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Abstract: Plug-in hybrid electric vehicles (PHEVs) are a promising technology for reducing the
tailpipe emissions of CO; as well as air pollutants, especially in urban environments. However,
several studies raise questions over their after-treatment exhaust efficiency when their internal com-
bustion engine (ICE) ignites. The rationale is the high ICE load during the cold start in combination
with the cold conditions of the after-treatment devices. In this study, we measured the solid particle
number (SPN) emissions of two Euro 6d and one Euro 6d-TEMP gasoline direct injection (GDI)
PHEVs (electric range 52-61 km) all equipped with a gasoline particulate filter, in the laboratory and
on-road with different states of charge of the rechargeable electric energy storage system (REESS)
and ambient temperatures. All vehicles met the regulation limits but it was observed that, even
for fully charged REESS, when the ICE ignited SPN emissions were similar or even higher in some
cases compared to the operation of these vehicles solely with their ICE (discharged REESS) and also
when compared to conventional GDI vehicles. On-road SPN emission rate spikes during the first 30 s
after a cold start were, on average, 2 to 15 times higher with charged compared to discharged REESS
due to higher SPN concentrations and exhaust flow rates. For one vehicle in the laboratory under
identical driving conditions, the ICE ignition at high load resulted in 10-times-higher SPN emission
rate spikes at cold-start compared to hot-start. At —10 °C, for all tested vehicles, the ICE ignited at the
beginning of the cycle even when the REESS was fully charged, and SPN emissions increased from
30% to 80% compared to the cycle at 23 °C in which the ICE ignited. The concentration of particles
below 23 nm, which is the currently regulated lower particle size, was low (<18%), showing that
particles larger than 23 nm were mainly emitted irrespective of cold or hot engine operation and
ambient temperature.

Keywords: electric motor; gasoline direct injection; WLTC; RDE; cold-start emissions; sub-23 nm
particles; REESS; low ambient temperature; hybrid vehicles; gasoline particulate filter

1. Introduction

Road transport is an important contributor of greenhouse gases [1] that are respon-
sible for global warming. Global CO, abatement goals have urged the electrification of
vehicles that aims to carbon-free tailpipe emissions [2]. Life-cycle assessment studies on
electric vehicles show potential benefits compared to conventional vehicles, especially if
the technology change is combined with a low-carbon electricity mix [3-5]. The transition
to purely electric vehicles (PEVs) is on-going; however, due to some barriers (e.g., short
driving range, high cost) for their wide diffusion [6], also hybrid (the combination of an
internal combustion engine and an electric motor) solutions are followed. Already since
the late 1990s, the first hybrid electric vehicles (HEVs) were introduced in the market, while
in the late 2000s, the first plug-in hybrid vehicles (PHEVs) were commercialized.
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HEVs are equipped with an internal combustion engine and a rechargeable electric
energy storage system (REESS) (i.e., battery) that captures energy during braking, stores it,
and powers the vehicle. PHEVs (also referred as off-vehicle charge hybrid electric vehicles,
OVC-HEVs, in the European regulation 2017/1151) can also externally charge the REESS,
giving a higher electric range and minimizing the use of the ICE. The market share of
commercial and passenger PHEVs has increased over the last few years [7]. Due to their
extended electric operation, PHEVs have been expected to reduce tailpipe greenhouse gas
emissions compared to conventional vehicles and also improve urban air quality.

However, different studies have identified a significant gap between official type
approval and real-world CO, emissions of PHEVs which can be attributed to usage and
charging behavior [8,9]. A recent study [10] showed that even if PHEVs emit lower CO,
compared to conventional vehicles, the in-use CO; emissions are 1.5 to 2 times more than
the official declared values. The impact of the user-selectable mode on the CO; variability
of three PHEVs was also investigated in one study [11] and it was found that, when the
discharged REESS was charged by the ICE, the CO; emissions were 50 to 100% higher
than a trip with the REESS simply discharged. In another study [12], the cabin air-heating
system and lower ambient temperatures were found to increase CO, emissions of two
PHEVs. The higher real-world CO; emissions compared to official type approval values
were attributed to the more frequent than expected ignitions of the ICE. This difference
may also create implications for air pollutants.

PHEVs are frequently combined with a gasoline direct injection (GDI) engine. GDIs
are known for improving fuel efficiency but may emit a higher solid particle number (SPN)
compared to a port fuel injection (PFI) engine [13]. The high SPN emissions of GDIs have
been handled in the European regulation by introducing a SPN limit down to a 23 nm
particle size (SPNj3) in Euro 6 [14]. The regulation limit, also applicable to on-road testing,
drove to the optimization of GDIs operation [15] and to the implementation of gasoline
particulate filters (GPFs) which can efficiently reduce SPN emissions [16,17] with a trapping
efficiency even >90% [18]. GDIs still emit high SPN concentrations during cold start, and the
speed, load, or fuel/air ratio increase [19] but also during GPF regeneration [20]. Moreover,
when the GPF is cold, its efficiency may be reduced [21]. Considering that PHEVSs cold ICE
ignition may occur under high power demand accelerations and with cold GPF, it is very
likely that SPN emissions will be high.

SPN emissions of HEVs during engine ignitions and re-ignitions have been investi-
gated by different studies. The on-road SPN emissions of two China-6 vehicles, a GDI-HEV
and a PFI-HEV, both without gasoline particulate filter, were >10'? #/km [22]. The SPN
spikes corresponded to engine start events. The contribution of high instantaneous SPN
emissions was assessed in a study [23] and it was found that, for three GDI-HEVs and
one PFI-HEYV, 20% of SPN was emitted in 2% of driving time. Another study compared
the SPN emission rate (#/s) of a 2012 light-duty gasoline HEV during re-ignition events
and found that they were 2.5 to 4.4 higher compared to stabilized ICE conditions [24]. In
another study [25], the SPN emissions of a 2019 HEV with GDI during ICE re-ignitions
accounted for ~70% of total trip SPN. A combination of injection pressure, end of injection,
and spark timing modifications reduced ICE re-ignition SPN emissions by ~88%.

Few researchers have studied the SPN emissions of PHEVs. A study that measured
real-driving SPN emissions of a Euro 6b PHEV equipped with a GDI engine [26] found
that SPN emissions were higher in the hybrid mode compared to ICE-dominant trips in
the highway, whilst fuel consumption was lower. Researchers [27] measured the particle
sizes during the first cold engine ignition in laboratory cycles and observed that accumula-
tion particles were mainly emitted. Cold-start SPN emissions were attributed to the fuel
combustion and not to the oil. The high SPN emissions during ICE ignitions, especially
at trips with fully or partially charged REESS, were confirmed by others as well [28], and
the authors claimed that optimization of GPFs will be needed to achieve stricter regula-
tion limits. A comparison between a GDI and a PHEV with GDI, both equipped with a
GPF, showed that similar soot management can be also applied to PHEVs, but calibration
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should be performed at high states of charge (SOCs) of the REESS to avoid high GPF inlet
temperature [29].

In this study, we investigate SPN emissions of three Euro 6 PHEVs with a GDI en-
gine equipped with a GPF. The gaseous emissions have been published in a companion
paper [11]. SPNy3 emission factors are presented for laboratory tests performed according
to the worldwide harmonized light vehicles test procedure (WLTP) and on-road tests with
variable REESS states of charge (SOCs). The variability of SPN emissions at different SOCs
are determined and the effect of cold ICE ignitions at trips with charged or partially charged
REESS is compared to ICE-dominant trips. Furthermore, the ambient temperature effect on
SPNpy3 is studied. Finally, the sub-23 nm particles emissions as well as their contribution to
SPN are presented.

2. Materials and Methods

The following subsections describe the plug-in hybrid vehicles that were tested, the
laboratory and on-road driving cycles and protocols, and the instrumentation used for SPN
measurements.

2.1. Vehicles

Table 1 summarizes the main characteristics of the tested vehicles. Vehicles are denoted
with Vx, where x is their number. The number was selected according to the chronological
order in which the vehicles were tested. All of them were PHEVs equipped with a GDI
engine. Their class was M1 (passenger cars) and the model year was 2020. The after-
treatment devices were a three-way catalyst (TWC) and a GPF. V1 and V3 were type-
approved as Euro 6d, while V2 was type-approved as Euro 6d-TEMP. Thus, for all of them,
a SPNy; limit of 6 x 10! #/km was applicable at type-approval laboratory tests and the
not-to-exceed (NTE) limit of 9 x 10! #/km on the road (i.e., with a conformity factor of
1.5). Moreover, all vehicles had to fulfil the in-service conformity tests (ISC), meaning that
they should comply with emission limits up to 100,000 km or 5 years, whichever comes
first. V1 and V2 had low mileage (~3000 km), while V3 had ~14,000 km. V1 and V3 had
identical characteristics of thermal engine and electric motor, but were commercialized
by different manufacturers and had different mileage. Moreover, their test mass was
slightly different. V2 had lower test mass, engine displacement (1499 vs. 1598 cm?),
power (100 vs. 133 kW), electric range (52 vs. 61 km), and declared SPN,3 (1.29 x 10
vs. 1.86 x 10! #/km) compared to V1 and V3. The engine displacement, power, electric
range, and declared SPN,3 under charge-sustaining conditions are reported in Table 1. All
vehicles were maintained according to the requirements of the manufacturer. Commercial
gasoline fuel E10 was used for testing.

Table 1. Main characteristics of tested vehicles.

Specification Vi V2 V3
Class M1 M1 M1
Propulsion type PHEV PHEV PHEV
Fuel Gasoline Gasoline Gasoline
Injection Direct Injection Direct Injection Direct Injection
ATS TWC, GPF TWC, GPF TWC, GPF
Euro 6d-ISC 6d-TEMP-EVAP-ISC 6d-ISC
Year 2020 2020 2020
Mileage 3092 2977 14,360
Test mass (kg) 1867 1779 1882
Engine displacement (cm®) 1598 1499 1598
Power (kW) 133 100 133
Electric range (km) 61 52 61
Declared SPN3 (#/km) 1.86 x 101 1.29 x 101 1.86 x 1011

ATS = after-treatment system; EVAP = evaporative emissions; GPF = gasoline particulate filter; ISC = In-service con-
formity; PHEV = plug-in hybrid electric vehicle; SPN»3 = solid particle number down to 23 nm; TWC = three-way
catalyst.
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2.2. Driving Cycles and Routes

In Europe, light duty vehicles are tested according to Regulation 2017/1151. For
internal combustion engine-equipped vehicles, the worldwide harmonized light vehicles
test cycle (WLTC) applies. This driving cycle is performed at 23 °C, it consists of low,
medium, high, and extra high speed phases, while its total duration is 1800 s. More
information can be found elsewhere [30].

PHEVs, in addition to testing with depleted REESS (charge-sustaining conditions),
have to also be tested with charged REESS (charge-depleting conditions). Their testing
consists of a series WLTC, and four different options for the order of tests are prescribed
in 2017/1151. Herein, we applied option three. Accordingly, a preconditioning WLTC
was conducted under charge-sustaining conditions. Then, the vehicle was soaked at 23 °C
for ~20 h and the REESS was fully charged. Subsequently, a series of charge-depleting
(CD) WLTC cycles were performed until the break-off criterion was fulfilled. The break-off
criterion is reached when the relative change in the REESS at consequent cycles is less than
4%. The WLTC in which this criterion is reached is called the confirmation cycle, while the
previous one is called the transition cycle. The maximum soaking time between CD cycles
was 30 min, while the REESS was not charged. After the completion of the CD cycles, the
vehicle was soaked for ~20 h and then a charge-sustaining (CS) WLTC was performed. The
REESS current and voltage were continuously measured during the tests. According to the
regulation, the weighted emissions of a PHEV are calculated by considering the CD cycles
until the transition WLTC and the CS WLTC. SPNy3 emissions of these cycles are weighted
using the utility factors described in 2017/1151. Fractional utility factors apply for each
phase and depend on the travelled distance. According to this method, the first driven cycle
has a larger weight on the total emissions calculation compared to the subsequent ones (~50%
in our case). In addition to WLTC testing at 23 °C, all vehicles were tested both with CD and
CS tests at —10 °C. Moreover, V2 and V3 were also tested only with CS at 40 °C.

For on-road testing, there is no provision in the European real driving emissions
(RDE) regulation, consolidated in 2017/1151, for the state of charge (SOC) of PHEVs. Thus,
a PHEV should comply with the RDE regulation requirements under all different SOC
levels. Herein, we conducted RDE-compliant tests with different SOC (100%, 50%, 25%,
discharged). For some SOCs, more than one test was performed. The trip duration was
~103 min and was composed of an urban (~35.5 km), a rural (~29.1 km), and a highway
(~26.5 km) section according to the regulation requirements. Note that the limits apply both
to the urban and to the total trip SPNy3 emissions. The vehicles were tested in different
months; thus, the ambient temperature varied. The average trip temperatures were 8 to
18 °C for V1, 25 to 32 °C for V2, and 19 to 28 °C for V3. All tests were carried out with the
default driving mode, except from two tests of V1 which were performed in the electric
user-selectable mode (indicated in the “Results and Discussion” section).

Table 2 presents all laboratory and on-road tests performed for each vehicle.

Table 2. Summary of laboratory and on-road tests.

Specification State of Charge Vi V2 V3
o Charge-depleting Yes Yes Yes
WLTC23°C Charge-sustaining Yes Yes Yes
o Charge-depleting Yes Yes Yes
WLIC —10°C Charge-sustaining Yes Yes Yes
WLTC 40 °C Charge-sustaining No Yes Yes
RDE Charge-depleting * Yes Yes Yes
Charge-sustaining Yes Yes Yes

RDE - 8-18 °C 25-32°C 19-28 °C

temperature

* Charge-depleting RDE tests were performed with a 100%, 50%, and 25% state of charge. WLTC = worldwide
harmonized light vehicles test cycle. RDE = real driving emissions.
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2.3. Instrumentation

Laboratory tests were conducted at the vehicle emissions laboratory (VELA 8) of the
Joint Research Centre in Italy. VELA 8 is a climatic test cell equipped with a 4WD chassis
dynamometer. SPNp3 was measured from a dilution tunnel with constant volume sampling
(CVS). The particle counter was the APC 489 from AVL (Graz, Austria) [31]. It consisted
of a hot dilution stage at 150 °C, an evaporation tube at 350 °C, a cold dilution stage,
and a particle counter with a cut-off size at 23 nm. Additionally, a particle counter with
cut-off size down to 10 nm was used for measuring SPNyj. The dilution factor combined
with the particle losses through the APC 489, were expressed through the particle number
concentration reduction factor (PCRF). Due to the high SPN emissions of PHEVs during
their cold start, we used PCRF = 1000 in order to avoid saturation of the particle number
counter and minimize volatile artifacts in the system [32].

On-road testing was performed with two different portable emissions measurement
systems (PEMS), namely an AVL MOVE system (for V1 and V3) and a HORIBA (Kyoto,
Japan) OBS ONE system (for V2). MOVE utilizes a particle detector based on diffusion
charging technology, while the OBS particle detector is based on condensation particle
counting. The cut-off size of PN-PEMS systems was 23 nm. In parallel with these two
PEMS, a portable Fourier transform infrared (FTIR) spectrometer was also installed on the
vehicles. More information can be found in the companion paper of this work [11].

Note that all instrumentation used in this study was maintained and calibrated accord-
ing to the regulation requirements. The estimated measurement uncertainty is around 14%
for the laboratory system and 31% for the portable system. A detailed discussion on the
uncertainty of regulatory SPN measurements in the laboratory and on-road can be found
in [33].

3. Results and Discussion

In this section, we present the SPNy3 emissions of V1 to V3 under regulated laboratory
(3.1) and on-road (3.2) tests, we determine the emission rate and concentration SPN»3
spikes during on-road cold engine ignition of the ICE (3.3), we investigate the effect of low-
(=10 °C) and high-temperature (40 °C) tests in the laboratory (3.4), and finally we present
the SPN1p emissions measured in laboratory tests for V1 and V2 (3.5).

3.1. Regulated Laboratory Tests

Figure 1 presents the SPN»3 emissions of the three plug-in vehicles (V1 to V3) measured
in the laboratory when tested with the type-approval WLTC. Only testing cycles for which
the ICE ignited are shown. All vehicles were powered exclusively with the electric motor
for the first two charge-depleting cycles (CD1 and CD2) and during the third CD (CD3) the
ICE ignited for the first time. SPNj3 emissions during CD3 are presented with blue and
white diagonal lines and the charge-sustaining (CS) emissions are presented with an orange
bar with grid. Additionally, the weighted WLTP SPN,3 emissions, calculated according to
2017/1151, are plotted with a grey bar. The red dashed line shows the Euro 6 SPNy3 limit
(6 x 10! #/km) and the black dotted line shows the average SPNj3 emissions of all GDI
vehicles, equipped solely with an internal combustion engine (6.3 x 1010 #/km), tested
during the 2020-2021 market surveillance activities of the Joint Research Centre (JRC), and
specifically of six Euro 6d-TEMP and two Euro 6d, all equipped with GPF [34].



Energies 2022, 15, 5266

6 of 15

1012

1 EURO 6 limit

1011

SPN2: (#/km)

1010 1

10°
V1 V2 V3

Figure 1. Solid particle number emissions (>23 nm) (SPNy3) of three plug-in hybrid electric vehicles
(V1 to V3) at the Type 1 test WLTC during charge-depleting (CD) and charge-sustaining (CS) recharge-
able electric energy storage (REESS) conditions as well as the weighted SPN»3 emissions considering
the electric range calculated according the regulation 2017/1151. The internal combustion engine
(ICE) ignited for first time during the third consecutive CD cycle (CD3) for all vehicles. In CD1 and
CD2, the vehicle was powered only by the electric motor and these cycles were not plotted as SPNy3
(#/km) was zero. The red dashed line shows the Euro 6 limit (6 x 10! #/km) and the black dotted
line shows the average WLTC SPNy3 emissions of eight conventional Euro 6d/6d-TEMP gasoline
direct injection vehicles [34].

All vehicles complied with the Euro 6 limit. Note that when testing a PHEV, the limit
has to be respected at all cycles (both CD and CS). V1 emitted ~1 x 101 #/km during CD3
and approximately two times more (~2 x 10! #/km) during the CS WLTC. Also for V3,
the CS emissions were almost double compared to the CD3 emissions (1.2 x 10'! #/km
vs 5.3 x 10'0 #/km, respectively). On the contrary, V2 emitted higher SPNy; during CD3
(3.5 x 10M #/km) compared to CS (2.0 x 10! #/km) even if the ICE operated for ~880 s
during CD3.

SPNy3 emissions during CS cycles were higher than the average of the eight GDI
vehicles presented in Figure 1. This result shows that PHEVs, when operating solely
with the ICE, perform equally or even worse than conventional vehicles with regards to
particulate emissions, possibly due to their larger weight related to the additional REESS
weight. A previous study found that payload may increase SPN emissions [35]. CD3
emissions of V1 and V2 were higher than the average of conventional GDIs, while for V3
lower. The weighted emissions were <7.2 x 1010 #/km for all vehicles and lower (V1 and
V3) or equal (V2) to conventional Euro 6d/6d-TEMP GDIs.

To better understand the SPNj3 emissions of V2 during CD3 and CS, we plotted the
cumulative SPNy3 emissions over time in Figure 2a. We also plotted the ICE speed (rpm)
during the two tests. During the CS, the ICE switched on a few seconds after the initiation
of the cycle and powered the vehicle until ~300 s. Then, it remained off almost always
until 635 s when it re-ignited. During the first 40 s after the ICE ignition, cumulative SPNp3
steeply increased up to ~7 x 10'! # which corresponded to ~16% of the particles emitted
during the entire cycle (4.5 x 10'? #). After 40 s, the cumulative SPNy; slope changed and
it continuously increased during the test cycle.
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Figure 2. SPNy;3 (a) cumulative (#) and (b) emission rate (#/s) emissions and of V2 over time, during
the third charge-depleting (CD3) WLTC and the charge-sustaining cycle (CS) WLTC.

During CD3, ICE switched on after ~630 s and powered the vehicle (as already reported
above) for total ~880 s. Cumulative SPNy3 steeply increased during the first 70 s after the
cold start and ~4.8 x 10'? # was emitted which corresponded to ~60% of the total cycle
SPN,;. Note that in the entire CS, the total SPN»3; emitted was 4.5 x 102 #. In order
to put this result in the right context, considering the limit of 6 x 10! #/km, the SPNp;
during a WLTC could not overcome ~1.4 x 10!3 #. Thus, V2 emitted ~32% of the maximum
cumulative SPNp3 (#) permitted during a WLTC in 70 s, covering a distance of 650 m.
Whilst SPNy3 emissions were below the regulation limits, their spatial distribution was
non-uniform in this case.

Figure 2b plots the SPN»3 emission rate of V2 during CD3 and CS. We focus on the
time frame in which the ICE ignited for the first time in CD3 and re-ignited in CS. We
also plot the catalyst temperature which was obtained by the on-board diagnostics system.
There was no information on the exact position of the temperature sensor (i.e., before or
after the GPF); therefore, its signal was used as a qualitative indication of the exhaust
after-treatment system (ATS) condition (cold or hot). As already mentioned, the ICE ignited
after ~635 s. In CD3, the after-treatment and the ICE were cold, while in CS they were
hot. The SPN;3 emission rate spikes in CD3 were even 10 times higher compared to CS.
Considering that the test cycle was identical, the emission rate spike difference may be
attributed to higher SPN,3 concentrations and not to significant exhaust flow differences
(note that emission rate depends on the concentration and the exhaust flow).

3.2. Regulated On-Road Tests

On-road tests were performed according to the European RDE regulation, consolidated
in 2017/1151. The vehicles were tested with different REESS SOCs, i.e., fully charged
(CD100), 50% charged REESS (CD50), 25% charged REESS (CD25), and discharged REESS
(CS). Soaking was performed in the laboratory at around 20 °C, while in one case for V1,
soaking was performed outside at around 3 °C. Figure 3 plots the SPNy3 (#/km) emissions
during the entire trip that consisted of an urban, a rural, and a highway part (total distance
around 91 km). The black dotted line indicates the average on-road SPNj3 emissions of
all Euro 6d/6d-TEMP GDI vehicles (7.8 x 10' #/km) tested in the period 2020-2021 in
the framework of JRC market surveillance activities [34]. The red dashed line depicts the
on-road NTE limit of 9 x 10" (#/km). Error bars show the maximum and minimum
measured values for tests where more than one repetition was performed. All tests were
performed with the default user-selectable mode, except for two tests of V1 (CD100 soak
out and CD50) which were conducted with the user-selectable electric mode.
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Figure 3. Solid particle number emissions (>23 nm) (SPNy3) of three plug-in hybrid electric vehicles
(V1 to V3) during on-road tests performed according to the European real driving emissions regulation
(RDE4). CDx denotes the charge of the REESS; CD100 for 100%, CD50 for 50%, CD25 for 25%. CS
stands for trips in charge-sustaining or discharged REESS. The error bars show the maximum and
minimum values for tests with more than one repetition. The red dashed line shows the Euro 6 on-
road not-to-exceed (NTE) limit (9 x 10 #/km) and the black dotted line shows the average on-road
SPN,3 emissions of eight conventional Euro 6d/6d-TEMP gasoline direct injection vehicles [34].

All vehicles under all conditions complied with the NTE limit, but in all cases SPNy3
emissions of the tested vehicles were higher than the average values observed for con-
ventional vehicles. V1 emitted the highest SPNp; (1.3 x 1011-4.3 x 10! #/km), while V2
emitted the lowest (8.1 x 10'°-1.1 x 10'! #/km). For V1, the test with the highest emissions
was CD50, while for V3 the test with the highest emissions was CS. Interestingly, for V2,
the test with the highest emissions was for fully charged REESS (CD100). Soaking out
at an average ambient temperature of 3 °C resulted an increase in SPNy3 emissions. In
summary, the particle emissions did not benefit from charged REESS, but in some cases the
emissions were higher in this trip of ~91 km even with fully charged REESS. This finding
is in agreement with previous studies [26,28] which found that the high-load cold-start
emissions of PHEVs may dominate the total SPNj3 emissions.

Figure 4 plots the SPNy3; emissions during the urban part of the trip (distance of
approximately 35.5 km). Note that, according to RDE, the NTE limit also applies to
the urban section (red dashed line). Similar to Figures 1 and 3, the average values of
conventional vehicles are plotted with a black dotted line (6.5 x 100 #/km). Also in this
case all vehicles complied with the limits while only V2 and V3 with fully charged REESS
emitted less than the conventional vehicles. For V3, as the REESS SOC decreased, the
vehicle emitted more particles. In contrast, for V1 and V2, SPNj3 emissions varied and
no relation with REESS SOC was found, except from CD100 where the emissions were
lower than CD50, CD25, and CS. This is related to the fact that the electric range of the
tested vehicles was higher than the distance travelled in the urban environment and the
ICE was on only for short distances. It should be highlighted that even for short urban
trips, shorter than the electric range of the vehicles, the ICE ignited producing a significant
amount of particles.
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Figure 4. Solid particle number emissions (>23 nm) (SPNy3) of three plug-in hybrid electric vehicles
(V1 to V3) during the urban part of on-road tests performed according to the European real driving
emissions regulation (RDE4). CDx denotes the charge of the REESS; CD100 for 100%, CD50 for 50%,
CD25 for 25%. CS stands for trips in charge-sustaining or discharged REESS. The error bars show
the maximum and minimum values for tests with more than one repetition. The red dashed line
shows the Euro 6 on-road not-to-exceed (NTE) limit (9 x 10! #/km) and the black dotted line shows
the average urban on-road SPNp3 emissions of eight conventional Euro 6d/6d-TEMP gasoline direct
injection vehicles [34].

Next, we focus on the SPNy3 emissions of V2 presented in Figure 3. As already
discussed, with fully charged REESS, the vehicle emitted the highest SPNy3. Figure 5
plots the cumulative SPNj3 emissions against distance. The red dashed line depicts the
not-to-exceed cumulative SPNp3, according to the distance travelled by the vehicles. The
tests CD100 and CS had two or more repetitions. In order to examine the best case scenario
for the impact of cold-start emissions, we plotted the CD100 test with the lowest emissions
and the CS with the highest emissions in Figure 5. When the REESS was discharged, the
ICE ignited at the beginning of the trip. The ICE ignition during the CD cycles occurred
after ~8, ~21, and ~40 km for CD25, CD50, and CD100, respectively. In maximum 3 km
after the ICE ignition, the same amount of cumulative SPN3 was emitted as in the CS trip
until this distance. During the first 1 km in CS, V2 emitted 19% of the total trip emissions,
while in CD100 it emitted 22%. In all cases, except for CD25, during the first kilometer after
the ICE cold start more than 2 x 10'2 # were emitted. The strong effect of the high-load
cold start resulted in high particle concentration emissions. In the charge-depleting cycles,
the maximum spike concentrations during cold start were 1.3 x 107 (#/cm?), 1.5 x 107
#/cm?), and 1.7 x 107 (#/cm?) for CD100, CD50, and CD25, respectively, while during the
CS trip they were 5 x 10° (#/cm?).
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Figure 5. Cumulative SPN,3 emissions of V2 over distance, tested on-road according to the European
real driving emissions regulation (RDE). CDx denotes the charge of the REESS; CD100 for 100%,
CD50 for 50%, CD25 for 25%. CS stands for trips in charge-sustaining or discharged REESS. The red
dashed line shows the Euro 6 on-road not-to-exceed (NTE) limit multiplied with the distance driven.

Another important aspect of on-road tests of PHEVs is the variability of SPNy3 emis-
sions due to different REESS testing conditions. We calculated the coefficient of variation
(i-e., the ratio of the standard deviation to the mean) of SPN»3 emissions considering the
average emissions of each testing condition; CD100 (not soak out), CD50, CD25, CS. In
overall, urban emissions exhibited highest variance especially for V2 (38%) and V3 (45%).
For V1, also total SPNj3; emissions varied significantly and namely 37%. In a previous
study, the variability of SPNj3 emissions emitted by a GDI engine under a simulated RDE
trip (well-controlled conditions) was found to be 22% [36]. The difference with our findings
is small considering in our case the variability of traffic and ambient temperature condi-
tions as well as the different conditions during the ICE ignition. Table 3 summarizes the
coefficient of variation of SPNy3 emissions under on-road tests performed in this study.

Table 3. Coefficient of variation of SPN,3 emissions under the on-road tests with four different REESS
states of charge, i.e., 100%, 50%, 25%, and discharged REESS.

Route Section Vi V2 V3
Coeffici ; L Urban 27% 38% 45%
oefficient of variation Total 37% 16% 249,

3.3. Emissions at Cold Engine Ignitions

The highest SPN»3 emission rate spike (#/s) during ICE cold start (considering the
first ~30 s after the first ICE ignition) at each test was determined and then averaged over
all charge-depleting and charge-sustaining on-road tests. Figure 6a presents the average
values for the tested vehicles and the error bars show the maximum and minimum value.
Note that in ~65% of CD trips, the ICE ignited in the urban environment. SPN;3 emission
rate spikes in CD were, on average, ~3.5, ~15, and ~2 times higher than in CS for V1,
V2, and V3, respectively. In order to exclude the exhaust flow rate effect, we plot the
average of the highest SPNp3 concentration (#/cm?) spikes in Figure 6b. For V1 and V2, the
concentration spikes are approximately three times higher during CD trips compared to
CS. Instead, for V3, the spikes during CS were approximately 1.5 times higher compared
to CD and the cold-start effect during high load was smaller. Thus, for V1, higher SPN»3
emission rates were due to higher SPNj3 concentrations; for V2, it was a combination of



Energies 2022, 15, 5266

110f15

SPNz23 emission rate spikes (#/s)

SPN2s (#/km)

1013 5
1012 |
101" 4

101 |

10°

1012

1011 |

1010

10°

exhaust flow and concentration; and for V3, it was due to higher exhaust flow rates. Note
that the cold-start concentrations of PHEVs reached approximately 2 x 107 #/cm® and
these high concentration levels should be taken into consideration when designing SPNy3
measurement instruments in order to ensure high accuracy and avoid the saturation of
SPN detectors.
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Figure 6. SPN;3 (a) emission rate (#/s) and (b) concentration (#/ cmd) spikes at on-road tests during
the cold start of the internal combustion engine. CD stands for charge-depleting tests and CS stands
for charge-sustaining tests. The error bars depict the maximum and minimum values.

3.4. Temperature Effect

The WLTC CD and CS regulatory cycles were also performed at —10 °C. For V2 and
V3, a high-temperature (40 °C) test was also done in CS. Note that these two temperatures
were outside the boundaries of on-road testing and no SPN limit was applicable. Figure 7a
plots the SPNp3 (#/km) emissions during the CD cycle in which the ICE ignited for the first
time and Figure 7b plots emissions during the CS cycles. In both figures, the emissions
at 23 °C were also plotted (presented in Figure 1). The dashed red lines indicate the Euro
6 regulation limit at cycles in which it is applicable.

v1

—— — 1012§ — — —
/ % CD1 @ -10°C 1 | 2 CS@-10°C = CS@23°C = CS @ 40°C
% = CD3 @ 23°C B 7
% - % I % , 
R B - B 'BR B
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Figure 7. Solid particle number emissions (>23 nm) (SPNy3) of three plug-in hybrid electric vehicles
(V1 to V3) over the WLTC at different temperatures and during (a) charge-depleting (CD) and
(b) charge-sustaining (CS) rechargeable electric energy storage (REESS) conditions. Only CD cycles
in which the internal combustion engine was ignited for the first time are plotted. The red dashed
lines indicate the Euro 6 limit (6 x 10'! #/km) for the tests in which it was applicable.
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For all tested vehicles, at —10 °C and with fully charged REESS, the ICE ignited during
the first CD cycle (CD1) and specifically at the beginning of the test. SPNy3 emissions were
higher compared to CD3 at 23 °C and specifically from ~30% for V1 to ~80% for V2. For
V2, SPNy3 at —10 °C was slightly higher than the limit (6.2 x 10! #/km). Although the
limit does not apply at this extreme temperature, we should also consider that these SPNy3
emissions corresponded to a fully charged PHEV.

For CS cycles, the temperature effect was not so clear. Indeed, for V2, the highest
SPNj3 emissions were measured at 23 °C, while for V1 and V3 they were measured at
—10 °C. At 40 °C, the SPN,3 emissions were lower (V2) or equal (V3) to 23 °C. In all cases,
the SPNj3 emissions were below the emission limit which applies at 23 °C. This result is in
agreement with a previous study that observed high GPF effectiveness at a temperature
range from —30 °C to 50 °C [21].

3.5. Sub-23 nm Particle Emissions

In addition to SPNj3, SPNjy was also measured for V1 and V2 during laboratory
tests at —10 °C and 23 °C. Table 4 presents the SPNy3, SPNyg, and the sub-23 nm particles
contribution calculated by (SPN1gp — SPN23)/SPNp3. The sub-23 nm contribution was lower
than 20% in all cases. GDI engines may emit particles from 10 to 40 nm, especially under
high-load transients, but the introduction of GPFs can effectively reduce these small-size
particles [37]. In this study, the low sub-23 nm contribution may be attributed either to the
efficiency of the GPFs and/or to the larger size of particles generated during the cold-start
emissions which dominate the SPN of the entire test.

Table 4. Contribution of sub-23 nm particles, (SPN19p-SPN33)/SPNy3, at different laboratory cycles of
V1and V2.

. Temperature SPNyp Sub-23 nm
Vehicle WLTC ©0) SPN2; (#/lcm) @#/km)  Contribution
CD3 23 1.08 x 101 1.15 x 101 7%
Vi Cs 23 2.02 x 1011 2.38 x 1011 18%
CD1 —10 1.43 x 101 1.54 x 1011 9%
CS —-10 2.22 x 1011 2.36 x 1011 7%
CD3 23 347 x 101! 3.85 x 101 11%
V2 CS 23 1.97 x 101 2.21 x 101 12%
CD1 —10 6.21 x 101! 6.63 x 1011 7%
Cs —-10 1.11 x 101 1.22 x 1011 10%

4. Conclusions

In this study, the SPN emissions of three PHEVs (V1 to V3) (electric range of 52-61 km),
equipped with GDI engines, were studied in the laboratory and on-road. The laboratory
test cycle was the regulated WLTC at different temperatures (—10 °C, 23 °C, and 40 °C),
and also unregulated SPNjy was measured in some cases. On-road tests were performed
according to the current RDE regulation (a total distance of ~90 km and an urban distance
of ~35 km). The main focus was the effect of different REESS SOCs on the SPN,3 emissions.

All vehicles complied with regulation limits, both in the laboratory and on-road, but
their emissions compared to conventional vehicles equipped with GDI engines were either
comparable or even higher in many cases. The rationale was that after the ignition of the
ICE, any benefit, in terms of SPN emissions, from the electric motor operation was vanished
in short periods (less than 70 s in one case) and driven distances (less than 1 km in one
case). Even the weighted laboratory emissions calculated with utility factors applied for
the weight of each testing cycle (larger weight to cycles with fully charged REESS) were
higher than the average SPNy3; of conventional vehicles for one of the tested vehicles of
this study (V2). For on-road tests (a driven distance of ~90 km), the PHEVs emitted more
SPNy; than the average of conventional GDIs, but exhibited better performance in terms
of SPNy3 for two out of three vehicles at urban environments when the REESS was fully
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charged. The variability of on-road SPN,3 emissions was also studied for different REESS
SOCs. For the total trip the variability ranged from 16% to 37% and in the urban section
from 27% to 45%.

The effect of cold-engine starts on SPN,3 emissions was investigated. In the labo-
ratory, the SPNy3; emission rate spikes (in #/s) during an ICE ignition at high load were
approximately ten times higher at cold-start compared to hot-start under identical driving
conditions. For on-road tests, the highest SPNy; emission rate spike after the first ICE
ignition (considering the first 30 s) was determined and averaged for charge-depleting
and charge-sustaining trips. It was shown that when the first ignition occurs during the
trip, the cold-start SPN»3 emission rate spikes can be 2 to 15 times higher than the spikes
in charge-sustaining REESS where the engine ignites at the beginning of the trip. This
difference was due to higher SPNy3 concentrations (in #/ cm?) but also exhaust flow rates.
For V1, the average cold-start emission rate spike differences between CD and CS trips
were similar to cold-start SPN»3 concentration spike differences and approximately three
times higher in CD compared to CS. For V2, both the exhaust flow rate (approximately five
times higher in CD cold start) and SPNy3 concentrations (approximately three times higher
in CD cold start) contributed to the 15-times-higher cold-start emission rate differences.
For V3, the higher exhaust flow rate was mainly responsible for the SPNj3 emission rate
differences, as SPNy3 concentration spikes were higher during cold start at CS on-road tests.
The impact of the cold-start emissions was also supported by the contribution of 22% to
total emissions in a trip with fully charged REESS. Cumulative cold-start emissions of V2
in the first km after the ICE ignition were >2 x 10!2 #. Considering that approximately 65%
of the cold starts occurred in the urban environment, special attention should be given to
these high emission rates due to the highly non-uniform spatial distribution of PHEV SPN
emissions. These results highlight the need for improvements in the combustion process
during frequent cold starts or the implementation of high filtration efficiency filters at
hybrid vehicles.

Low temperatures had a significant impact on the REESS operation. Specifically,
even with fully charged REESS at —10 °C, the ICE ignited and emissions were 30% to
80% more than during the first charge-depleting cycle at 23 °C when the ICE ignited. In
charge-sustaining cycles, the temperature did not have a strong effect. Finally, the sub-23
nm particles emitted by V1 and V2 were measured during laboratory tests (23 °C and
—10 °C) and their contribution to SPN was low (<20% in all cases).

Author Contributions: Conceptualization, AM. and T.S.; methodology, A.M. and B.G.; formal
analysis, A M., ].F, C.F, and T.S,; supervision, B.G. and R.S.-B.; writing—original draft preparation,
A M.,; writing—review and editing, B.G., T.S., and R.S.-B. All authors have read and agreed to the
published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data is available upon request from the corresponding authors.

Acknowledgments: The authors would like to acknowledge the support and collaboration of M.
Carriero, M. Otura, F. Forni, M. Centurelli, P. Canevari, P. Buchet, ].M. Crochemore, L. Bigozzi, A.
Bonamin, and M. Stefanini.

Conflicts of Interest: The authors declare no conflict of interest.

Disclaimer: The opinions expressed in the manuscript are those of the authors and should in no
way be considered to represent an official opinion of the European Commission. Mention of trade
or commercial products does not constitute endorsement or recommendation by the authors or the
European Commission.



Energies 2022, 15, 5266 14 of 15

Abbreviations

ATS After-treatment system
CD charge-depleting

CS charge-sustaining

CVSs constant volume sampling
FTIR Fourier transform infrared
GDI gasoline direct injection
HEV hybrid electric vehicle

ICE internal combustion engine
1SC in-service conformity

NTE not-to-exceed

PCRF  particle number concentration reduction factor
PEMS  portable emissions measurement system

PEV purely electric vehicle

PFI port fuel injection
PHEV  plug-in hybrid vehicle
RDE real driving emissions

REESS rechargeable electric energy storage system

SOC state of charge

SPN solid particle number

TWC three-way catalyst

WLTC worldwide harmonized light vehicles test cycle
WLTP  worldwide harmonized light vehicles test procedure
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