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Environmental significance

On-road emissions of Euro 6d-TEMP passenger
cars on Alpine routes during the winter period+

Ricardo Suarez-Bertoa, & *? Victor Valverde,? Jelica Pavlovic,® Michaél Clairotte,?
Tommaso Selleri, 2 Vicente Franco,” Zlatko Kregar® and Covadonga Astorga*?

The transport sector is an important source of air pollution. Seasonal studies have shown that, in some
urban areas, pollution episodes often take place during the cold season. This study investigates how sub-
zero ambient temperatures (between —8 °C and —1 °C) and high altitudes (from 1300 to 2000 m above
sea level) impact the on-road emissions of NOx, CO, PN and CO, from three Euro 6d-TEMP certified
vehicles—one diesel, one gasoline and one plug-in hybrid gasoline—electric vehicle (PHEV). In
comparison to tests performed at moderate altitude and ambient temperatures, CO, NOx and PN
emissions increased under sub-zero temperature, high-altitude conditions for all three vehicles tested. In
particular, cold-start emissions from all tested vehicles substantially increase as temperature decreased.
Nevertheless, the emissions of NOx and PN met the Euro 6d-TEMP on-road emission requirements of
the Real Driving Emissions (RDE) test procedure. CO emissions from the diesel and the gasoline vehicles
were low. The PHEV had consistently low NOx emissions (ranging from 4 to 33 mg km™1), but emissions
of CO (1010-1849 mg km™%) and PN (3.5 x 10* to 1.0 x 10*2 # per km) were high in some cases. Our
results add to the body of evidence indicating that, following the introduction of the RDE in the EU,
more efficient emission control technologies are being used to reduce the emissions of NOx and PN—
the pollutants covered by this test procedure—particularly NOx from diesel vehicles. However, the
emissions of PN from the two gasoline vehicles were high (>1 x 10 # per km) under certain
experimental conditions. This result is a reason for concern, because PN emissions from vehicles using
the fuel injection technology (PFI, port fuel injection) investigated in this study are not limited by the
current Euro 6 regulation. This underlines the need for technology- and fuel-neutral approaches to
vehicle emission standards, whereby all vehicles must comply with the same emission limits for the same
pollutants regardless of the technologies or fuels employed.

Recent seasonal studies have shown that, in some urban areas, a series of air pollutants often related to the transport sector (NOx, NH;, CO and particulate
matter (PM)) reach their highest levels in the cold season. At the same time, laboratory studies have shown that emissions from vehicles increase at cold ambient

temperatures. The present study shows that even though cold ambient temperatures negatively impact the emissions from modern gasoline, diesel and plug-in

hybrid vehicles, these can meet current emission criteria during real-world operation in the winter season. Moreover, the study shows that the emissions of
certain pollutants not regulated by the Euro 6 standard (solid particle number from port-fuel injection vehicles and CO emissions during on-road testing) can be

very high in some cases.

1. Introduction

seasonal studies have shown that, in some urban areas, the
highest levels of NOx, NH;, CO and particulate matter (PM)
occur in the cold season.>® The transport sector is a main source

Air pollution is a major environmental health burden world-
wide, resulting in large economic and environmental impacts.*
Intense episodes of urban pollution have been clearly associ-
ated with the winter season in several studies.>* Recent
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of NOx, CO, volatile organic compounds (VOCs), primary aero-
sols and secondary aerosol precursors in urban areas.”” " These
pollutants play key roles in the formation of tropospheric ozone
(03) and secondary aerosols that impair air quality. As a conse-
quence, urban PM composition and in general air quality are
strongly influenced by vehicle exhaust emissions.>*>** Vehicles
contribute to both the organic and inorganic fraction of the PM
via: (i) primary PM emissions and (ii) emissions of precursors of
secondary organic aerosols (SOA) and secondary inorganic
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aerosols, such as VOCs, NOx or NH;.”*'*** The tailpipe emis-
sions of these pollutants increase when vehicles are driven at
sub-zero temperatures'>™® as well as at high altitude.

The real-driving emissions (RDE) test procedure is an on-
road emissions test that is applicable to light-duty vehicles type
approvals in the EU [EU 2018/1832].* This on-road, real-world
test is being used as a model by other regions such as China or
India.**** The RDE test procedure accounts for a large variety of
real-world driving situations and intends to cover most of the
driving situations in Europe, including ambient temperature
and altitude profiles. Nonetheless, the RDE procedure excludes
some driving situations by setting boundary conditions [EU
2018/1832]. These boundary conditions relate to test duration,
ambient temperature, altitude, dynamic driving, positive
elevation gain (a measure of uphill driving) and the share of
operation by speed ranges (urban/rural/motorway speeds),
among others. The measurements may be done at ambient
temperatures as low as —2 °C for vehicles type-approved as
early-stage Euro 6d-TEMP vehicles, and down to —7 °C for new
passenger car types type-approved after January 2020. Table 1
contains a non-exhaustive list of these requirements and
boundary conditions for a test to be RDE-compliant.

The RDE regulation and testing protocol—which was devel-
oped across four regulatory packages [EU 2016/427 and EU
2016/646 (both consolidated in EU 2017/1151); EU 2017/1154
and EU 2018/1832]**2**” and a non-binding guidance docu-
ment*® introduced “not-to-exceed” (NTE) limits in the type-
approval of new vehicles in the EU.} The NTE limits refer to the
emissions of NOx, and particle number (PN) for all passenger
cars and light-commercial vehicles with the exception of PN
from non-direct injection gasoline vehicles (i.e., port fuel
injection - PFI).

The scope of the present work is to investigate how sub-zero
ambient temperatures and high altitudes impact the on-road
emissions of NOx, CO, PN and CO, from three vehicles type-
approved under the RDE regulation (all three vehicles type-
approved as Euro 6d-TEMP), one diesel, one gasoline and one
plug-in hybrid gasoline. To this aim, the overall on-road emis-
sions of the three Euro 6d-TEMP vehicles were comprehensively
studied by investigating the combined impact of altitude and
temperature on cold-start emissions and their impact on
different on-road sections compared to controlled laboratory
testing. To do this, all vehicles were tested with a Portable
Emissions Measurement System (PEMS) in the Italian Alps
during the winter season. Tests were performed along routes
not fulfilling the boundary conditions of the RDE procedure
described in the Experimental section and then compared to
those obtained during ‘baseline’ tests performed in full
compliance with the fourth package of the RDE regulation [EU
2018/1832]. Emissions during the urban section of the on-road
tests, as well as after cold engine start, were also evaluated due
to their particular relevance to urban air quality. Finally, the

20-22

1 During RDE phasing-in (2017-2019) a temporary conformity factor of 2.1 for
NOx tailpipe emissions may apply upon the request of the manufacturer.
Vehicles type-approved under this requirement fall under the Euro 6d-TEMP
standard.
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vehicles were also tested under controlled conditions at the
emissions testing laboratory using the Worldwide Harmonised
Light-duty Vehicle Test Procedure (WLTP) at —7 °C and 23 °C.

The results reported in this paper support the development
of road transport emission inventory models such as COPERT.>
Our work also provides values for real-world emissions of
pollutants that are not covered by the RDE test procedure
currently in force (RDE does not set CO emission limits for any
vehicle, nor does the Euro 6 regulation for PN emission limits
from non-direct injection gasoline vehicles). Moreover, it pres-
ents the first results of vehicles type-approved on-road under
the RDE procedure (Euro 6d-TEMP) investigated at sub-zero
temperatures and high altitude in real-world driving situations.
This offers new information on the emission characteristics of
new vehicle types, and provides insights into the emission
performance levels that can be expected from them, also under
challenging driving situations beyond RDE boundary
conditions.

2. Experimental

Emissions of NOx, CO, PN and CO, from one gasoline, one
diesel and one gasoline PHEV (vehicle codes GV, DV and PHEV,
respectively) were comprehensively studied under different
driving conditions on-road and at the Vehicle Emission Labo-
ratory (VELA) of the European Commission Joint Research
Centre (JRC) Ispra, Italy. Both gasoline vehicles (GV and PHEV)
used port fuel injection (PFI) engines and a three-way catalyst
(TWC) as aftertreatment technology. The PHEV was also
equipped with an exhaust gas recirculation (EGR) system. The
diesel vehicle (DV) was equipped with an EGR, a diesel oxida-
tion catalyst (DOC), a diesel particulate filter (DPF) and a selec-
tive catalytic reduction (SCR) system (see Table 2 for main
characteristics).

The vehicles were tested by qualified technical staff of the
JRC during the 2018 and 2019 winter season. The tests per-
formed for each vehicle included: (i) two RDE-compliant routes
(hereinafter RDE1 and RDE2), which act as a baseline, (ii) one
route that is close to the maximum altitude boundary of the
RDE (1300 meters above sea level) and for which the tests were
performed starting at —5 °C and —4 °C (i.e., below the minimum
temperature of —2 °C set for Euro 6d-TEMP; hereinafter
Alpine1) and (iii) one route that does not fulfill RDE boundary
conditions in terms of maximum altitude (>2000 m.a.s.l.),
cumulative positive altitude gain (>1200 m/100 km; 698 m of
positive gain over the first 9.2 km; see Fig. 1), and for which
minimum test temperatures were between —8 °C and —1 °C
(hereinafter Alpine2 (extra)). Table 3 summarizes the main
features of the routes used and Table S1 of the ESIT summarizes
the number of test repetitions for each route and vehicle. Fig. 1
illustrates the altitude profile of the different routes.

The measurement of the instantaneous on-road emissions of
NOx, CO, PN and CO, was performed using a PEMS. Vehicles
were tested using an AVL MOVE system (AVL, Graz, Austria —
model 2016). The PEMS used consists of a tailpipe attachment,
heated exhaust sampling lines, an exhaust flow meter (EFM),
exhaust gas analyzers, a data logger connected to the vehicle

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Non-exhaustive list of the requirements and boundary conditions for a test to be RDE compliant

Altitude

Ambient temperature

Moderate conditions
Extended conditions
Moderate conditions
Extended conditions

0-700 m.a.s.l.
700-1300 m.a.s.l.
0-30 °C

—7-0 °C and 30-35 °C

Cumulative positive altitude gain
Altitude difference between start and finish
Dynamics

Lower limits

Maximum speed
Payload

Stop percentage
Speed

Distance

Trip composition

Total trip duration
Use of auxiliary systems

Table 2 Vehicle specifications®

Code GV DV PHEV

Make Citroén Peugeot Mitsubishi

Model C3 308 Outlander

Fuel Gasoline Diesel Gasoline

Injection PFI DI PFI

Emission control TWC DOC + EGR + DPF + TWC + EGR

system SCR

Registration 2018 2018 2018

Mileage (km) 939 9680 541

Euro standard Euro 6d- Euro 6d-TEMP Euro 6d-
TEMP TEMP

Engine capacity (cm?) 1199 1499 2360

ICE power (kW) 61 96 99

4 PFI (port fuel injection); DI (direct injection); TWC (three-way catalyst);
DOC (diesel oxidation catalyst); EGR (exhaust gas recirculation); DPF
(diesel particulate filter); SCR (selective catalyst reduction system); ICE
(internal combustion engine).

engine control unit, a GPS and a weather station for ambient
temperature and humidity measurements. The system
measures exhaust gas concentrations of CO and CO, by a non-
dispersive infrared sensor, and NOx by a non-dispersive ultra-
violet sensor. Emissions of solid particle number (PN) with
a particle diameter cut-off of 23 nm were measured by means of
the diffusion charger principle. The EFM uses a pitot tube to
estimate the exhaust mass flow rate. All relevant emissions data
were recorded at a frequency of 1 Hz. The gases and PN

© 2021 The Author(s). Published by the Royal Society of Chemistry

Upper limits

Average urban speed

1200 m every 100 km

<100 m

95" percentile of the multiplication of the
instant speed and positive acceleration signals
as defined in Appendix 7a, Section 4 of RDE 4
Relates to the relative positive acceleration as
defined in Appendix 7a, Section 4 of RDE 4

145 km h™" (up to 160 km h™" for <3% of
motorway driving time)

Maximum 90% of the maximum vehicle weight
(including the mass of the driver and
measurement equipment)

Between 6% and 30% of the urban driving time
15-40 km h™!

Above 100 km h™" for at least 5 minutes

Urban >16 km; rural >16 km; motorway >16 km
Urban 29-44% of the total distance; rural 23-
43% of the total distance; motorway 23-43% of
the total distance

90-120 minutes

Operated as in real life use (air conditioning,
etc.)

analyzers were all kept inside the vehicles and connected to the
mains during the soaking period.

Duplicate tests were performed with vehicles DV and GV in
the test cell at 23 °C and —7 °C applying the WLTP. The vehicle
PHEV was tested once at each temperature - see Table S1 of the
ESI.1 The laboratory tests were performed in a climatic test cell
with controlled temperature and relative humidity to simulate
ambient conditions, equipped with a chassis dynamometer
designed for two and four-wheel drive light-duty vehicles.
Gaseous emissions were measured using non-dispersive
infrared (for CO/CO,), a chemiluminescence detector (for NOx)
and a heated (191 °C) flame ionization detector (FID; for THC).
A solid particle number measurement system (AVL APC 489),
with a particle diameter cut-off (d5g9,) of 23 nm, compliant with
the light-duty vehicles Regulation 83 (ref. 30) was used at the
CVS to measure PN emissions. Emission factors were calcu-
lated as described in the WLTP regulation [EU 2017/1151]
without the application of regeneration factors, RCB and ATCT
corrections. For vehicle PHEV, utility factor weighted emission
factors are provided. These are calculated as indicated in the
WLTP for plug-in hybrid-electric vehicles (also referred to as
off-vehicle charging hybrid electric vehicles or OVC-HEV), and
include weighed emissions considering the test where the
battery is fully charged (charge-depleting mode) and the
emissions of the cold-start test performed with the depleted
battery (charge-sustaining mode). For more details, see Global
Technical Regulation (GTR) No. 15 (ref. 31) and Suarez-Bertoa
et al.>

The on-road emission factors reported in this paper were
calculated by integrating the total mass emissions measured

Environ. Sci.. Atmos., 2021, 1,125-139 | 127
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Fig.1 Altitude profiles of the tested routes: route Alpinel (top-left), route Alpine2 (extra) (top-right), route RDE-1 (bottom-left), and route RDE-2

(bottom-right).

Table 3 Trips characteristics. Bold indicates that the value is outside
RDE boundary conditions

Alpine2
RDE1 RDE2 Alpinel (extra)

Trip distance (km) 79 94 87 84
Average trip duration (min) 94 112 108 91
Average urban distance (km) 31 37 36 36
Average rural distance (km) 25 27 24 22
Average motorway distance (km) 23 30 27 25
Urban average speed (km h™") 29 29 29 37
Cumulative positive gain (m/100 760 820 1015 1687
km)
Max trip altitude (m.a.s.l.) 300 415 1380 2040
Coolant T (°C)att=0s DV 23 23 —2&4 0&3
GV 13 13 —1&3 -2&4
PHEV 8 — 4 6

during the test and dividing the obtained value by the driven
distance, as estimated from the GPS velocity signal. These are
the so-called ‘raw’ emissions factors (without using the
weighting function based on CO, emissions as introduced by
the fourth package of the RDE regulation) [EU 2018/1832;
Annex VI] and without applying the 1.6 correction coefficient
for extended conditions. The urban emission factors during
the on-road tests correspond to the emissions during the
urban section as defined in Annex IIIA of the RDE regulation
(i.e., when vehicle speed <60 km h™"). The urban emission
factors from the WLTP test are those measured during the low
phase (phase 1) of the worldwide light duty test cycle-WLTC,
which covers the first 3.1 km of the cycle. The emission factors
of the so-called “cold-start” were calculated considering the
emissions from the first 300 seconds following the first time
the internal combustion engine (ICE) ignites, divided by the
distance driven in that period. This approach was used for the
on-road and the laboratory tests. In the RDE regulation the

128 | Environ. Sci.: Atmos., 2021, 1, 125-139

cold-start is considered to finish when the coolant tempera-
ture reaches 70 °C, or 300 s after the first ignition of the ICE,
whichever comes first. In our tests, the elapsed time condition
was always met first.

During the Alpine test campaign, the vehicles were soaked at
a temperature that ranged from —8 °C to —1 °C for 8-12 hours.
Nonetheless, the coolant temperatures of the vehicles at the
moment the test started ranged from —2 °C to 6 °C (Table 3).
The initial coolant temperature of the vehicles during WLTP
tests was equal to the test cell set temperature, i.e., 23 °C or —7
°C. During the RDE-compliant tests vehicles DV, GV and PHEV
were soaked for 14-17 hours. For these tests, DV was soaked at
23 °C, and GV and PHEV were soaked at 13 °C and 8 °C.

Vehicles DV and GV were tested with the air heating system
activated along all routes. The vehicle PHEV was tested along
the routes Alpinel and Alpine2 (extra) with the air heating
system enabled and disabled (set in automatic mode at 21 °C
when on; hereinafter, Heat-ON and Heat-OFF, respectively) and
using two different initial battery states of charge (SOCs), 100%
and depleted battery or battery under charge sustaining
conditions (hereinafter SOC-min). Studying the vehicle in
different modes allowed us to explore how it managed the use of
the ICE and the electric motors under these ambient and road
conditions and the resulting effect on emissions. For the PHEV,
only the RDE1 route was driven (for testing configurations see
Table S1 of the ESIT).

The exhaust flow meter experienced an offset during the test
on the Alpine1 route using the SOC-min and Heat-OFF setup of
the PHEV. In order to have a rough estimation of the emission
factors, the shift was corrected by a constant multiplicative
factor of 3.7 (see Fig. S1 of the ESIt). This offset correction was
obtained by comparison with the test Alpinel route using the
SOC-min and Heat-ON setup. During the motorway operation,
when the ICE is used, the two tests should provide similar
exhaust flow. This is also reflected for the tests performed on
the same route with SOC 100% (see Fig. S1 of the ESIt).

© 2021 The Author(s). Published by the Royal Society of Chemistry
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3. Results and discussion

Fig. 2, 3 and Table S2 of the ESIT summarize NOx, PN, CO and
CO, emission factors from the three vehicles. They include the
results obtained for the complete tests, the urban section and
the cold-start of the tests performed using the four different
routes and during the WLTP at 23 and —7 °C. The PHEV's
emission factors correspond to tests at 100% battery SOC and
with the heating system enabled (Heat-ON). Fig. 4 illustrates the
emissions of NOx, PN and CO from all three vehicles during the
on-road tests (Alpine1, Alpine2 (extra) and RDE). The emission
factors are presented for the entire on-road tests (total) and
their sub-sections (i.e., urban, rural and motorway sections) as
a function of their corresponding average speed (see also Table
S3 of the ESIY).

Due to the uncontrolled nature of some of its elements, RDE
testing is non-replicable. Even when vehicles are tested on the
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Fig. 2 Emission factors of NOx, PN, CO and CO, from DV (blue), GV
(orange) and PHEV (green) during the entire routes Alpinel, Alpine2
(extra) and RDE as well as during the laboratory tests over the WLTP at
23 °C and —7 °C. The PHEV's emission factors correspond to tests at
100% SOC with the air heating system on.
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same route, testing conditions (including but not limited to
traffic, temperature, and driving dynamics) may be different.
These different testing conditions may result in different
emissions. Hence, RDE tests are not meant for direct compar-
isons, but rather to ensure that pollutant emissions are well
controlled under a broad range of driving conditions. The
discussion on on-road CO, emissions presented here is there-
fore of qualitative nature and corresponds to conditions well
beyond the boundaries of the type-approval WLTP test.

3.1. Emissions from the Euro 6d-TEMP diesel vehicle (DV)

Emissions of CO, NOx and PN from the DV were higher at colder
temperatures during both laboratory and on-road tests (Fig. 2
and Table S2 of the ESIf) than at 23 °C or under moderate
ambient conditions. NOx raw emissions during every single on-
road test were always below the Euro 6d-TEMP on-road emis-
sion requirement (80 mg km ™" x 2.1 conformity factor), for the
complete tests and the urban sections (with the exception of the
NOx urban emission factor, 178 mg km ™', during one of the two
Alpine2 (extra) tests performed). The highest NOx emissions
factors on the road (113 + 4 mg km ™, expressed as the average
of recorded values + standard deviation of two tests) were ob-
tained during the Alpine2 test (extra), which was the most
demanding test in terms of road grade, altitude and cold
ambient temperature. From Fig. S2 of the ESI,{ it is evident how
most of the NOx emissions were produced after the initial climb
and after cold start, possibly due to the effect of the long period
of downhill driving at low ambient temperatures which might
have hindered the proper function of the SCR unit. However,
the highest NOx emissions factor resulted from the Low-T
WLTP (Fig. 3), which, under these controlled conditions was
~3.6 times higher than that at 23 °C. When analyzed together,
these two elements suggest that: (i) cold ambient temperature
has a strong negative impact on NOx emissions from diesel
vehicles; (ii) the distance of the test plays an important role
when calculating emission factors (mass/distance units),
particularly if the pollutants are mainly emitted during cold-
start.

Grange et al.** have recently shown, using remote sensing
techniques, that light-duty diesel NOx emissions are highly
dependent on ambient temperature with low temperatures
resulting in higher NOx emissions. In particular, for pre-RDE
Euro 6 vehicles they indicated that LNT equipped vehicles
have a stronger temperature dependence than SCR equipped
vehicles. The study anticipated that manufacturers would
have to implement SCR technology to ensure compliance with
the European NOx emission limits during real driving emis-
sion (RDE) tests. Recent laboratory studies'*'”*> reported
a systematic increase of NOx emissions from Euro 6b diesel
vehicles equipped with SCR systems, when tested at —7 °C
compared to 23 °C under the WLTP (from 150-609 mg km ™" at
23 °C to 390-1417 mg km ™" at —7 °C). The higher NOx emis-
sions were explained by lower EGR operation and lower SCR
efficiency at —7 °C compared to 23 °C. Vehicle DV (Euro 6d-
TEMP) emitted 65 + 2 mg km ™" at 23 °C and 233 + 19 mg
km™ ' at —7 °C, which indicates a substantial improvement

Environ. Sci.. Atmos., 2021, 1, 125-139 | 129
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laboratory (WLTP) tests (yellow bars), the urban section of the on-road tests and the phase 1 of the WLTP (violet bars) and the cold-start (grey

bars).

compared to the Euro 6b (pre-RDE) diesel vehicles tested in
previous studies.

NOx emissions from the DV during the Alpine tests (72 + 1
mg km " for Alpine1 and 113 + 4 mg km ™" for the route Alpine2
(extra)) were up to two times higher than those measured during
the RDE-compliant route tests (51 & 29 mg km™") performed at
24 °C. In absolute numbers, the increase in NOx emissions from
the DV is lower than that reported by Wang et al.** for a series of
tests performed with a China IV diesel vehicles at different
altitudes but similar ambient temperature (~580 mg km ™" at 30
m.a.s.l., ~740 mg km™" at 1330 m.a.s.l. and ~760 mg km ™" at
1910 m.a.s.l.). The rise of NOx emissions under these ambient
conditions could be related to the operation of the exhaust gas
recirculation (EGR) valve. The vehicle's engine control unit
(ECU) could close the EGR valve to maintain the combustion
process when pressure gets lower at higher altitudes, or when
temperature decreases below zero.*® This would lead to the
formation of NOx. It could also be related to the increased time
needed by the SCR to reach the optimal operating tempera-
ture,* to the difficulty of maintaining a suitable operative
temperature under cold ambient conditions or to the cumula-
tive altitude over the urban phase of the Alpine2 (extra) trip
compared to Alpinel and RDE tests. From the inspection of
Fig. S2 of the ESLf{ it seems that cold-start emissions are
comparable in the three cases, suggesting that the latter
hypothesis might be more reasonable.

While urban NOx emission accounted for 54-63% (Fig. 5) of
the total emissions ranging from 67 + 45 mg km ™" on the RDE-
routes to 169 + 14 mg km™" on the Alpine2 route (extra)

130 | Environ. Sci.: Atmos., 2021, 1, 125-139

(Fig. 4a), motorway NOx emissions were comparable for all the
tests performed on the road (see Table S3 of the ESIt). This
suggests that once the SCR system reaches its operating
temperature and the vehicle is driven at higher loads NOx
emissions are controlled independently of the ambient
temperature and altitude.

Cold-start emission factors are an important indicator of
the contribution of passenger car emissions to the urban
areas.”® They have recently been considered to have become
one of the main sources of pollutants on Euro 6d-TEMP cars.*®
Hence, using cold-start emission factors in urban air quality
models may be more representative of the real contribution of
the passenger car sector in cities. Using the time condition to
define cold-start (300 seconds) described in the RDE regula-
tion, our cold-start period was ~2-3 km for most of the tests
performed (see Table S2 of the ESIT). Although cold-start NOx
emissions only accounted for 8-15% of the total NOx emis-
sions of the on-road tests, cold-start NOx emission factors are
higher than NOx emission factors for the urban section and
the whole test (see Fig. 5 and Table S2 of the ESIT). Cold-start
NOx emissions from the Alpinel route were 1.6 times higher
than those from RDE-routes (323 + 15 mg km™'). However,
during the Alpine2 test (extra) (performed at —7 °C and with
a high positive road grade) they were comparable (within
uncertainties) to those measured on the RDE-routes (per-
formed at 24 °C and with little positive road grade). The high
positive road grade of the Alpine2 route (extra) may have hel-
ped warming up faster the aftertreament system, improving its
NOx control efficiency.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Emission factors of (a) NOx, (b) PN and (c) CO from DV
(triangles), GV (circles) and PHEV (squares) as a function of vehicle
average speed on the entire Alpinel (grey), Alpine2 (extra) (blue) and
RDE routes (yellow). The emission factors are presented for the entire
tests (combined) and their sub-sections (urban, rural and motorway).
The PHEV's emission factors correspond to tests at 100% SOC with the
air heating system on. For illustrative purposes, red lines indicate Euro
6 regulatory limits; grey lines indicate Euro 6d-TEMP NTE limits (only
applicable for NOx and PN results from urban and complete phases
over the RDE compliant test and calculated according to the RDE4
regulation); dashed lines apply to gasoline vehicles; dotted lines apply
to diesel vehicles; solid lines are only used for PN and apply to both
diesel and direct injection gasoline vehicles.
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Although cold temperature and high altitude negatively
affected NOx emissions during the complete on-road tests and
their urban section, they did not seem to have a strong impact
on the cold-start NOx emissions of vehicle DV for the tests
where the initial coolant temperature was between 0 °C and 23
°C. However, during the WLTP tests where it was at —7 °C, also
for the on-road test performed along Alpinel with the initial
coolant temperature at —2 °C, the NOx emissions were strongly
affected and presented the highest values measured for this
vehicle (see Fig. 6 and Table S2 of the ESIt). Hence, the colder
the vehicle and its components (engine and after-treatment
systems) are, the higher the NOx emissions.

PN emissions from vehicle DV were higher during the cold
ambient and high altitude tests than during the other tests
performed. Nonetheless, they were relatively low, and consis-
tently below the NTE and even the Euro 6 regulatory limit of 6 x
10" # per km, during all the tests performed, which demon-
strates a sufficiently good performance of the DPF. PN emission
factors ranged from 1 x 10" # per km on the RDE compliant
routes to 2 x 10'" # per km on the Alpinel route. PN emission
factors were slightly elevated during the urban sections and
cold-start (up to 5 x 10" # per km). PN emissions at cold-start
were also below 6 x 10" # per km showing good control of the
emissions by the DPF. It should be noted that there was no DPF
regeneration recorded during the performed tests.

Compared to its laboratory regulatory limit (Euro 6 limit for
light-duty diesel vehicles over the WLTP at 23 °C is 500 mg
km 1), CO emissions measured from vehicle DV were relatively
low during all the on-road tests and the WLTP at 23 °C. The
highest CO emissions during the complete tests were measured
during the WLTP at —7 °C (318 + 61 mg km™"). The urban
section accounted for the largest part of the CO emissions (60-
80%). CO emission factors ranged from 74 + 74 mg km " (RDE-
routes) to 1428 + 630 mg km™' (WLTP at —7 °C). Emission
factors for cold-start were also substantially higher than urban
emission factors for the on-road tests, ranging from 497 + 304
mg km™" (RDE-routes) to 789 & 334 mg km ™" (Alpinel route).
The CO emissions of the vehicle DV during the Alpinel and
Alpine2 (extra) tests were in line with those reported for Euro 6b
diesel vehicles tested at —7 °C over the WLTP*7** but five times
lower than those reported by Weber et al. at the same temper-
ature over the NEDC.*?

Although Wang et al.*® reported higher emissions of CO and
PN at higher altitudes for a China IV-certified diesel vehicle
tested on-road from 30 to 2990 m.a.s.l., those measured for the
DV were low and comparable under both conditions. This is in
line with previous studies that have shown that PN and CO
emissions from modern diesel vehicles are only slightly affected
by cold ambient temperatures.*”*>

Average CO, emissions from vehicle DV at cold ambient
temperatures and high altitude during the Alpine1l test (134 £+ 1
g km™") were comparable with those obtained from the RDE
tests performed at 23 °C (134 g km ") and ~7% higher relative
to 23 °C WLTP test emissions (125 + 5 g km™'). Average CO,
emissions were 7% higher on the more demanding Alpine2
(extra) route. CO, emissions from the urban section of on-road
trips were 5%, 10%, and 3% lower for the RDE, Alpine1, and
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—7 °C. NOx emission profiles are presented with orange lines and the speed profiles with black lines.
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Alpine2 routes, respectively, compared to the WLTP (low speed
phase) 23 °C test results. The reason for the higher urban CO,
emissions from the WLTP could be the much shorter distance
driven in the low speed phase of the WLTP (10 times lower)
compared to the distance driven on-road under urban condi-
tions, and hence a higher impact of the cold-start CO, emis-
sions on WLTP test results. When only cold-start CO, emissions
are isolated (first 300 seconds of the trips), the CO, emissions of
the on-road trips were 52%, 64%, and 150% higher for the RDE,
Alpinel, and Alpine2 routes, respectively, compared to the
WLTP 23 °C test, and 13%, 22%, and 86%, respectively,
compared to the WLTP —7 °C test results, underlining the very
challenging start of the Alpine2 route.

3.2. Emissions from the Euro 6d-TEMP gasoline vehicle (GV)

NOx emissions from the GV were below the Euro 6d-TEMP on-
road requirements during the RDE tests. These emissions were
overall higher during the tests performed at sub-zero tempera-
tures than at those performed above 0 °C, especially on the
Alpine routes, performed between —8 and —5 °C (Fig. 2).§

Higher NOx emissions at colder ambient temperatures in
gasoline vehicles could be caused by a delayed light-off of the
TWC.'7193738 Fig. S3 of the ESIt reports cumulative NOx and CO
emissions for Alpinel, Alpine 2(extra) and RDE1 routes. By
comparing the profiles, it seems that CO is well controlled from
the beginning besides the initial sudden increase related to
cold-start, demonstrating that the TWC is fully functional. In
addition, the bulk of NOx emission is concentrated in later
stages of the cycle, indicating that the delayed light-off seems to
play a minor role in this situation. Overall, cold-start NOx
emissions during all cold and on-road tests were low (less than
9% of the total emissions, see Fig. 5), indicating that, for this
vehicle, the cold temperature, high altitude and road grade did
not have a strong impact on NOx emissions (Fig. 3 and 5).
However, as discussed later, this is not the case for CO emis-
sions, as cold-start emissions accounted for 35-66% of the total
CO emissions. This again indicated that cold-start is not always
the main source of emissions for all criteria emissions as often
suggested for gasoline vehicles.

While NOx emissions during the complete WLTP were
higher at cold temperature (69 & 22 mg km™ ") than at 23 °C (36
+ 1 mg km™"), during cold-start and the urban section of the
WLTP (low phase), emissions were lower at —7 °C than at 23 °C
(see Fig. 3). This underlines the importance of the contribution
from all phases of the cycle, also after catalyst light-off. It is
worth noting that, while cold-start NOx emissions from Euro 3
and Euro 4 gasoline vehicles equipped with TWC did not seem
to be sensitive to temperature changes,'® a change in this trend
was reported for Euro 5 and Euro 6b vehicles, with Euro 6b

§ At the time of the testing, this vehicle model exhibited unusually high emissions
of NOx under motorway driving conditions. This emission behaviour was
investigated by the European Commission in collaboration with the authorities.
In spring 2019, the vehicle manufacturer identified a problem with the
calibration of the lambda sensor that was leading to higher than expected NOx
emissions and launched a recall to fix the problem. A detailed explanation of
the case can be found in Clairotte et al., 2020 (Chapter 5.1.1).%

© 2021 The Author(s). Published by the Royal Society of Chemistry
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gasoline vehicles emitting more NOx than Euro 5."'%*% The
results obtained for the GV suggest that temperature sensitivity
may be dependent on the engine/catalyst/calibration strategy.

Urban NOx emissions on the Alpine2 (extra) route (170 + 82
mg km "), which starts with a high positive road grade (698 m
of positive cumulative altitude gain over the first 9.2 km; see
Fig. 1), were several times higher than during the urban sections
of RDE compliant routes (52 & 8 mg km ™) and Alpine1 (44 + 10
mg km "), which exhibit a lower road grade, as also shown in
Fig. S3 of the ESI.T This suggests that road grade (and possibly
its combination with very high altitude) may have had a strong
impact on the NOx emissions of this vehicle. Indeed, as re-
ported in Table S2 of the ESI,+ CO, emissions during the cold
start phase on the Alpine2 (extra) route were significantly higher
when compared to RDE compliant routes (322 + 12 g km™ " vs.
200 + 5 g km™"), possibly indicating an increased power
demand to the engine. The high NOx emissions and the air-to-
fuel ratios recorded indicate that the vehicle was using a lean
combustion strategy during the high NOx events (see Fig. S4 of
the ESIT). As a result, on the Alpine tests the GV presented NOx
emissions that were up to 2.4 times higher than those measured
from the DV.

Weber et al.*® recently hypothesised for a series of gasoline
vehicles tested over the NEDC that sharp NOx emission spikes
correlating with increased power demand in the driving cycle
are caused by lean mode engine operation to fulfil the higher
power demand. Non-stoichiometric engine control drives the
balance of the pollutants that are emitted. While lean operation
results in high emissions of NO and low emissions of CO, rich
operation results in high emissions of CO and low emissions of
NOX. In the case of the GV, the low CO emissions measured also
support the idea of lean engine operation.

CO emissions from vehicle GV were very low (<155 mg km )
throughout the tests, with the only exception of the WLTP test at
—7°C (659 & 96 mg km; Euro 6 limit is 1000 mg km ™" for the 23
°C test). About 35% of the CO emissions measured during the
79-94 km on road tests took place within the first 300 seconds
(as we have defined the cold-start), before the TWC reached its
light-off temperature and about 70% in the urban section of the
tests. As a consequence, the CO cold-start emissions factors
during the on-road tests ranged from 1687 + 605 mg km ™"
during the Alpine2 test (extra) (—6 °C) to 1909 + 1399 mg km "
and 2119 + 1054 mg km™ ' on RDE and Alpinel routes,
respectively.

During the cold-start of RDE routes, the average ambient
temperature was 13 °C, which suggests that cold ambient
temperature did not significantly affect the catalyst perfor-
mance during the tests. However, during the laboratory tests,
cold-start emissions of CO were five times higher at —7 °C than
at 23 °C. While on-road CO emissions were lower than those
measured for a series of Euro 6b vehicles tested using the WLTP
at —7 °C, the emission factor obtained in the laboratory was in
line with those of the Euro 6b gasoline vehicles.'”**

PN emissions for vehicle GV were sufficiently well controlled
(<6 x 10" # per km) during most tests (7 to 9 x 10" # per km on
the RDE and Alpinel routes and during the WLTP at 23 °C), but
increased by an order of magnitude during the WLTP tests at —7
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°C (3.2 x 10" # per km) and on the Alpine2 (extra) route (1.4 x
10" # per km). The highest PN emission factors were found in
the urban section for all types of tests (on-road tests and WLTP),
ranging from 7 x 10"" # per km during one Alpine1 test to 1.8 x
10" # per km during the WLTP at —7 °C. Extremely high PN
cold-start emission factors (up to 1.6 x 10" # per km during
Alpine2 (extra) and 2.5 x 10" # per km during the WLTP at —7
°C) were obtained (Fig. 3). The PN emission factor from the
Alpine2 (extra) route, the most severe of the tests performed,
was comparable to those reported in a previous study' for
a Euro 6b PFI tested using the WLTP at —7 °C. Emissions on the
Alpine1 route were two times lower than those of the Euro 6b
PFI vehicle. Previous studies have shown high PN emissions
from gasoline vehicles using PFI engines tested in the labora-
tory at cold ambient temperatures.'”**** Such high PN emis-
sions from PFI vehicles at cold temperature are linked to
enrichment of the air-fuel mixture during cold-start engine
operation, which compensates for the reduced fuel vaporization
and elevated friction of engine components, leading to incom-
plete fuel combustion.**

CO, emission factors during the Alpine tests (150 &2 g km™
and 152 + 5 g km ') were comparable to the tests performed
along the RDE-compliant routes (149 4+ 0 g km ') and 18-21%
higher relative to 23 °C WLTP test emissions (126 + 0 g km ™).
CO, emissions during the WLTP were 12% higher at —7 °C than
at 23 °C. This is in agreement with previous laboratory studies
performed on Euro 6b PFI vehicles using the WLTP, that
confirmed an ~16% increase in CO, emissions as the temper-
ature decreased from 23 °C to —7 °C."”** Unlike the diesel
vehicle, this gasoline vehicle had higher on-road urban CO,

1
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View Article Online

Paper

emissions (9-15% higher) compared to CO, emissions from the
WLTP's low speed phase, despite a longer trip duration and
lower impact of the cold start effect relative to the WLTP test.
These results confirm that low-powered gasoline PFI engines
have higher fuel consumption (and, accordingly, higher CO,
emissions) under these low-temperature, more dynamic and
transient conditions compared to diesel vehicles, and therefore,
higher deviation from WLTP test results.

3.3. Emissions from the Euro 6d-TEMP gasoline plug-in
hybrid vehicle (PHEV)

The vehicle PHEV exhibited relatively low emissions during
most of the conditions tested, with the exception of the PN
emissions that were high under some operations and CO
emissions during the WLTP cold test (see Fig. 2, 7, Tables S4
and S5 of the ESIT). The emissions during the urban section
were lower than those of the complete test because the vehicle
operated in electric mode for up 99% of the section (in this case
battery fully charged and cabin heating disabled; see Fig. 8).
However, similarly to vehicle GV, CO and PN cold-start emission
factors were often one order of magnitude higher than those
measured during the entire on-road tests or the urban section
(Fig. 3). The highest cold-start emissions were measured for the
Alpine1l and the WLTP Low-T tests. These were the tests per-
formed at the lowest ambient temperature and that started with
the coldest engine/coolant temperature. This highlights the
important contribution of these short events and the strong
impact that temperature has on the emissions.*

NOx emissions from vehicle PHEV were very low (<6 mg
km™ ') under most of the studied routes (maximum emissions
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Fig. 8 CO, emission profile during the Alpinel and Alpine2 (extra) tests performed with vehicle PHEV at 100% battery SOC and at depleted
battery (SOC-min) and with the heating system enabled (Heat-ON) and disabled (Heat-OFF). CO, emissions are an indicator of the ICE operation.

of 18 mg km ™" on the rural section of the Alpine2 (extra)

route). NOx emissions were comparable during the RDE-
compliant route tests performed at 8 °C (4 to 7 mg km ™) and
the Alpine route tests performed at —4 °C to —1 °C (up to 7 mg
km ™), which indicates that cold temperature and high alti-
tudes beyond the RDE boundary condition of 1300 m.a.s.l.
did not affect these emissions. Cold-start emissions for this
vehicle were ~10 mg km™" to up to 140 mg km ™" lower than
those of vehicle GV (the other gasoline vehicle under test).

© 2021 The Author(s). Published by the Royal Society of Chemistry

NOx emissions are comparable to those reported from a Euro
5 plug-in hybrid tested at —7 °C on the WLTC (5 £ 2 mg
km™").** However, we observed that the NOx/CO trade-off
discussed above for the GV is towards the emissions of CO. In
fact, even if part of the routes were covered by the pure
electric mode, the CO emissions from the PHEV were the
highest of all three vehicles tested (up to 1343 mg km ™" for
Alpine2 (extra) Heat-OFF 100% SOC) suggesting fuel-rich
operation.
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The use of the vehicle PHEV's heating system had a signifi-
cant effect on the use of the ICE of the vehicle and consequently
its emissions. During Alpinel and Alpine2 (extra) tests, where
temperature was below —1 °C, and whenever the heating system
was activated, the ICE started as soon as the test initiated (see
Fig. 8 where the CO, emission profile corresponds to ICE use).
This resulted in an ~30% increase of CO, emissions for the
tests performed with the battery fully charged (SOC 100%).

CO and PN cold-start emissions during the Alpine tests (SOC
100% - Heat-ON) accounted for 7-18% of the total emissions.
After 400-1000 s of ICE operation, the electric operation begins
and goes on for the entire urban section. Then, once the rural
starts and the vehicle travels at more than ~75 km h™" the ICE
ignites again resulting in a second cold-start event, this time at
higher engine load, which in turn results in higher CO and PN
emissions than the first one (Fig. 9). This behavior was already
shown by Yang et al. for hybrid vehicles and also resulted in
high PN emissions.*®

On the Alpine routes and when the vehicle was fully charged
(SOC 100%), CO and/or PN emissions were higher when the
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heating system was disabled (OFF) than when it was enabled
(ON) (Fig. 7). A similar impact of Heat-OFF and Heat-ON states
on the CO and PN emissions (and also THC emissions) during
charge depleting operation was also reported for two plug-in
hybrid vehicles tested over the WLTP at —7 °C.** The study
shows that the higher emissions during the Heat-OFF tests
compared to the Heat-ON tests may be linked to the way that the
engine and TWC are heated during the two different operation
modes. As illustrated by the emission rates presented in Fig. S5
of the ESI,¥ when the heating system is enabled (or the initial
SOC is low), the ICE is more likely to start while the vehicle is
stopped, which allows for the engine and TWC to heat up in
a more controlled manner during low-speed/low-load operation
typical of the start of a trip. On the other hand, when the heating
system is disabled, the ICE is more likely to start at higher loads,
while the vehicle is already running. The combination of the
high load and cold engine/catalyst may result in incomplete
combustion of the fuel, i.e., high emissions of particles and CO,
showing that a catalyst that has not reached light-off is not
capable of performing oxidation.
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Fig.9 Vehicle PHEV emission profiles of CO and PN on the Alpine routes at 100% SOC (Alpinel top panels; Alpine2 (extra) bottom panels) with
the heating system disabled (left panels) and with the heating system enabled (right panels).
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CO and PN emissions do not correlate with CO, emission
factors and electric vehicle operation. For instance, while the
CO, emission factor during the test Alpine2 (extra) - Heat-ON -
SOC-min was 201 g km ', CO was 713 mg km ™" and PN was 1.3
x 10" # per km, the CO, emission factor during the test Alpine2
(extra) - Heat-OFF - SOC 100% was 102 g km ™", CO was 1343 mg
km ' and PN was 7.1 x 10"" # per km. This suggests that the
emissions of CO and PN can be driven by cold-start behavior,
which for this PHEV vehicle is in turn likely influenced by the
combination of the thermal state of the aftertreatment systems,
SOC and driving situation at ICE start.

CO, emissions, on the same route and with a 100% SOC,
were 27-43% higher when the heating system was enabled than
when it was disabled. CO, emissions from the routes where
vehicles were driven with a fully charged battery at start (100%
SOC) were 68-148% higher compared to utility factor weighed
CO, emissions from the WLTP test done at 23 °C and 25-85%
higher compared to utility factor weighed CO, emissions from
the WLTP test done at —7 °C. For the case Heat-OFF - SOC
100%, CO, emissions were also comparable to those on the
RDE1 route that was within the RDE boundary conditions of
temperature and altitude. As expected, CO, emissions were also
higher (37-67% relative to tests with the battery fully charged at
start) for the routes where the vehicle was driven in charge-
sustaining mode with a depleted battery at the start of the test.
Besides its larger engine capacity and weight, the CO, emissions
from the PHEV were 47% to 56% lower than those measured
from DV and GV during the WLTP tests at the two studied
temperatures. However, this difference is largely reduced
during on-road tests with a fully charged battery, where the CO,
emissions from the PHEV were 11% and 20% lower than those
from the DV and GV on the RDE routes and from comparable to
14% lower during the Alpine tests.

4. Conclusions

The on-road emissions of NOx, CO, PN and CO, from three Euro
6d-TEMP certified passenger cars—one diesel, one gasoline,
and one gasoline plug-in hybrid electric vehicle—were investi-
gated under a broad range of conditions, including conven-
tional RDE-compliant tests and also demanding tests on
mountain roads with sub-zero ambient temperatures, high road
grade and high altitudes. Laboratory testing was also conducted
using the WLTP cycle at 23 °C and —7 °C.

Our results indicate that CO, NOx and PN emissions from the
studied Euro 6d-TEMP certified vehicles were higher at colder
temperatures during both laboratory and on-road tests. Emis-
sions were predictably higher for the tests performed on the
most demanding route (Alpine2 (extra)) that, besides the cold
ambient temperature, reached 2000 m.a.s.l. and had a high
road grade segment at the beginning of the urban section (698
m of positive gain over the first 9.2 km; see Fig. 1).

Although CO, NOx and PN emissions were higher at colder
temperature and higher altitudes, the raw emissions during on-
road tests were below Euro 6d-TEMP on-road emission
requirements for the complete and the urban sections. With the
exception of the urban NOx emissions from DV and GV during

© 2021 The Author(s). Published by the Royal Society of Chemistry
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one of the two tests performed with each vehicle on the
demanding Alpine2 (extra) route, ‘raw’ emission levels were
below Euro 6d-TEMP on-road emission requirements, even if
they were not divided by the 1.6 factor applicable during the
extended conditions of the RDE test. This is an encouraging
sign of the ability of RDE-compliant Euro 6d-TEMP vehicles to
deliver consistently lower emissions than pre-RDE vehicles,
even under very demanding driving conditions. Nonetheless,
the high emissions of different pollutants during cold-start, the
high PN emissions of GV and the high PN emissions of PHEV
under certain operations, indicate there is still room for
improvement. Particular attention should be paid to the emis-
sions during cold-start due to their particular impact on urban
air quality.

The use of the cabin air heating system in the PHEV had
a significant effect on the use of the ICE of the vehicle, and
consequently on its emissions. Although NOx emissions (up to
21 mg km ™) from vehicle PHEV were low under all the studied
conditions, CO (up to 1343 mg km ™) and PN (up to 1.3 x 10"* #
per km) emissions were high in some of the scenarios studied.

Our results indicate that, following the introduction of the
RDE emissions testing procedure in the EU, more efficient
emission control technologies and strategies are being used to
reduce the emissions of the pollutants from vehicles covered by
this test procedure, both within and beyond the boundary
conditions set by it. This is particularly true for NOx emissions
from diesel vehicles. However, pollutant emissions from certain
vehicle technologies that are not currently regulated by the Euro
6 regulation were measured at very high levels in some cases.
These emissions were often concentrated in the cold-start
phase, and associated with specific combinations of initial
battery SOCs, low ambient temperatures and driving situations
at ICE start (especially for the PHEV vehicle). An improvement
of the emissions performance of new vehicles under such
situations could be addressed by expanding the boundary
conditions of the RDE test and by setting technology-neutral
emission limits that apply equally, regardless of vehicle
technology.
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