up time at 20 °C ambient temperature
Sample ﬂow rate
Measurement range

AVL
−30 to 45 °C
−40 to 70 °C
50 kg
<1 h
3.5 L/min
HC: 0–30,000 ppm
NO: 0–5000 ppm
NO2: 0–2500 ppm
CO: 0–5 v.%
CO2: 0–20 v.%
HC: <15 ppm/8 h
NO: 2 ppm/8 h
NO2: 2 ppm/8 h
CO: 20 ppm/8 h
CO2: 0.1 v.%/8 h

Zero drift

1 Hz standard, 5 Hz for selected
values
up to 20
6 L/min
up to 1000 mg/m3 (at dilution ratio
20)
~5 μg/m3
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Fig. 1. Real-world driving routes and test cars.

higher than 500 °C which ensured high TWC efﬁciency. The variations of
pipe-out NOx concentration were affected by exhaust ﬂow rates and
engine-out concentration in theory. In the motorway driving process,
NOx emission concentration was quite low, being beneﬁted from high
exhaust temperature and low variations of the vehicle acceleration
(low engine-out concentration). PN concentration was low over motorway driving. Seen from the ﬁgures, frequent acceleration and deceleration led to more NOx and PN emissions. Highest PN concentration was
observed under low speed and positive acceleration conditions for a
DI petrol car (McCaffery et al., 2020), which agreed with the authors'
work. Yang et al. (Yang et al., 2019) demonstrated the relationships between PN concentration and exhaust temperature, the peaks of PN concentration usually corresponded to low temperature events. In the

Fig. 2. Altitude along the driving distance.

Fig. 3. P-GPF real-world driving parameters.

Fig. 4. P-GPF emissions over real-world driving conditions.
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Fig. 5. P-N-GPF real-world driving conditions.

Fig. 7. D-DPF real-world driving parameters.

authors' opinion, it was mainly resulted from the high contributions of
the liquid phase particles to the total PN emissions.
Operation parameters of P-N-GPF are shown in Fig. 5. The car running conditions were similar to P-GPF; however, the maximum speed
was slightly higher than P-GPF. In addition, P-N-GPF wasn't equipped
with any particle removal devices. The overall exhaust temperature
was lower than P-GPF, but it was still higher than TWC light-off temperature (approximately 300 °C). Fig. 6 shows NOx and PN concentration
during real-world driving conditions. The trend of the emission concentration was signiﬁcantly different from P-GPF. Over the rural roads and
urban roads, the variations of NOx concentration from P-N-GPF were
lower than P-GPF; additionally, NOx and PN concentration over motorway was even higher than other road sections. Since P-GPF was
equipped with a GPF, PN concentration was at a quite low level, which
was signiﬁcantly different from P-N-GPF. As indicated in Table 1, the
compression ratio of P-N-GPF was much higher than P-GPF, leading to
the fact that the particle size from P-N-GPF was much smaller than PGPF theoretically. It was one of the reasons leading to high NOx
emissions for P-N-GPF in the authors' opinion. PN concentration of the
petrol cars (Suarez-Bertoa et al., 2019) was much higher than the authors' results that the maximum PN concentration was higher than
3 × 107#/cm3 (Suarez-Bertoa et al., 2019).
Different from P-GPF and P-N-GPF, D-DPF was a diesel passenger car
equipped with a DOC, a DPF, and a SCR. The running parameters of this
car are shown in Fig. 7. There weren't many differences among the three
cars regarding speed. Because of the low combustion temperature of
diesel engines, the exhaust temperature of D-DPF was much lower
than P-GPF and P-N-GPF; additionally, the exhaust temperature was
dropped below the SCR light-off temperature (180 °C) over several

Based on the real-world tests, the average emission rates of NOx and
PN in a small window by the matrix of vehicle speed and acceleration
are presented in this section. The intervals of the vehicle speed and acceleration for the window are 2 km/h and 0.1 m/s2. Fig. 9 shows NOx
distributions over speed and acceleration. As can be seen, the
variations of the acceleration for P-GPF were smaller than the other
two cars over the speed range of 25 km/h ~ 40 km/h. It was consistent
for the three passenger cars that low NOx emission rate regions were
in the low acceleration (<0 m/s2) and high speed (>30 km/h) regions.
Low acceleration process corresponded to small engine torque which

Fig. 6. P-N-GPF emissions over real-world driving conditions.

Fig. 8. D-DPF emissions over real-world driving conditions.

sections, resulting in low NOx removal efﬁciency. The temperature
variations during the driving were signiﬁcant that it was in the range
of 140 °C ~ 480 °C. It was mainly caused by the fact that the diesel
engine load was mainly controlled by the air/fuel mixture equivalence
ratios which had much more impacts on the exhaust temperature
than engine speed. Over the sub-urban driving conditions, the exhaust
temperature before after-treatment of a diesel passenger car was
around 140 °C, with the speed being lower than 40 km/h and frequent
start-stop events (Wang et al., 2018). NOx and PN concentration over
the real-world driving is shown in Fig. 8. Over most of the operation
conditions, NOx concentration was at a very low level, except for short
periods of large acceleration process and low exhaust temperature
sections. PN concentration of this diesel passenger car was much
lower than petrol cars that the highest PN concentration was lower
than 900#/cm3. The emission rates of NOx and PN by travel distance
are also provided in Figs. S1–S3.
3.2. Relationships between emissions and driving behaviours
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Fig. 9. NOx distributions over driving behaviours.

However, it was different for the diesel car which also presented high
emission rates over some sections of high speed. In the authors'
opinion, it was mainly caused by (1) more NOx formations due to
acceleration; (2) high exhaust temperature which might exceed the

led to low in-cylinder combustion temperature theoretically, resulting
in a small quantity of NOx formations. For both petrol cars, high speed
(mainly on motorways) delivered very low NOx emission rates, which
resulted from small acceleration and excellent performance of TWCs.
6
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meantime, high PN emission rates were mainly in the acceleration process and high speed regions. Regarding particles, they included the nucleation mode and accumulation mode. The nucleation mode particles
were much smaller than accumulation mode ones, as indicated in the
work (Wang et al., 2017). For engine-out PN distributions over particle
size, two peaks were usually observed with one corresponding to diameter smaller than 50 nm and the other being in the range of
100– 200 nm which were corresponding to the nucleation mode and accumulation mode, respectively (Lin et al., 2021). Regarding GPFs and

optimal temperature (200– 400 °C) of the SCR efﬁciency. Additionally, it
seemed that high emission rates were more dispersive for the petrol
cars than the diesel car. It was indicated by Cha et al. (Cha et al.,
2019), high NOx emission rates happened over high speed in urban
area and over acceleration process on motorways for a passenger car
equipped with a SCR system; however, NOx emission rates of the one
with LNT were high in the whole driving process.
Fig. 10 shows PN distributions over speed and acceleration. For the
three passenger cars, variations of PN emission rates were signiﬁcant;

Fig. 10. PN distributions over driving behaviours.
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deceleration process, the in-cylinder combustion temperature was
low, which led to less solid phase particle formations; low combustion
temperature conduced to the formations of liquid phase particles. It
was also demonstrated by (Benajes et al., 2017; Xiao et al., 2017),
more nucleation mode particles were observed over low engine load
conditions. Known from the published papers (Dallmann et al., 2014),
the main ingredients of particles from petrol cars and diesel cars differed signiﬁcantly because of their different combustion modes. Only
5% of the particles in mass were caused by black carbon (solid phase
particles) for petrol particles and it was higher than 50% for diesel particles over speciﬁc conditions (Dallmann et al., 2014).
Based on the real-world tests of the passenger cars meeting Euro-6
emission standard (including 32 petrol cars and 44 diesel cars in
total), NOx emission factors of 2 petrol cars were higher than Euro-6
limits (Bishop et al., 2019); however, only three diesel cars met the
emission regulations, and more than one third of the diesel cars were
even higher than Euro-4 emission limits. The test results pointed out
the serious problems of NOx emissions from diesel passenger cars
under real-world driving. As for the diesel cars, SCR systems seemed
to work much better than lean NOx trap (LNT) for dropping NOx
emissions (Bishop et al., 2019). Mera et al. (Mera et al., 2019) also
compared real-world NOx emission factors for diesel passenger cars
with different NOx reduction devices. SCR presented much better performance than LNT. Additionally, the real-world NOx emission factors
didn't present much dependency on the car mass, maximum power,
and maximum torque (Bishop et al., 2019). More advanced techniques
should be used to further drop real-world NOx emissions, such as
electric heated converter (eHC) (Gao et al., 2019a) and ammonia
creation and conversion technology (ACCT) (Gao et al., 2021) which
work well during cold start stages.
Under the real-world driving conditions, PN emission factors from
most of the DI petrol cars without GPFs were beyond the emission
limits, which addressed the importance of the GPFs to meet the emission standards (Suarez-Bertoa et al., 2019). Total PN emission factors
(1.11 × 1012#/km) from a DI petrol car were approximately 5 times of
the solid phase particles (2.07 × 1011#/km) (Hu et al., 2021), which indicated that most of the PN from DI petrol cars was contributed by liquid
phase particles. Under the same emission standards, PN and PM emission factors from DI petrol cars without GPFs were approximately
twice of the ones with GPFs (Hu et al., 2021). McCaffery et al.
(McCaffery et al., 2020) also compared PM emissions from DI petrol
cars both with and without GPFs, showing that GPFs presented signiﬁcant reductions in real-world PM emissions. However, the particles
being smaller than 23 nm were more than 75% of the total PN for the
petrol car with a GPF; and it was 31% for the one without a GPF (Hu
et al., 2021). It indicated that GPFs were more effective to control solid
phase particles than liquid phase particles. Meantime, PN emissions
over cold start were much higher than hot start conditions for the car
with GPFs.
Kontses et al. (Kontses et al., 2020) demonstrated that PN emission
factors from diesel passenger cars with DPFs were much lower than DI
petrol passenger cars without GPFs, which agreed with the authors'
results; additionally, the cold start events increased PN emission factors
signiﬁcantly, especially for diesel passenger cars. Platt et al. (Platt et al.,
2017) indicated that petrol cars produced more carbonaceous particles
than modern ﬁlter-equipped diesel cars. Under the urban driving
conditions, PN emission factors were much higher than motorways,
and the effectiveness of GPFs dropping PN was around 50% (Ko et al.,
2019).

Table 4
Emission factors of the three passenger cars.

P-GPF
P-N-GPF
D-DPF

Average
speed/km/h

NOx emission
factors/mg/km

PN emission
factors/#/km

36.80
36.75
34.4

3.89
7.96
18.1

6.8 × 109
4.2 × 1010
1.4 × 108

DPFs, they were more effective to remove large particles than small
ones; meantime, the main ingredients were also different for nucleation
mode particles and accumulation mode particles (Reijnders et al.,
2018). In addition, the condensations of HC contributed to the increase
of nucleation mode particles (Young et al., 2012) which were hard to be
captured by GPFs and DPFs. As demonstrated by (Wihersaari et al.,
2020) based on a diesel passenger car under deceleration process, the
particle size tended to be smaller, and PN emission rates were higher
than idle conditions if without DPFs; meantime, the highest PN concentration corresponded to the particle size being smaller than 30 nm.
However, the particles size for maximum PN concentration was larger
than 30 nm under normal driving conditions (Wihersaari et al., 2020).
Most of the particle size was smaller than 50 nm for pipe-out particles
with DPF (Wihersaari et al., 2020). In the authors' opinion, the engineout particles and pipe-out particles for PN distributions were different
greatly because of different ﬁlter efﬁciency of GPFs and DPFs for various
size particles. PN emission rates were higher than 3 × 1011#/s for a diesel passenger car without DPF, and they were dropped more than two
orders of magnitude after the adoptions of DPF, with the maximum
PN emission rates being lower than 108#/s (Wihersaari et al., 2020).
The instantaneous NOx and PN emission rates are monitored during
the test, further the NOx and PN emission factors can be calculated. The
summary of the test results for the three passenger cars is shown in
Table 4. The average speed of the three passenger cars was similar. PGPF presented the lowest NOx emission factors, and D-DPF had the
highest NOx emission factors. PN emission factors of the diesel passenger car were much lower than the other two petrol cars. P-N-GPF
showed the highest PN emission factors. P-N-GPF had a high compression ratio than P-GPF, which led smaller and more particles than PGPF, which was demonstrated by the work (Di Blasio et al., 2017); additionally, being without GPF also an vital factor causing such a high PN
emission factors regarding P-N-GPF between these two petrol passenger cars. The PN emission factors of the P-N-GPF were an order of magnetite higher than P-GPF. The combustion modes of the diesel engine
and petrol engine were completely different. Signiﬁcant fuel rich regions existed in the diesel combustion chamber, which led to larger particle size of diesel engines than the petrol engines. Meantime, the PN
emissions greatly depended on the HC emissions which could be condensed into liquid phase particles, leading to more PN emissions. HC
emissions of the two petrol passenger cars were much higher than the
diesel passenger car, as indicated in Table S1.
Regarding NOx emissions, low emissions rates were observed under
high vehicle speed conditions for all the three cars due to relative small
acceleration. The NOx emission rates were low over low vehicle speed
conditions for both petrol passenger cars during the deceleration
processes; however, high NOx emission points were observed under
low speed and small deceleration conditions. Due to the limits of the
Euro-6 emission regulations on PN emission, GPF is necessary for the
gasoline passenger cars to control PN emission; meantime, more attentions should be paid to petrol passenger cars than diesel cars even for
the petrol cars equipped with GPF.

5. Conclusions
In this paper, NOx and PN emissions under real-world driving conditions are monitored using PEMS, and the running parameters of the passenger cars are also recorded. The main conclusions based on the
speciﬁc passenger cars with given engines are as the follows:

4. Discussion
In the real-word driving conditions, vehicle operation conditions are
signiﬁcant factors affecting particle ingredients and numbers. In the
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size distribution of particulates emitted from gasoline direct injection vehicles. Sci.
Total Environ. 762, 143128.
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Ko, J., Kim, K., Chung, W., Myung, C.-L., Park, S., 2019. Characteristics of on-road particle
number (PN) emissions from a GDI vehicle depending on a catalytic stripper (CS)
and a metal-foam gasoline particulate ﬁlter (GPF). Fuel 238, 363–374.
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(1) The driving patterns of the three passenger cars were similar
over the given routes, and the speed changed frequently on the
rural and urban roads, leading to the frequent changes of car acceleration. The acceleration variations over motorways are low
for the three passenger cars.
(2) Exhaust temperature of both petrol passenger cars was much
higher than TWC light-off temperature, especially on the motorways, ensuring the high efﬁciency of NOx removal for both petrol
passenger cars. Additionally, NOx concentration was high for
rural and motorway driving. Different from both petrol
passenger cars, the diesel passenger car presented several high
peaks of NOx concentration, but the NOx concentration was at a
low level in other sections. Maximum PN concentration of the
petrol passenger car without a GPF was much higher than the
one with a GPF. PN concentration of the passenger cars with a
GPF/DPF was much lower than the one without a GPF over motorway.
(3) NOx distributions of petrol passenger cars by acceleration and
speed were signiﬁcantly different from the diesel car. Higher
PN emission rates of the car without GPF were in a larger region
than the car with DPF/GPF. PN emission factors of the petrol passenger car without a GPF were much higher than the other two
passenger cars. High compression ratio of the petrol car without
a GPF led to small size of particles and high NOx emission factors
than the other petrol passenger cars. Particle size of the diesel
passenger car was much larger than both petrol passenger cars.
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