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Abstract: Plug-in hybrid electric vehicles (PHEVs) show a high pollutant emission variability that
strongly depends on the operating conditions of the internal combustion engine. Additionally, studies
indicate that driving situations outside of the real driving emissions boundary conditions can lead
to substantial pollutant emission increases. The objective of this study is to measure and analyze
the particulate number (PN) and nitrogen oxides (NOx) emissions of a Euro 6 PHEV for a selected
real-world driving test route in the Stuttgart metropolitan area. For this purpose, the vehicle is set
out with multiple measurement devices to monitor vehicle internal and external parameters. Particle
distribution results show an overall uniform pattern, which allows a comparative analysis of the
different test scenarios on the basis of the PN concentration. While the trip-average PN emissions are
in good agreement, transient effects during highway driving can substantially increase emissions,
whereas the fuel consumption does not necessarily increase in such situations. PN measurements
including ultrafine particles (UFP) show a significant increase in urban emissions due to higher cold
start emission peaks. Additionally, low ambient temperatures raise the uncertainty of NOx and PN
cold start emissions. With regard to future emission regulations, which claim that vehicles need to
be as clean as possible in all driving situations, PHEV emission investigations for further situations
outside of the current legislations are required.

Keywords: PHEV; emissions; RDE; real-world driving; NOx; PN; particle size distribution;
PEMS; EEPS

1. Introduction

Emissions from passenger car transport play a major role in air quality and climate
change. Various publications from recent years have shown that there are in some cases
considerable variances in emissions in dependence of external criteria such as driving cycles
or test route characteristics such as altitudes, traffic congestion and operating or outside
temperatures [1–3]. Therefore, uncertainties remain, as current emission inventories and
databases do not capture all these variances and thus do not represent the actual emissions
of all vehicles models or driving situations. This raises the importance of on-road real
driving emissions (RDE) testing with portable emissions measurement systems (PEMS)
in order to collect more accurate data for real-world driving conditions of road vehicles.
Ref [4] found within their PEMS measurement campaign that the speed-dependent COPERT
emission factors underestimate emissions of Euro 6b vehicles by overlooking acceleration
events that cause high emission peaks. Laboratory and on-road PEMS measurements of
13 conventional gasoline and diesel Euro 6b vehicles [5] indicate that even for the same fuel
type, high deviations of emissions can occur. As an example, the NOx emission factors of
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diesel vehicles vary by a factor of 50 and the gasoline direct injection (GDI) vehicles show
eight times higher NOx emissions than the port fuel injection ones.

In particular, an ecological assessment based on emission factors of plug-in hybrid
electric vehicles (PHEVs) is challenging, since various driving modes affecting operating
strategy of the vehicle have a significant influence on emissions [6]. While fuel consumption
of a PHEV is strongly correlated to the battery state of charge (SOC), pollutant emissions
such as carbon monoxide (CO) and nitrogen oxides (NOx) depend on the driving mode
and the driving situation in which the internal combustion engine (ICE) start occurs. One
influencing factor is, for example, that driving in electric mode can lead to peak CO and
NOx emissions in motorway driving situations due to cold start of ICE in relation to not
sufficient temperature of the catalyst [7]. Furthermore, vehicle tests which are performed
outside of the RDE boundary conditions indicate new emission issues by showing that
certain driving conditions can lead to substantial pollutant emission increases [8]. In terms
of particle emissions, dynamometer tests have shown that particle concentrations below
23 nm exceed the regulation limits in some situations which indicates the need to consider
sub-23 nm particle size in future emission regulations [9].

Regarding the particle measurement accuracy, [10] found that the sub-23 nm particle
number (PN) measurement differences between various PEMS devices are at the same
level as the differences between laboratory systems. Further, the repeatability of >10 nm
PN measurements is at least the same as for >23 nm measurements for both at the dilution
tunnel and at the tailpipe. The uncertainty, however, is increased by the loss of small
particles in the volatile particle remover (VPR) systems. Here, the use of catalytic strippers
(CS) has shown a high potential to measure tailpipe emissions down to 10 nm [11]. Direct,
size-resolved measurements, e.g., with an engine exhaust particle sizer (EEPS), usually
require a feasible aerosol dilution to prevent nucleation and water artifacts [12].

Still, due to the complexity of PHEV operation modes and emission test conditions,
there is a lack of representative information on emission factors of this vehicle type and
especially of data on ultrafine particles (UFP) emissions and particle characterization. In
view of an upcoming EURO 7 regulation, understanding the patterns of emission formation
gets more important, as new pollutants such as sub-23 nm particles and emissions outside
the RDE boundaries, e.g., at lower temperatures or aggressive driving, are planned to be
considered for passenger car type approval [13].

In this study, we aim at evaluating the influence of different test situations on the
formation of NOx and particle emissions in real-world driving situations of a PHEV. The
aim is to combine complementary measurement techniques in order to assess the test results
in terms of reproducibility and variability in different road types. PN is analyzed as well as
particle mass distribution. The tests are performed on a close to RDE criteria compliant
route in the city of Stuttgart and cover urban driving as well as rural and motorway sections.
As we focus on the emission formation in different driving situations and the influence of
the hybridization of the drive-train, we evaluate only tests in the hybrid and sport driving
modes that basically skip the electric driving period during charge depletion.

2. Materials and Methods
2.1. Test Route

The basis of the study is the measurement and analysis of the fuel consumption and
the tailpipe emissions of a PHEV representing real-world driving conditions in the Stuttgart
metropolitan area. Stuttgart is known for its highly congested roads and, in this context, for
air quality issues by frequently exceeding air pollutant limit values in previous years [14].
Thus, a test route is selected that includes several traffic hotspots such as the Neckarpark
Dreieck, the Hauptstätter Straße and the federal motorway A8 [15]. The selected test route
contains vehicle speed-dependent urban, rural and motorway parts and has a distance of
approx. 55 km. Figure 1 gives an overview of the test route, starting in the southwestern
area of Stuttgart (Vaihingen) with the major urban parts of the test route leading across
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the city, following by the main rural sections and ending with the motorway parts. Colors
indicate the vehicle speed ranges of the test route for one exemplary test run.

Figure 1. Overview of the selected real-world driving test route in the Stuttgart metropolitan area
(and an exemplary vehicle speed profile).

Another point to highlight is that the boundary conditions of the RDE test procedure
are considered as a baseline for the selection of the test route with the prioritization to
include the local circumstances of the Stuttgart metropolitan area. Therefore, the selected
test route is not fully RDE-compliant. Table 1 presents the characteristics of the selected
Stuttgart route in comparison to the respective RDE trip requirements.

Table 1. Comparison of the Stuttgart test route characteristics and the real driving emissions (RDE)
trip requirements.

RDE Trip Requirements Stuttgart Test Route

Urban driving distance ≥16 km 20.2–27.3 km
Rural driving distance ≥16 km 19.1–29.9 km

Motorway driving distance ≥16 km 2.7–17.5 km
Urban distance share 29–44% 35–46%
Rural distance share 23–44% 34–53%

Motorway distance share 23–44% 5–30%
Total trip duration 90–120 min 69–87 min

Average vehicle speed - 30.3–50.7 km/h
Cumulative positive elevation

gain, total <1200 m/100 km 1100 m/100 km

Cumulative positive elevation
gain, urban <1200 m/100 km 1600 m/100 km

The classification of an RDE trip into the urban, rural and motorway distance sections
is conducted according to the vehicle speed. The urban part includes distances driven with
less or equal to 60 km/h, the rural part covers distances driven with a vehicle speed of
60–90 km/h and the motorway part comprises distances driven above 90 km/h of vehicle
speed. A total number of 11 real-world driving emissions tests have been performed during
a period of approx. 20 weeks. As the boundary conditions such as weather, congestion,
roadworks, etc. vary within this period, the shares of the vehicle speed groups also differ.
Hence, Table 1 presents the ranges of the Stuttgart test route specifications for the entire test
series. The comparison shows that the Stuttgart route has a relatively high share of urban
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and rural parts, while the motorway distance share is relatively low. Additionally, the total
trip duration is below the RDE range of 90–120 min. The Stuttgart route is furthermore
characterised by an area featuring a rather variable topography with height differences of
approx. 300 m. The cumulative positive elevation gain of the entire test route is approx.
100 m below the limit of the RDE test conditions while the cumulative positive elevation
gain for the urban part of the test route is about 1600 m/100 km and therefore exceeds the
limit of 1200 m/100 km.

2.2. Vehicle and Fuel

The selected test vehicle is a Euro 6b PHEV with a 110 kW direct-injection spark
ignition engine and a 75 kW electric machine. The system power is 150 kW and the traction
battery has a capacity of 8.7 kWh, which corresponds to an electric range of 50 km in the
New European Driving Cycle (NEDC). The odometer reading at the beginning of the test
series is 12,500 km and at the end 14,500 km. The vehicle is refueled with certified E5
gasoline considering the entire test series [16].

2.3. Testing Equipment and Measurement Parameters

The emission of non-volatile PN is monitored with an on-board PEMS (MAHA-AIP
GmbH & Co. KG, Haldenwang, Germany). Before each test drive, the obligatory leak
check of the condensation particle counter (CPC) is performed in the form of a particle
zero check with the use of a high-efficiency particulate air (HEPA) filter. The zero check of
CPC systems should be at least nearly 0 #/cm3 [17]. Regarding the measurement accuracy,
the study from [10] includes a PEMS device from the same manufacturer and reveals that
the accuracy for measuring sub-23 nm PN is within ±20–40%. This is a promising level of
accuracy as the differences of the reference laboratory systems themselves can reach up to
30% (ibid.).

Additionally, an exhaust flow meter (EFM) is mounted to the vehicle hitch to measure
the exhaust mass flow, so that the emission concentrations can be converted to absolute
mass emissions. The built-in CPC of the PEMS features a cut-off diameter at 23 nm.

In addition, an EEPS (TSI Inc., Shoreview, MN, USA) is operated onboard. The EEPS
measures the particle size distribution of particles in the range 5.6–560 nm in 16 channels
at 10 Hz. The aerosol is dried with a diffusion dryer before entering the instrument. Pre-
tests show that a dilution of the aerosol is not necessary. The EEPS is calibrated by the
manufacturer before the campaign using an emery oil standard. Before each drive, the
electrometer currents are zeroed to assure low-noise conditions.

A CLD700 NOx analyser (range 0–1000 ppm) from Eco Physics AG (Duernten, Switzer-
land) is used for NOx measurements. The NOx analyzer is calibrated before each drive
using a NO2 calibration gas (single point calibration) and nitrogen gas as zero air.

The EEPS, the NOx analyser and the extra battery for the energy demand of the devices
account for an additional weight of approx. 100 kg. Further, the vehicle is equipped with a
12 V measurement system that records multiple vehicle internal, electrical, thermal fuel-side
and GPS parameters, including 17 temperatures, 8 electric currents, 5 voltages as well as
humidity, air pressure and fuel mass flow measurements. Fuel consumption is measured
using a flowtronic sensor series S8005 (Gregory Technology GmbH, Mainz, Germany),
which is an external sensor. The measuring range is between 0.1 L/h and 250 L/h and the
measuring accuracy is ±0.5%. Figure 2 gives an overview on the measurement arrangement
and the measured values.
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Figure 2. Schematic overview of the measurement arrangement.

Table 2 summarizes the used measuring systems and the respective measuring pa-
rameters, which are relevant for the subsequent data analysis and results presented in
this article.

Table 2. Overview of the relevant measuring systems and measurement parameters.

Measuring System Measurement Parameter Unit

PEMS/EEPS Particle concentration #/cm3

EFM
Exhaust mass flow g/s

Exhaust volume flow cm3/s
NOx analyzer NOx concentration ppm

Fuel mass flow sensor Fuel consumption L/h

Vehicle internal OBD
Engine speed min−1

Vehicle speed km/h

2.4. Testing Protocol

A total of 11 tests are performed, which can be grouped in 3 sections. The first one
consists of 5 consecutive testing days during summer time, driving with the hybrid mode.
The second section includes 3 tests in the sport driving mode, also during summer time.
The remaining 3 tests are performed during autumn time, in the hybrid mode, to include
lower ambient temperatures. Table 3 gives a summary of the conducted test series.

Table 3. Summary of the performed test series.

Ambient Temperature Driving Mode Number of Tests Tires Remarks

24–29 ◦C Hybrid 5 Summer
Small deviations due to roadworks19–29 ◦C Sport 3 Summer

10–14 ◦C Hybrid 3 Winter Sub-23 nm PN PEMS measurement included

Each day, one test is performed around midday. In the morning, the vehicle and the
measurement equipment are prepared. Especially the pre-testing of the PEMS and EFM
includes several calibration steps and can last up to 2 h. Each test starts with an empty
battery (SOC = 0%) and includes the cold start of the ICE. During the test, the measured
data is recorded and stored on a laptop computer. Therefore, the recorded raw data can
be processed and analyzed afterwards. Immediately after the tests the post-testing of the
equipment is conducted to ensure validity of the performed tests. When the tests and
post-testing of the instruments are completed, the vehicle is driven in the electric driving
mode until the battery SOC is at 0% again, as during the tests the battery is charged in
some situations, e.g., high load driving or due to regenerative braking events.
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3. Results and Discussion

In the following subchapters, results for fuel consumption, PN emissions and NOx
emissions are presented and discussed.

Figure 3 summarises the main measured values for an exemplary test drive.

Figure 3. Overview of the main measured values for an exemplary real-world test drive in the
Stuttgart metropolitan area.

3.1. Fuel Consumption and Electric Driving Shares

Figure 4 presents a comparison of the real-world fuel consumption of the PHEV under
investigation for the hybrid driving mode (Figure 4a) and for the sport driving mode
(Figure 4b). The boundary conditions such as ambient temperatures between the tests
conducted in hybrid driving mode and the sport driving mode tests are similar and both
test series are performed within 2 weeks. It should be noted that here the actual fuel
consumption related to the ICE is shown, which is measured by a fuel mass flow sensor (cf.
Figure 2). The energy consumption of the electric machine is not included.
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Figure 4. Influence of driving mode on the real-world fuel consumption of the studied plug-in hybrid
electric vehicle (PHEV) during summer time. (a) Hybrid driving mode; (b) Sport driving mode.

Table 4 summarizes the electric driving shares of the studied PHEV for each real-world
driving test, considering the different vehicle speed categories. The electric driving shares
are calculated as the relative distance share at which the ICE is inactivated, and no fuel
consumption is measured.

Table 4. Overview of the PHEVs electric diving shares in the real-world driving tests.

Test No. Driving Mode Electric Driving
Share, Urban [%]

Electric Driving
Share, Rural [%]

Electric Driving
Share, Motorway [%]

Electric Driving
Share, Total [%]

1 Hybrid 72 32 3 57
2 Hybrid 71 35 37 59
3 Hybrid 69 38 14 55
4 Hybrid 69 54 8 58
5 Hybrid 77 39 7 64
6 Sport 63 11 0.4 44
7 Sport 60 21 13 47
8 Sport 64 12 0 44
9 Hybrid 66 42 6 54
10 Hybrid 71 19 27 60
11 Hybrid 64 34 16 50

The comparison indicates an average fuel consumption of 4.6 L/100 km for the hybrid
driving mode and 6.2 L/100 km for the Sport driving mode concerning the total test route
(Figure 4). The fuel consumption values for the respective vehicle speed ranges are also
about 20–25% lower for the hybrid driving mode compared to the sport driving mode. This
can be explained due to the fact that when the sport driving mode is activated, the PHEV
activates the ICE more frequently and follows a more dynamic operating strategy than in
case of the hybrid mode.

Regarding the influence of the vehicle speed on fuel consumption, for both the hybrid
and the sport driving mode, the values for urban and rural vehicle speed ranges are on
a similar level, while the fuel consumption for motorway driving is considerably higher.
Especially for the urban driving parts, the vehicle indicates high electric driving shares
(Table 4) and therefore low ICE driving shares, which leads to low fuel consumption values.
For rural vehicle speed ranges, the ICE is activated more often, but fuel consumption values
are relatively low due to more constant (or less dynamic) driving patterns and low driving
resistances. At motorway vehicle speeds, the air resistance and hence the fuel consumption
rise disproportionately to the vehicle speed increase [18]. As the ICE needs to be activated
most of the time to reach the high power demand, the electric driving shares of the PHEV
are low.
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Figure 5 shows a comparison of the real-world fuel consumption of the studied PHEV
for driving in the hybrid mode in summer (Figure 5a) and driving the same mode in
autumn (Figure 5b). Besides of the ambient temperature differences, the driving tests in
autumn are conducted with winter tires, while summer tires are used for the tests during
the warm season (Table 3).

Figure 5. Seasonal influence on the real-world fuel consumption of the studied PHEV considering
hybrid driving mode. (a) Summer time; (b) autumn time.

During the summer tests, the average real-world fuel consumption is about 4.6 L/100 km
and in autumn it is 5.3 L/100 km, which corresponds to an increase of 15%.

Concerning the fuel consumption for urban vehicle speeds, the average value of the
summer tests is 4.2 L/100 km and for the autumn tests the average fuel consumption value
is 5.1 L/100 km. For rural vehicle speeds, the average fuel consumption of the summer
tests is 4.2 L/100 km and 4.6 L/100 km for the autumn tests. Average motorway fuel
consumptions are 6.5 L/100 km (summer tests) and 6.7 L/100 km (autumn tests). The
higher variance of the motorway fuel consumption in the summer tests can be explained
by the greater fluctuations of the electric driving shares for motorway driving (Table 4).
However, the average values are nearly identical. The fuel consumption increases for
driving the PHEV in autumn compared to summer are approx. 10% for rural vehicle
speeds and 3% for motorway vehicle speeds. Regarding urban vehicle speeds, the average
fuel consumption of the autumn tests is about 21% higher than in the summer tests. As
the winter tires increase the fuel consumption independently from the vehicle speed, the
authors assume that the cold start and warming-up phase of the ICE and the energy
demand of auxiliary consumers are the main influencing factors for the significant fuel
consumption increase at urban vehicle speeds.

3.2. PN Emissions

Figure 6 presents a comparison of the average, distance-related PN emission factors of
the studied PHEV for real-world driving conditions in the hybrid driving mode (Figure 6a)
and in the sport driving mode (Figure 6b). The PN emission factors base on the PEMS raw
emission data.
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Figure 6. Influence of driving mode on the real-world particulate number (PN) emissions of the
studied PHEV during summer time. (a) Hybrid driving mode; (b) Sport driving mode.

The average PN emission factors of the total test track are similar for both the hybrid
driving mode (6.25 × 1011 #/km) and the sport driving mode (6.44 × 1011 #/km), but the
variance of the hybrid driving mode values is higher than those of the sport driving mode
test results.

Concerning the PN emission factors for urban and rural vehicle speeds, the emission
values for sport mode driving are approx. 6% (urban) and 13% (rural) higher than for hybrid
mode driving. For both test series, the average emission factors for urban vehicle speeds
are higher than those for the rural speed category and the variances are also comparable.
The higher PN emissions for urban vehicle speeds relative to rural vehicle speeds—in spite
of higher electric driving shares and comparable fuel consumptions (Figure 4)—can be
associated with cold start emission peaks, which appear when the ICE is activated the
first time (Figure 3). At cold start conditions and during the warming up phase, the fuel
consumption can increase. In addition to that, the three-way catalyst (TWC) is not fully
warmed up yet during this phase, which leads to high CO and hydrocarbon (HC) emissions.
These effects can also favor particle formation. Furthermore, it is important to note that the
PHEV under study is not equipped with a gasoline particle filter (GPF).

For motorway vehicle speeds, Figure 6 shows an average emission factor of 8.6 × 1011 #/km
for the hybrid driving mode and 6.9 × 1011 #/km for the sport driving mode. Thus, PN
emissions are significantly higher (+25%) in the hybrid driving mode compared to the
sport driving mode, although lower fuel consumptions and higher electric driving shares
are observed within the hybrid driving mode tests (Figure 4 and Table 4). In order to
identify possible causes for this anomaly, Figure 7 shows a comparison of the cumulative
PN emissions over time for a test drive in the hybrid driving mode (Figure 7a) and a
test drive in the sport driving mode (Figure 7b). In addition, the differentials of the fuel
consumption are presented as an alternative indicator for the activity of the ICE as the
engine speed could not have been tracked during the tests in the sport driving mode.

During the first half of the test track, the cumulative PN emissions in the hybrid driving
mode test are marginally higher than in the sport driving mode test. In the second half of
the test track, which mainly consists of rural and motorway vehicle speed parts, the increase
in cumulative particle emissions in the hybrid driving mode test becomes much greater
than in the case of the sport driving mode test. The fuel consumption differential curve
shows that there are generally less spikes in the hybrid driving mode test which means
that the ICE is activated less frequently than in the sport driving mode test. However, the
amplitude of the fuel consumption differential spikes is significantly higher for the hybrid
driving mode (Figure 7a) than for the sport driving mode (Figure 7b). The authors assume
that the observed dynamic operation pattern of the ICE in terms of its regular activation
and deactivation causes these higher fuel consumption differentials, which in turn leads to
the strong increase in PN emissions during the rural and especially the motorway driving
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parts. In contrary, the cumulative PN emissions for driving in the sport mode show a
lower increase than in the hybrid mode, because the ICE is operated more continuously,
which avoids major particle formation, even though the average fuel consumption is higher.
Suarez-Bertoa et al. [19] show for a GPF-equipped vehicle that the PN emissions are shaped
by accelerations and the engine speed. Similarly, in case of the investigated PHEV of this
study, the differentials of the fuel consumption and therefore the engine speed are decisive
for PN formation. Furthermore, the observed PN emission increase during motorway
driving events is not related to a potential low operating temperature of the PHEV, as
in contrast to [7], the test drives are not performed in the electric driving mode. Due to
the frequent ICE operation phases in the hybrid and sport driving modes, the operating
temperature of the vehicle is sufficiently high during rural and motorway driving. This is
proven by the level of the TWC temperatures of +300 ◦C during the second half of the tests
(e.g., Figure 3). Therefore, the authors conclude that the obtained results are representative
in spite of the mentioned relatively small motorway share of the test route.

Figure 7. Comparison of the cumulative PN emissions and the fuel consumption differentials of a
test in the hybrid driving mode (a) and a test in the sport driving mode (b). Both tests are performed
during summer time.

Figure 8 shows a comparison of the average, distance-related PN emission factors
of the studied PHEV for driving in the hybrid mode in summer (Figure 8a) and driving
the same mode in autumn (Figure 8b). It should be noted that in the test series during
summer particle sizes of up to 23 nm are captured, while the test series in autumn include
the measurement of UFP with up to 10 nm diameter.

Figure 8. Influence of season and sub-23 nm particle measurement on the real-world PN emissions of
the studied PHEV considering hybrid driving mode. (a) Summer time; (b) autumn time, including
ultrafine particle (UFP) measurement.
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The average total PN emission factor of the autumn test series is 9.34 × 1011 #/km,
which is approx. 49% higher than the measured average emission factor in the summer
tests. While the differences of PN emission factors for rural and motorway vehicle speeds
are smaller (6.67 × 1011 #/km and 5.07 × 1011 #/km for rural driving and 1.00 × 1012 #/km
and 8.58 × 1011 #/km for motorway driving), the average urban PN emission factor of
the autumn tests is approx. 79% higher than in the summer tests (Figure 8). One possible
cause for this observation could be the influence of the lower ambient temperature in the
autumn test series. According to Table 3, the ambient temperature of the autumn test series
is 10–14 ◦C and 24–29 ◦C during the summer test series. Worldwide harmonized Light
vehicles Test Procedure (WLTP) tests of the same vehicle show that for the hybrid driving
mode, PN emissions are marginally higher at −7 ◦C ambient temperature compared to
23 ◦C ambient temperature and for the case of urban PN emissions, the values can be
even lower at the lower ambient temperature [20]. Considering these findings and the fact
that within the test series of this study the ambient temperature differences are actually
smaller, the authors assume that the influence of ambient temperature differences on PN
emissions can be neglected in this comparative case. Hence, the significantly higher PN
emission factors of the autumn tests are primarily associated with the UFP share, which is
particularly dominant at urban vehicle speeds.

3.3. Particle Size Distribution

The development of the particle size distribution is shaped by the non-constant opera-
tion of the engine (Figure 9). The initial emission peak is broad, ranging from <10 nm to
500 nm. Subsequent engine operation yields a high concentration of particles in the 10 nm
range. A second mode can be observed at approx. 50 nm. Since the volatile fraction of
particles was not stripped from the aerosol, the sub-23 nm fraction increases the fluctuation
in the total particle number concentration. The bimodal size distributions are in good
agreement with the results of [12] who analyzed the emissions from a light-duty gasoline
vehicle with the EEPS.

Figure 9. Development of the particle size distribution during real-drive test no. 1 (EEPS). The
concentration is given in #/cm3 and in a log-scale.

The non-volatile particle number concentration from the PEMS and the total particle
number concentration of the EEPS feature an acceptable correlation at concentrations below
1.0 × 107 #/cm3 (Figure 10). Above, the condensation particle counter switches into the
photometric mode which lowers the precision of the instrument [21]. It must be noted,
however, that the EEPS also operated at the upper concentration limit of the instrument.
A dilution of the aerosol would have been advised to prevent electrometer artifacts but
could not be realized in the mobile setup. In the present results no significant shifts were
observed which could result from the non-constant engine operation.
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Figure 10. Correlation between the particle counter of the portable emissions measurement system
(PEMS) and the engine exhaust particle sizer (EEPS) with a similar cut-off diameter of 23 nm.

Overall, a general impact of the different driving scenarios on the particle size distribu-
tion could not be observed. In particular, the motorway section shows a well-repeatable size
distribution between the different operation phases. At the beginning of the experiment,
the variation is slightly higher. This can be attributed to the warm-up of the engine.

3.4. NOx Emissions

Figure 11 shows a comparison of the average, distance-related real-world NOx emis-
sions of the studied PHEV for driving in the hybrid mode in summer (Figure 11a) and
driving the sport mode in summer (Figure 11b).

Figure 11. Influence of driving mode on the real-world nitrogen oxides (NOx) emissions of the
studied PHEV during summer time. (a) Hybrid driving mode; (b) Sport driving mode.

In total, the average NOx emission factor of the studied PHEV is about 8 mg/km for
hybrid driving and almost 6 mg/km for the sport driving mode. While the emissions for
rural and motorway vehicle speeds are similar for both driving modes and generally are
on a low level, the urban NOx emissions differ significantly. For the sport driving mode,
the average urban NOx emission factor is approx. 10 mg/km and the variance within
the tests is small (Figure 11b). The average urban NOx emissions for hybrid driving are
nearly 16 mg/km, which is 52% higher than for the sport driving mode. Furthermore, the
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variance of urban NOx emissions is considerably greater within the hybrid driving mode
tests, which ranges from approx. 10 mg/km till 24 mg/km (Figure 11a).

Figure 12 presents the average, distance-related real-world NOx emissions of the
studied PHEV for hybrid mode driving in summer (Figure 12a) and in autumn (Figure 12b).

Figure 12. Seasonal influence of driving mode on the real-world NOx emissions of the studied PHEV
considering hybrid driving mode. (a) Summer time; (b) autumn time.

The average NOx emission factor for the total Stuttgart test route is 6.5 mg/km
considering the autumn tests, which is about 18% less compared to the summer tests.
The variance of the total emissions is very similar between summer and autumn tests.
In comparison with the summer test results, NOx emissions during rural and motorway
driving are on an even lower, near zero-level in the autumn tests and thus can be neglected.
The average urban NOx emission factor of the autumn tests is approx. 14 mg/km, which is
9% lower than for the summer tests. The variance of the test results for urban driving is
also similar to the respective bandwidth of the summer test results, ranging from 7 mg/km
to 19 mg/km (Figure 12b). As the NOx emissions of the summer tests are generally higher
than within the autumn tests considering all vehicle speed classes, the authors conclude that
the lower ambient temperatures do not influence NOx emissions in this study. As already
discussed regarding the PN emissions, the ambient temperature differences between the
summer and autumn tests are small and can be neglected. In contrast, the driving mode
seems to be the main influencing factor, as especially for urban vehicle speeds the hybrid
driving mode raises the NOx emissions. Similar to PN emissions, the urban NOx emissions
are mainly determined by the emission peaks resulting from the activation of the ICE
during low TWC temperature situations (Figure 3). Besides the generally higher values of
these cold start peak NOx emissions, the greater variances of the urban emissions within
the hybrid driving mode tests and sport driving mode tests also prove that the uncertainty
regarding the height of these peak emissions increase for hybrid driving.

3.5. Conformity Factors

The conformity factor (CF) of 1.0 represents the Euro 6 legal emission limit for vehicle
type approval and first registration, which is 6.0 × 1011 #/km for PN emissions and
60 mg/km for NOx emissions regarding vehicles with SI engines. As these values shall
apply for laboratory conditions, respectively, the WLTP margins for PN and NOx are
introduced to consider the measurement uncertainties of the PEMS for (mobile) RDE tests.
Indeed, this study does not evaluate valid RDE tests, but a real-world driving scenario.
However, it must be noted that most of the RDE trip requirements are fulfilled by the
Stuttgart test route (Table 1).

For PN, the current margin value is 50%, which equals a CF of 1.5 or 9.0 × 1011 #/km [22].
For NOx, the PEMS measurement uncertainty is recently quantified by a margin of 43% [23],
corresponding to a CF of 1.43 or approx. 86 mg/km.
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Figure 13 presents the CFs for the PN emissions of each performed real-world driving
test with the PHEV under investigation, taking also the different driving situations (urban,
rural, motorway vehicle speeds) into account.

Figure 13. Conformity factors (CFs) for PN emissions of the performed real-world driving tests with
the studied PHEV.

For the total real-world driving test route, the tests no. 10 and 11 exceed the CF of
1.5 (both tests show CFs of approx. 1.7), while the other tests show CFs between 0.9 and
1.2, partially even achieving the laboratory limit value. It must be noted that the tests
no. 9–11 represent sub-23 nm PN emission measurements, and that the current Euro 6
legislation including the RDE margins only consider PN emissions up to 23 nm, but not
below. Additionally, as the investigated PHEV is not equipped with a GPF, the UFP fraction
might increase significantly. This is furthermore indicated by the sharp increase in PN
emissions for urban vehicle speeds considering these tests (CFs between 1.5 and 2.3), which
could indicate a significant UFP share in cold start emissions. In the first 8 tests, the urban
PN emissions are within the not-to-exceed limit of 1.5. For rural driving conditions, all tests
reveal CFs below 1.5 and the majority is even below the laboratory limit value. For the tests
no. 1, 3, 10 and 11 the CFs for motorway driving exceed the limit of 1.5. On the one hand,
this again highlights that the hybrid driving mode can increase PN emissions significantly
at motorway vehicle speeds (Section 3.2). On the other hand, considering tests no. 1 and 3,
it shows that this increase is not immediately related to the UFP fraction.

Figure 14 gives an overview of the NOx CFs of each performed real-world driving test
with the PHEV under investigation for the different vehicle speed categories.
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Figure 14. CFs for NOx emissions of the performed real-world driving tests with the studied PHEV.

Even though the current NOx CF for RDE tests is set to 1.43, the y-axis in Figure 14
only ranges to CF 1.0, as in all performed real-world driving tests, the NOx CFs are below
0.4. Regarding the total test route, the NOx emissions are at least 5-times lower than the
laboratory limit value. Section 3.4 shows that the main part of NOx emissions is related
to the initial emission peak from the first activation of the ICE, which is also indicated by
the relatively high urban CFs (Figure 14). In comparison, the CFs for rural and motorway
driving are below 0.1, partly on a near-zero level. Even if high relative differences are
observed within the NOx CFs, compared to the Euro 6 and the not-to-exceed limits, the NOx
emissions are generally on a low absolute level, considering all tests and driving situations.

4. Conclusions

A Euro 6 PHEV is investigated on PN and NOx emissions in multiple test drives with
variations in ambient conditions and driving mode on a defined real-world driving test
route in the city of Stuttgart. Within each test series, the average fuel consumption and
emission factors per driving situation show a good level of reproducibility. This observation
is of high relevance since the user’s charge and driving behavior may impact the operation
frequency of the combustion engine and, thus, the emission from the vehicle. Therefore,
an analysis based on these quantities is reasonable in order to identify the main causes of
emission formation for the different PHEV test conditions.

Across all performed tests the real-world NOx emissions of the PHEV are mainly
shaped by the cold start emission peak from the first activation of the ICE. The trip-average
NOx emission factors are on a negligible level though.

With regard to the particle emissions during a specific test run, the phases of non-
constant ICE operation and higher electric driving shares might cause a higher release of
UFP due to the reoccurring start phases of the ICE. This was not observed in the present
case. Neither the initial peak particle number concentration at the different start phases of
the combustion engine nor the particle size distributions show significant deviations to the
ICE-dominant operation phases. Therefore, the intermediate shut-down of the combustion
engine during the urban part of the trip is a gain with regard to the release of particles
into the nearby environment. Since the combustion engine operation phases mainly occur
during motorway drives (high power required), the use of PHEVs can reduce the impact of
road transport on the local air quality in cities.
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However, hybrid mode driving in motorway situations seems to be critical, as the
average PN emissions can be higher than driving more ICE-dominant, exceeding the current
Euro 6 CFs in some cases. This highlights the complexity of an ecological assessment of
PHEVs as higher electric driving shares and lower fuel consumptions do not necessarily
lead to decreasing all pollutant emissions. Furthermore, the UFP share can contribute
to a 50% increase in cold start PN emissions, also not meeting the current Euro 6 not-to-
exceed limits for the urban test parts. This finding needs to be confirmed by other studies,
as there are remaining uncertainties regarding the PEMS CPC measurement precision.
Further studies with real-world driving tests of modern GPF equipped PHEVs are required
to prove if the particle filter efficiently reduces the particle release in the highlighted
(motorway and cold start) driving situations. Moreover, future studies should further focus
on measuring PN emissions of PHEVs especially including UFP measurements in a wider
range of ambient temperatures and real-world driving situations outside of the current
RDE legislation.
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