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ABSTRACT

Assessing the reatworld energetic performance and emissions of Plug -in Hybrid
Vehicles (PHEVs) is complex. First, because of the complexity of the powertrain
itself, pairing thermal and electric propulsion. Second, because their evaluation
results are extremely sensitive to their usage while driving (e.g. trip distance) and
before driving (e.g. recharging behaviour). In this context, the present study aims
at delivering energy consumptions and GHG emissions data of the PHEVs in real
world conditions and as a function of their use cases.

The study is based on an extensive experimental campaign. Two Euro 6d PHEVs were
selected to allow a back -to-back comparison between petrol and diesel internal
combustion engines. The first purpose of the test campaign is to evaluate and
compare the energy consumptions (in terms of electricity and fuel), the CO , and
pollutant emissions of different vehicle configurations: charged PHEVS vs non
charged PHEV; noncharged PHEV vs norplug-in hybrid electric vehicles (HEV);
Diesel vs gasoline; traditional fossil -based fuels vs renewable fuels, etc. These
vehicles were tested in a first step on a chassis dynamometer to accurately contr ol
and reproduce experimental conditions allowing the different configurations to be
compared and to allow the implementation of advanced measurement systems
(engine-out and tailpipe emissions of both regulated and non -regulated pollutants,
energy consumptions, AdBlue consumption). In a second step, the vehicles were
tested on-road to allow a comparison of the measurements made in the laboratory
and assess their representativeness. All the driving cycles performed, either in lab
or on-road, were RDE-compliant. Both PHEVs tested show low regulated emissions
(well below Euro 6d limits) and unregulated pollutant emissions in the range of
Euro 7 proposalst. Compared to the gasoline PHEV, in charge sustaining (CS) mode,
the Diesel PHEV shows a 20.5% reduction irtank-to-wheels (TtW) greenhouse gases
(GHG) emission, and a reduction of regulated pollutant emissions. On the gasoline
PHEV under the operating conditions tested in this program, switching from a
standard E10 fuel (mostly fossil -based) to a 100% renewable gasoline blended with
20% v/v of ethanol (E20) fuel has no significant impact on the pollutant tailpipe
emissions, or on the TtW CO, emissions. However, it implies a higher volumetric
fuel consumption (+4.5%), linked to the higher oxygen content in E20 (h ence the
lower energy density). For the Diesel PHEV under the operating conditions tested in
this program, switching from a standard B7 fuel (mostly fossil -based) to a 100%
renewable HVO fuel also has no significant impact on the pollutant tailpipe
emissions. In charge sustaining mode, it decreases by 2% the TtW CQ emissions,
and increases by +8,4% the volumetric fuel consumption, due to the fuels physico -
chemical properties (resp. CO2 emission factor and energy density).

These experimental measurements allowed the calibration of energy simulation
model s of both vehicles, using Si mbrieent er Amesi
library. The simulator was calibrated to fit roller test bench results, real road
measurements, and climatic cell data. For the latter, e lementary thermal models
of Heating, Ventilation and Air Conditioning (HVAC) and battery conditioning were
added to the vehicle simulator to fit with overconsumption and electrical range
decrease due to cold or warm ambient conditions. Regarding the other powertrain
components, their parametrization relied on a dedicated tool that generates
efficiency maps based on engine/motor/battery general description. Special
attention was paid to the on -line hybrid control strategy, so that the simulated
vehicle behavior remains accurate for various types of driving, including the
harshest ones, while still fitting with both electric and fuel consumptions. As this
simulator modelled properly the available experimental data, a comprehensive

1 According to CLOVE proposal made at the AGVES meeting. The measured emissions are regularly below the proposed
limits, and sometimes above.
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range of real -world uses was forecasted over a wide Design of Experiments (DoE).

This DoE spans vehicle configurations, battery capacity, outside temperature, and

driving profiles extracted from | FPENG&s <cl ust
of results was then synthetized through an analytical method, since it would be too

heavy to re-simulate and generalize day to day patterns.

Finally, a mathematical method of weighting each of the simulated use -cases
according to their representativeness of real use was proposed, based on usage
statistics in terms of daily distance travelled and temperature. The study is carried
out for a wide range of battery sizing and recharging frequency, thus making it
possible to determine the weighted average energetic performance and emissions
of PHEVs a&cording to these two key parameters, determined respectively by the
original equipment manufacturers (OEMs) and the end user. Considering the
technology sensitivity to real use conditions and considering the statistical
conditions of use in Europe (temper ature and daily mileage), this approach allows
to quantify the weighted average energetic performance (share of electric drive,
fuel and electricity consumption) and TtW CO , emissions of PHEVs depending on
their battery sizing and recharging frequency. It shows that frequent recharging of
PHEVs is a necessary condition for a high electric drive rate: recharging every day
a gasoline PHEV having a battery of 15 kWh leads to an average fuel consumption

of 2.25 L/100km and a share of electric drive (utility fac tor, UF) of 77 %, whilst
recharging it every 3 days leads to a fuel consumption of 4.85 L/100km (+116

%) and a UF of 48 % (-29 points) . By comparison, the non-rechargeable gasoline
HEV with a 2kWh battery evaluated under the same conditions shows an average
fuel consumption of 7.3 L/100km and a UF of 24%. Compared to this reference
HEV, the gasoline 15kWh PHEV vehicle allows a consumption reduction of 69% if

it is recharged every day and a reduction of 34% if it is recharged every three
days. Furthermore, i tis observed that the first kilowatt -hours of battery capacity
are the most effective in electrifying the PHEVs  : for instance, adding another 15
kWh of battery capacity to the vehicle, leading to a 30 kwWh PHEV, would increase
by only 10 points the utility factor, from 77 % to 87 %, if recharged every day;
instead, the same 15 kWh battery capacity could have electrified 77% of the mileage
of another PHEV, which is more efficient if the total amount of avail  able batteries
is constrained?.

The assessment of ife cycle GHG emissions of PHEVs, adding the vehicle production
emissions and the Well-To-Tank (WtT) emissions of energy carriers are not covered
in this report, and will be addressed in a further study.

2 Ehsan Shafiei, Roland Dauphin, Marta Yugo, Optimal electrification level of passenger cars in Europe in a battery -
constrained future, Transportation Research Part D: Transport and Environment, Volume 102, 2022, 103132, ISSN 1361-
92009, https://doi.org/10.1016/j.trd.2021.103132
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1. INTRODUCTION

1.1. CONTEXTAND MOTIVATION

Transport related GHG emissions represent approximately a quarter of EU GHG
emissions. In the context of targeting carbon neutrality in 2050 as set by the EU
Green Deal, reducing transport related GHG emissions represent s both an important

stake and challenge.

The present study focuses on passenger cars only. When considering each vehicle
individually, there are several ways to consider their GHG emissions:

I The Tank-to-Wheel (TtW) approach focuses only on the tailpipe emissions.

1 The Well-to-Wheel (WtW) approach is more complete and considers the
GHG emissions related to the production of the energy carriers .

1 The Life Cycle Assessment (LCA) approach is holistic and alsoconsiders the
GHG emissions related to the production of capital goods that are
necessary to the transport system (e.g. vehicles, infrastructures of the
energy system, etc.).

Obviously, the LCA approach is the most satisfying as it is the most relevant to
climate related issues. Nevertheless, the TtW and WtW approaches should also be
considered simultaneously because they are currently regulated in Europe (TtW for
the vehicles; WtT with combustio n for the fuels). For example, a solution that would
have a high performance in the LCA scope, but a bad performance in the TtW scope
would probably face big barriers to its development in the EU market.

In this context, Plug -in Hybrid Electric Vehicles (P HEVS) represent an interesting
option as they seem to address the challenges with low GHG emissions at each stage
(TtW, WtW and LCA). Furthermore, they can relieve some of the pressure on the
implementation of fast charging infrastructure s for Battery Elec tric Vehicles (BEVS)
so as to make their rollout feasible in a shorter timeframe . However, it is believed
that the assessments currently available in the literature may require some
updates:

1 Ttw: the OEMs are committed to reduce the TtW CO , emissions of passenger
cars (in gCO/km) by 37.5%°2 in 2030 compared to a 2021 starting points . A
55% reduction compared to 1990 levels is proposed in the fit -for-55
package®. It is highly likely that, to reach this target, a high amount of
electrification will be necessary, including PHEVs as they generally give CG;
emissions in the range of ~30 gCQ/km. As of today, these TtW CO , emissions
are assessedbased on the Worldwide Harmonized Light Vehicles Test
Procedure (WLTB. The WLTPdoes not necessarily consider the real-world
emissions of the vehicle, which could affect PHEV credibility in the future:

0 Some PHEVsare purchased due to tax incentives but are rarely
plugged in (especially company cars)5;

3COm emission performance standards for cars and vans, Regul at i
“https://www.europarl.europa.eu/RegData/etudes/BRIE/2022/698920/EPRS BRI(2022)698920 EN.pdf

Shttps://www.fleeteurope.com/en/new  -energies/europe/features/plug -hybrids-watch-fuel -
bill?2a=DQU04&t%5B0%5D=PHEV%20Insights&t%5B1%5D=PHEV&t%5B2%5D=Plug
in%20hybrid&t%5B3%5D=Telematics&curl=1&utm source=Fleet+Europe+Naletter&utm campaign=ae86bbac5b-
EMAIL CAMPAIGN 2020 03 05 02 06&utm medium=email&utm term=0 4128e0dg&8f86bbac5b-65473135
https://www.f _leeteurope.com/en/new -energies/europe/features/dont -go-plug-hybrids-without -considering-
telematics -first?t%5B0%5D=PHEV%20Insights&t%5B1%5D=PHEV&t%5B2%5D=Plug
in%20hybrid&t%5B3%5D=Telematics&curl=1&utm source=Fleet+Europe+Newsletter&utm campaign=0a9c6f5a00
EMAIL CAMPAIGN 2020 03 25 04 05&utm medium=email&utm term=0 4128e0d8®i9c6f5a00-65473135
https://www.telegraph.co.uk/news/2020/02/05 /revealed -plug-in-hybrid-cars-emit -three -times-co2-real-world/
https://ev_-database.uk/cheatsheet/fuel -consumption-plugin-hybrid
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https://www.telegraph.co.uk/news/2020/02/05/revealed-plug-in-hybrid-cars-emit-three-times-co2-real-world/
https://ev-database.uk/cheatsheet/fuel-consumption-plugin-hybrid
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0 Some journeys are much longer than the WLTC over which the CO,
emissions are assessedTherefore, it is possible that in some cases,
the Internal Combustion Engine (ICE) runs for a larger proportion of
the total distance travelled than expected in the regulation.
According to German statistical studies ®, only 2 % of daily trips are
longer than 100 km, but they account for 26 % of the mileage driven.
Similarly, in France, only 1.3 % of the trips are longer than 80 km,
but account for 40 % of the total mileage (approximatively. 6000
km/y) 7, including around 50 %of them travelled by car. Therefore,
these oOrare but long tripsdé may have a
real-world fuel consumption and TtW emissions of PHEVs, which
should be assessed properly.

0 The PHEV has a higher weight than a conventional HEV or pure
thermal vehicle & a downside for fuel consumption and CO,
emissions if not charged.

1  WItW and LCA: several WtW and LCA studies, such as tbse led by Ricardo®
or by IFPEN,'° rank the PHEV among the best solutions in terms of CO,
emissions. This is especially true if they use renewable fuels. In some very
favourable cases, PHEVs can even have lower C@emissions than BEVs over
their life cycle as their battery is smaller 0 this will of course be highly
dependent on thavieur id charging thé wehideas well as the
carbon intensity of the energy sources. If they have encouraging outcomes
for PHEV, these studies do not answer the question of the real ratio of EV
drive from PHEVs (raisedabove, al so cal | ed,UB)Whichimayt y Factor 6
be a limiting factor to the applicability of their conclusions.

If it is understood that PHEVs fuelled by renewable fuels and low carbon electricity

are an interesting option in terms of CO , emissions over their life cycle, this

technical option also offers the opportunity to reduce the consumption of liquid

fuel s. This is particularly interesting in the
work published by FuelsEurope!!, which mentions that liquid fuels for road

transportation could be 100% low-carbon by 2050, but with a consumption of liquid

fuels that would be approximately one third coc¢
compliant with the 1.5 TECHfoscdé&h&anioHemaem, 0 A oCIms
PHEVs fuelled by renewable fuels a viable solution in the long term, they have to

prove that they can compete with a third of the consumption of liquid fuels as a

first approximation (and still comply with this in real-world operation).

In addition to CO, emissions and energy consumption, air quality is also an important

factor for road transportation. PHEVs are often seen as an asset for air quality as

they allow electric drive in the cities. However, the  intermittent electric -drive of
PHEVs (and hybrids in general) can present additional challenges for tailpipe
emissions control due to multiple exhaust aftertreatment heating phases during a

8 Infras, DLR, IVT und infras360 (2018): Mobilitat in Deutschland (im Auftrag des BMVI)

” https://www.statistiques.developpement  -durable.gouv.fr/sites/default/files/2018
11/La_mobilite_des_Francais_ ENTD_2008 revue_cle7b7471.pdf

8 Determining the environmental impacts of conventional and alternativel y fuelled vehicles through Life Cycle
Assessmentd Final stakeholder meeting &January 2020

9 https://www.ifpenergiesnouvelles.fr/sites/ifpen.fr/iles/inline -
images/Innovation%20et%20industrie/Analyse%20du%20cycle%20de%20vie%20(ACV)/Rapport ACV%20GNV _version%20fin
ale.pdf

10 https:/Iwww.ifpenergiesnouvelles.fr/sites/ifpen.friiles/inline
images/INEWSROOM/Communiqu%C3%A95%20de%20presse/preftbilan-impact -electrification -2018.pdf

1 https://lwww.fuelseurope.eu/clean  -fuels-for-all/
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drive cycle & which are not necessarily well monitored in the current vehicle
homologation process.

1.2. OBJECTIVES

In this context, the aim of this study is to assess the energetic performance and
emissionsof state-of-the-art PHEVdn real-world conditions. More specifically, this
study intend s to:
1 1- Provide TtW data allowing life -cycle assessmentof PHEVs inreal-world
conditions. This includes:

0 Average electricity consumption (kWh/km), fuel consumption
(L/km and MJ/km) and TtW CO , emissions (g/km), and a comparison
with the values obtained with a non -plug-in HEV.

0 Average electric drive ratio ( utility factor, km/km)

0 And spans the following conditions :

A Sensitivity cases around the different behaviours of the
driver regarding recharging.

A Sensitivity cases around the battery size and range .

A Sensitivity cases around the fuel used (e.g. fossil fuel vs.
low carbon renewable fuel ).

A Sensitivity cases around the carbon intensity of the
electricity mix (not part of this  study, will be handled
separately).

1 2- Provide data on pollutants emissions of PHEVs in real-world conditions
and determine if :
0 They are relevant solutions to improve air quality .

0 The aftertreatment system efficiently manages the particularities
of PHEV drive.

1.3. STRUCTURE OF THE STWY AND OF THE REPORT

CGO, emissions, regulated and non-regulated pollutant emissions, as well as the
electrical services offered (all-electric range and utility factor ) will thus be assessed
according to the conditions of use of the vehicles (type of driving, fuel property,
recharging frequency, etc.) . To this end:

0 An experimental campaign was carried out on a chassis dynamometer and on-
road on two state -of-the-art PHEVs. This is detailed in chapter 2 of this report .

0 Asimulation campaign based on these measurements made it possible to extend
the findings to more extensive usage scenarios. Finally, paired with large-scale
usage statistics, it made it possible to establish the average behavior of PHEVS
according to parameters such as the recharging frequency and the battery
capacity. This is explained in chapter 3 of the report.
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2.1

2.2.

EXPERIMENTACAMPAIGN

OBJECTIVES OF THPROTOCOL

The objective of the study is to evaluate the energy and emissions performance of

the latest generation PHEVs under real-world conditions. The test protocol

therefore focused on real -world driving emissions (RDE). In more detail, the analysis
aims to compare:

9 Dieselvs. gasoline - one vehicle with a diesel engine and the other a gasoline
engine.

9 Standard vs. renewable fuels - B7 vs. HVO and E10vs. E20.

9 Full battery mode (charge depleting mode (CD)) vs. empty battery ( charge
sustaining mode (CS)).

1 PHEVvs. HEV - on a comparison with an equivalent non -rechargeable HEV
vehicle (by artificially varying the battery weight of the vehicle on the
chassis dynodsee section 2.4.3 for more details) .

Most of the experimental campaign is carried out on roller test bed, to maximise
the repeatability and comparability between all the  configurations tested. On-road
tests are then conducted to validate the behaviour and comparison seen in the first
experimental part.

Exhaustive measurement equipment is used to assess,CO, emissions, regulated and
non-regulated pollutants emissions (both engine-out and tailpipe), energy
consumptions (both fuel and electricity) as well as the electrical services offered
(all-electric range and utility factor ).

SELECTED/EHICLES AND MAIN SPECIFIGAONS

As one of the goals of the study is to compare a gasoline PHEV with a Diesel one in
a similar configuration , the vehicle s selection narrowed to a pair of Mercedes
C300de (Diesel) and C300e(gasoline). These two vehicles have the same electrical

characteristics (battery, electric machine, architecture), and the powertrain of

these two vehicles differ only by the thermal engine. In addition, the two  gasoline
and Diesel thermal engines offer similar driveability (torque and power) .

Additionally, this selection of vehicles allowed to access a database previous| y built
by IFPEN on these vehicles in other testing conditions (other driving cycles, other
climate conditions, etc.). This additional database showed to be extremely useful
when calibrating and validating the vehicles simulators (see Chapter 3).
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Table 1 Main specifications of selected vehicles
C300e EQ Power C300de EQ Power
Regulation Euro 6d-temp
Fuel type Petrol Diesel
Test mass [kg] 1885 1970
WLTP CQ CS2 146 CS: 140
lg/km] Weighted?3: 31 Weighted: 30.5

Thermal Engine

2.0L 4cyl 155 kW turbo Direct
injection

2.0L 4cyl 143 kW turbo Direct injection

Transmission

9-speed automatic transmission

Battery

13.5 kWh 365V

Electric motor

90 kW

Hybridization P2 parallel hybrid architecture
Aftertreatment 2*Three Way Catalyst (TWC) close Diesel Oxidation Catalyst (DOQ +
system coupled + Gasoline Particulate Filter Selective Catalyst Reduction Filter
(GPF)underfloor (SCRI-+ Selective Catalyst Reductor
(SCR close coupled
Mileage [km] 4000 14000

3

Figure 1

2.3.

Concawe

For each vehicle, two fuels were used :

(o]

A standard fuel,

Picture of the tested Mercedes C300de EQ Power

SELECTEOFUELSAND MAIN SPECIFICADNS

traditionally used for vehicle homologation purpose, and

complying with the specifications of the mainstream commercial fuel s (EN590
and EN22§.

(o]

A 100% renewable biofuel,
specification (paraffinic Diesel,

either complying with an alternative fuel
EN15940) or with a possible foreseen

specification for E20 4 It is important to highlight that the vehicles are not

12 In charge sustaining mode, i.e. empty battery at start of test.

13 Weighted between charge depleting mode (i.e. full battery at start of test) and charge sustaining mode, according to

the current regulation.

14 As there exist no specification for E20 today (discussions only starting at CEN level), the authors assumed that a fuel
complying with all the EN228 except the oxygen content would be sensible.
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homologated with these fuels, and that these fuels are tested for research
purpose only. Long-term compliance with these fuels would require further

research work. In this instance:

A The 100% renewable paraffinic Diesel is a hydrotreated vegetable oil

(HVO.

A The 100% renewable E20s produced using fermentation and an alcohol-
to-gasoline process, using grains, residues and wastes as feedstock, and

reduces GHG emissions by 66% compared to a fossil accorihg to the

supplier. A C14 analysis performed on the fuel confirmed its biogenic

origin.
Table 2 Main characteristics of selected f uels (detailed properties provided
in the appendix)
Standard Renewable
Property Method EN590 EN228E10 100% renewable 100% renewable
paraffinic fuel gasoline
(HVO) EN15940 including 20%
compliant ethanol EN228
compliant except
for oxygenate
content
Density [kg/L] EN ISO 12185 0.834 0.748 0.764 0.762
Lower Heating ASTM D
Value (m) [MJ/kg] | 240/ ASTM D3338 1213 41.40 4416 3978
mod/ GC
calculated
Carbon content ASTM D
[%m/m] 5291/ ASTM
D3343 mod/GC 85.8 83.1 84.62 79.4
calculated
Hydrogen content | ASTM D
[%m/m] 5291/ASTM
D3343/GC 135 13.4 15.38 13.4
calculated
Oxygen content MO238LA200&EN
[%m/m] 14078/GC 0.7 35 0 7.2
calculated
Total aromatics EN 12916IP 391
mod/NF M 07- 22.2 %m/m 26.7 %viv 0.1 %m/m 28.7 %viv
086/EN 1SO 22854
Cetane number / EN ISO
RONMONI-] 5165/5164/5163/ 52.5 97.0-85.9 78.2 99.4-88.0
ASTM D6890
Final boiling point EN ISO
°C] 3405ASTM D86 354.1 180.2 302.5 201.7

EXPERIMENTAL CAMPANGN LABORATORY CHASSIS DYNO

Vehicle instrumentation and measurement systems

Table 3 details the equipment used on each vehicle during the roller test bed
campaign. The measurements spanned engine-out and tailpipe regulated and
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unregulated emissions CGO, (and more generally GHG) emissions, fuel and electrical
consumption, and some temperatures.

The devices for measuring regulated emissions are part of the permanent equipment
of the test bench: CO 5, NO / NO,, CO, HC, PM and PN. The measurements of THC,
CH;, CO, CO,, and NOx are carried out by a Horiba MEXA 7000analyzer. The particles
in mass are determined by CVS and samples on filter and weightings. The particles
in number (with a diameter greater than 10 nm) are determined by an SPCS (IFPEN
chassis dynohas been updated to anticipate the future official measurement  down
to 10nm). An additional particle counter CPC -100 was implemented for counting
particles greater than 23 nm, so that simultaneous counting of particles between

10 and 23 nm is possible. Finally, the measurements of NO, NO,, N,O and NH are
measured by a Horiba QCL MEXAONEQL-NX) analyzer.

The use of a gas analyzer induces gas sampling that can have an impact on the
vehicle's aftertreatment system. Atrtificial flows are induced when the engine is
turned off and can cause changes in temperature and gas composition conditions.
These phenomena can then influence the thermal deactivation dynamics of the
catalysts or modify the storage of oxygen in the catalyst blocks. These impacts are
greater i n the case of PHEVSs, with long engine-off phases. To avoid these effects
and to limit the intrusiveness of gas sampling on the vehicle's behavior, the sampling
rates of the gas analyzers are cut off when the engine speed is below its idle speed.
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Table 3 Chassis Dyno Hardware

Measurement
Engine-out Raw sample SHORIBA MEXA (GOCO, NQ, NO, NGO, CHs, THC, NMHC)
HORIBA QCL (N$IN20, NO, NQ)
CPG100 (PN23)
SPCS 110 (PN10)
Tailpipe CVSSHORIBA MEXA (GOCO, NO,, NO, NO,, CHs, THC, NMHC)

HORIBA QCL (N&IN20, NO, NQ)

CPG100 (PN23)

SCPS 110 (PN10)

PM by filter weighting

DMS500 (particle size distribution)

Fuel consumption

Carbon balance on tailpipe emissions

Electrical consumption

HIOKI 3390 (current clamp on high-voltage (HV) direct current ( DQ
cable between battery and inverter

Current clamp on low-voltage (LV) battery)

Aftertreatment system

AdBlue consumption when urea SCRis used thanks to instrumentation
of the injector control signals (number of pulses and Ti), urea Pressure
and a characterization of the injector

Temperature

Engine-out
TWC or DOC inlet
DPFor GPFFinlet and outlet
Sump
Coolant

Additional bench
measurements

Exhaust flow
Ambient temperature, pressure, and humidity
Roller power
Vehicle speed
Engine speed
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Figure 2

2.4.2.

Picture of the chassis dyno setup with the tested vehicle

RDE test cycle reproduced on chassis dyno

The cycle operated at the test bench was derived from a previous RDE test driven
on-road and compliant with the latest RDErequirements.

Figure 3 depicts the vehicle speed in function of distance driven with Roller test
bed phases and RDE phases (urban, rural and motorway). RDE phases are induced
by the RDE regulation. The cycle is cut in 3 categories based on the vehicle speed :
the urban phase gathered the events where the vehicle speed is lower than 60 km/h
(included), the rural phase between 60km/h and 90km/h (included) and the
motorway phase above 90km/h.

The roller bench phases are driven by the equipment capabilities, in this case, the
volume of the sampling bags. The volume of the gas trapped can be reduced to the
sampling duration because of the constant volume sampling (CVS) system. On the
equipment used for the PHEV testing, the sampling bags could be used for a
maximum of 1322 seconds. As the RDE cycle total duration is approximately of 5600
seconds, the choice made was to use 6 bags. The first bag is focused on the
beginning of the test, the firsts kilometres, the second phase is mainly composed
of urban conditions, the third one with mainly rural condition, the fourth phase is
mainly urban, the fifth one mainly motorway and the last (sixth) phase is also mainly
urban conditions.

The RDE trip is also defined by its driveability. To assess and categorise the driving
behaviour, two main indicators are used : the 95" percentile of V*apes,, 1.€. the 95 th
percentile of vehicle speed x (acceleration >= 0.1m/s ?) for each RDEphase, and the
Relative Positive Acceleration (RPA), i.e. the sum of vehicle speed x (acceleration
O 0. 3 idistance driven (in km) for each RDEphase. Those indicators are
constrained by the RDE regulation.
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Vehicle speed [km/h]

10

Vapos (95th percentile) [m?/s3]

Figure 4 and Figure 5 shows those driveability ind icators 95" percentile of v*apes
and RPArespectively in relation to the RDEboundaries. Table 4 details the RDE
indicators for the reference test driv  en during the study compared to the RDE limits.

— Vehicle speed roller bench phase RDE urban phase
roller bench phase RDE rural phase
RDE motorway phase

140 1 2 3 4 5 6
120
100

80

60

40

20

0 10 20 30 40 50 60 70 80
Distance [km]
Figure 3  Vehicle speed profile with chassis dynophase and RDE cut (urban,
rural, motorway)

40
— RDE limitation

$8 reference cycle (RDE compliant)

(58]
wul

w
o

N
wu

#®

% Motorway

20

Rural

15 Full cycle
Urban
10
5
0O 20 40 60 80 100 120 140

Mean Vehicle Speed [km/h]
Figure 4 VA,s on RDE reference cycle on roller test bench, by urban, rural,
motorway phases and over total cycle, compared to RDE maximum
boundary.
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0.6
— RDE limitation

$#8 reference cycle (RDE compliant)

0.5

0.4

Urban

rpa [m/s?]

Full cycle

Rural
®

Motorwa
“ Y

0.1 b4

0.2

0 20 40 60 80 100 120 140
Mean Vehicle Speed [km/h]

Figure 5 Relative Positive Acceleration on RDE reference cycle on roller test
bench, by urban, rural, motorway phases and over total cycle, compared
to RDE minimum boundary.
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Table 4 RDE compliance

Limit Cycle
Trip duration [min] [90, 120] 93
Total distance [km] 48 < 83.4
cold start stop time [s] <90 52
cold start mean speed [km/h] [15, 40] 23.7
cold start max speed [km/h] 60 53
urban share [%] [19, 44] 30.8
urban distance [km] 16< 25.7
urban mean speed [km/h] [15, 40] 28.5
urban rpa [#] 150 < (WP3), 100 < (WP4) 1125
urban cumulated positive altitude <1200 560
[m/100km]
urban stop time share [%)] [6, 30] 13.7
stop duration (max) [s] <300 69
stop number (>10s) [#] 2< 27
rural share [%)] [23, 43] 31.9
rural distance [km] 16< 26.7
rural rpa [#] 150 < (WP3), 100 < (WP4) 488
motorway share [%)] [23, 43] 37.2
motorway distance [km] 16< 31.1
high speed > 100 duration [min] 5< 13
high speed 145 share [%)] <3 0
motorway rpa [#] 150 < (WP3), 100 < (WP4) 325
motorway maximum speed [km/h] [110, 160] 141
total cumulated positive altitude <1200 620
[m/100km]
elevation difference [m] [-100, 100] 0
elevation max [m] <700 180

Road load

Road laws are needed to assessthe energy required to propel the vehicle. The
driving resistance force is given through a speed polynomial based on masses and
dimensionless coefficients registered in the next table for all vehicle configuration s.

&

)T AEEA L g0 & &

Table 5 shows the road load coefficient s used at the test bed. Those coefficients

are issued from C300e certification coefficient sin Vehicle Low configuration. The y
were chosen because they are closer to real masses and show less difference
between Diesel and gasoline. The choice of a unique set of coefficients was made

to simplify the comparison.
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In order to simulate the resistance behaviour of a Not off -vehicle chargeable hybrid

electric vehicle (NOVGHEV, | at er r ef e)rcampaded @ sn off Wé&hi¢lé

chargeable hybrid electric vehicle (OVC-HEV, | at er r ef e}, amalkketas OPHE
research was performed with vehicle models that are commercialised in both HEV

configuration and PHEVconfiguration. The difference between the vehicle mass was

assessed around 120 kg. This hypothesis was also validated by the estimation of the

mass the components of the HEVand the PHEV i.e. mainly a gap due to a reduced

battery siz e and no on-board charging equipment. The hypothesis that externally

both PHEVand HEV are identical lead to the use of the same FO, F1 and F2 road

load coefficients .

Table 5 Vehicle Road Laws

PHEVDiesel HEVDiesel PHEVGasoline HEV Gasoline
inertia [kg] 1970 1850 1885 1765
FO [N] 134.8
F1 [N/(km/h)] 0.561
F2 [N/(km/h)2] 0.02762
2.4.4. Tests operated on laboratory

Both vehicles are tested with 2 fuels, standard and renewable, and three testing
conditions, charged (CD dCharge Depleting), uncharged (CS8Charge Sustaining and
also uncharged using a reduced weight (CSHEV) to simulate the configuration of a
hypothetic (non-plug-in) hybrid electric vehicle . Eachtest wasrepeated three times
to assessand ensure good repeatability.

To avoid biases due to the timeline of tests and configuration changes, the proposed
test matrix is based upon 3 main test blocks with the standard fuels and 3 blocks
performed with the renewable fuels. An extra test block was added for furth er
evaluation of the renewable fuels with a battery conditioning that is uncharged
(CS).

Also, in the test matrix, a configuration was chosen as reference to  monitor the
repeatability of the vehicle during the test campaign.

Tests identified as invalid at the time of running were repeated in -sequence
whereas those identified later as non -conforming were repeated in a position in the
sequence subject to the constraint of avoiding successive tests on the same
configuration. The actual test order deviated from the planned test order due to
operational requirements. Table 6 shows the initial test matrix.

13
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Table 6 Test matrix on roller test bench
Vehicle Fuel Battery MASS Repeat
Block 1 C300de EN590 CD PHEV 1
C300e E10 CD PHEV 1
C300e E10 CS PHEV 1
C300de EN590 CS PHEV 1
C300de EN590 CS HEV 1
C300e E10 CS HEV 1
C300de EN590 CD PHEV 2
C300e E10 CD PHEV 2
Block 2 C300de EN15940 CD PHEV 1
C300e E20 CD PHEV 1
Block 3 C300e E10 CS PHEV 2
C300de EN590 CS PHEV 2
C300de EN590 CS HEV 2
C300e E10 CS HEV 2
C300de EN590 CD PHEV 3
C300e E10 CD PHEV 3
Block 4 C300de EN15940 CD PHEV 2
C300e E20 CD PHEV 2
Block 5 C300e E10 CS HEV 3
C300de EN590 CS HEV 3
C300de EN590 CS PHEV 3
C300e E10 CS PHEV 3
C300de EN590 CD PHEV 4
C300e E10 CD PHEV 4
Block 6 C300de EN15940 CD PHEV 3
C300e E20 CD PHEV 3
Extra C300e E20 CS PHEV 1
C300de EN15940 CS PHEV 1
C300de EN15940 CS PHEV 2
C300e E20 CS PHEV 2

The Diesel vehicle tested had realized a DPF regeneration that needed some extra
testto recreate the soot cake. The test where the regeneration occurred as well as
the conditioning tests that followed were omitted  from the analysis*®.

15 According to the current regulation, a test where a DPF regeneration occurs is non -valid. However, a test performed
right after the DPF regeneration, when the soot cake is not fully recreated, is valid. The reason why we decided to omit
these results from the analysis is related to repeatability issues: tests performed right after DPF regeneration generally
have higher particulate emissions, which is detrimental to repeatab ility. In the context of this study, whose purpose is
to compare different vehicles and fuels configurations, a good repeatability was needed, which led to omit these tests
which would have looked like outliers and would have limited the extent of the conc  lusions regarding the comparison of
the configurations.

14
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The statistical analysis was carried out on all remaining data declare d valid by the
test facility. Satistical outlier testing was performed, and no significant outliers
were identified for further omission following this .

2.4.5. Results of laboratory test campaign

Key results from the RDEtests performed on the chassis dyno are described in this
section and the full results are tabulated in Table 9, Table 10, Table 11 and
Appendix 7. Where shown on charts, error bars denote the 68 % confidence intervals
(i.e. +/ - the standard deviation) .

The table Appendix 7.1 summarizes the relative differences in percentage between
the tested configurations. Those percentages are reminded in the following sections
of the report.

In the following figures using the format of Figure 6 in this section , the comparisons
between the average values obtained on the RDE cycle for the different
configurations are shown as follows:

1 E10 vs E2Qused in the gasoline PHEV)vs B7 vs HVQused in the Diesel PHEV)

1 In the following configurations: Charge Depleting mode (CD), Charge
Sustaining mode (CS) and HEV C8&ode.

2.45.1. Volumetric Fuel Consumption

Figure 6 shows the evolution of fuel consumption in all the tested configurations .
The volumetric fuel consumption is calculated thanks to the fuel properties, the
CG, HC and CO emissions in mass.

The Diesel PHEV using37 shows lower volumetric fuel consumption compared to the
gasoline PHEV usinge10: -20.1% in CD and-26.7% in CS. This finding is consistent
with the literature and explained by the better efficiency of compression ignition
engines and by the higher density of B7 compared to E10, leading to a higher energy
density by volume.

Regarding CStests, it is needed to assess behaviour that are comparable with a
state of charge (SOQ of the battery identical at the beginning and at the end ofth e
test (iso SOC) To this end, a correction factor is computed . If the variation of
energy stored in the battery had to be produced by the combustion engine:

YO wQ - - YO »1Q
Where,
f YO s the variatiorof electrical energy stored in the battery during the test
1 - is the mean electrical efficiencyrgm the shaftto the battery). Based on the
calibrated simulators, it is set 7% (motor 87%, inverter 90%, battery 98%)
T - is the mean thermal efficiency (from the fuel to the shafffased on the

calibrated simulators, it is set ®6%for Diesel and33%for gasoline.
YO isthe theoretical delta of fuel energyeededto produceYO

Therefore,
» L YO YO O YO 0O 6 N0 oD (1) @@
YO wQ

Furthermore, the thermal energy consumption measured over the cycle is:

15
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Finally, the correction factor is determined as follows, along with the corrected
consumption and CGO, emission values:
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Thus, if the vehicle performs a partial recharge of the battery during the CStest,
its fuel consumption will be corrected downwards. Conversely, if it uses energy from
the battery and partially discharges it during this CS test, its consumption will be
corrected upwards 6.

Once this correction applied (Figure 7), the gap between the gasoline PHEV using
E10 and the Diesel PHEV usingB7 in CS increases from -26,7% to -32.6%. The
explanation is that the D iesel vehicle showed a higher partial battery recharge than
the gasoline vehicle during the CS tests.

Switching to renewable fuels leads to a higher volumetric fuel consumption, both
for the gasoline and the diesel vehicles: + 4.5 % for E20 compared to E10 in CS and
+ 8.4 % for HVO compared to B7 in CSafter applying the correction to returntoiso -
SOCThis is due to the lower energy density by volume of these renewable fuels : a
lower density for HYO compared to B7 (in spite of a higher energy density by mass)
and a higher oxygen content for E20 compared to E 10.

No significant impact of the HEVversus PHEVconfiguration was detected for either
the Diesel or gasoline vehicle. This is a rather surprising result given that one would
normally expect a significantly lighter vehicle ( -120 kg) to result in lower ener gy
consumption. Quite logically, the HEV vehicle with 120kg less weight needs less
energy for the same driving cycle: it consumes 0.53 kWh/100km less positive energy
at the wheel compared to the PHEV vehicle. On the other hand, on hybrid vehicles
in general, part of the kinetic energy delivered to the vehicle is recovered during
regenerative braking. Thus, the PHEV vehicle, with its 120kg more, recovers 0.22
kWh/100km more to its battery compared to the HEV vehicle. This compensation
explains why vehicles with regenerative braking (HEV, PHEV, BEV) are therefore less
sensitive to mass variations compared to conventional vehicles. However, it does
not explain the total lack of mass sensitivity established experimentally.

16 Another methodology consists in carrying out several CS tests in initial SOC conditions around the maintenance
threshold, but sufficiently different to allow the direct determination of a correlatio n coefficient between the SOC
variation and the consumption on cycle (coefficient called K co. This methodology is the one recommended by the WLTP
protocol but has not been applied here because all the CS tests carried out have SOC variations that are too close.

16
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Figure 6 Comparison of Volumetric Fuel Consumption [L/100km] measured on
RDE cycles onchassis dynofor each fuel and mode.
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Figure 7 Comparison of corrected Volumetric Fuel Consumption [L/100km]

measured on RDE cycles on chassis dyno foeach fuel and mode.

Electrical Consumption and Utility Factor

Figure 8 illustrates the net electrical energy consumed for each configuration on
the RDE cycles. Concerning this consumption of electrical energy, itis particularly
relevant to focus on consumption i n charge depleting mode. Indeed, electrical

17
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consumption in charge sustaining mode is only the result of marginal variations of
SOChetween the start and the end of the cycle. These consumptions have no
concrete reality, insofar as there is no external elec trical energy to consume in this
mode which is, by definition, a mode of maintaining the charge level . Moreover,
these "parasitic" consumptions are reduced to zero by determining the corrected
fuel consumptions and CG, emissionsin CS as detailed in the p revious paragraph.

Thus, regarding the CD cases, the Diesel PHEV fuelled with B7 consumes 94% less
electrical energy than the gasoline PHEV fuelled with E10. As the battery, i.e. the
electric energy tank, is identical between the two models, this means th  at the SOC
at the end of the RDE in the case of the B7 PHEV CD is systematically higher than
for the E10 PHEV CD RDEThe difference can be explained by a difference of
calibration on the electric versusthermal use between the petrol and Diesel PHEV,
spedifically around the motorway driving. The Diesel vehicle seems to use its
thermal engine sooner reducing the use of electricity, also at the end of the driving,

the battery of the Diesel vehicle seems to recharge more, explaining the reduced
net electrical consumption compared to the gasoline one (see Figure 9). This could
also be explained by a difference of behaviour between the two vehicles induced
by their history as they are second-hand vehicles. Switching from standard (E10 and
B7) to renewabl e fuels (E20 and HVO) has no significant impact on the CD electrical
consumption.

15-
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tests nb: |[tests Ab<
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Figure 8 Comparison of Electrical consumption [kWh/100km] measured on RDE
cycles on chassis dynofor each fuel and mode.

H E10
E E20
m B7

N HVO



( Concawe report no. 10/22
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100
90

80

70

6

o

Battery SOC [%]

50 \I\

“\“
10 20 30 40 50 60 70 80
Distance [km]
Figure 9 Comparison of Battery State of Charge [%] in depleting mode on RDE
cycles on chassis dyno for B7 and E10.

Figure 10 depicts the utility factors, i.e., the percentage of distance driven in all-
electric mode. The Diesel PHEV fuelled with B7 shows 8.8% lower electric driving
mode in CD and 207% less in CS corpared to E10. This behaviour can be linked to
a difference of calibration between the Petrol and Diesel PHEV, as the thermal
engine efficiency may differ and the fuel properties are in favour of the Diesel
vehicle, the electric usage may decrease. This behaviour is consistent with the
analysis made on the electrical consumption. Switching from standard (E10 and B7)
to renewable fuels (E20 and HVO) has no significant impact on the UF, neither in CS
nor CD. Likewise, HEV demonstrated UF similar to PHEVones in CS, for both the
gasoline and the Diesel vehicle.
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Figure 10 Comparison of Utility factor [%] measured on RDE cycles on chassis dyno
for each fuel and mode.
2.4.5.3. Carbon Dioxide emissions
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Figure 11 Comparison of tailpipe CQ, emissions[g/km] measured on RDE cycles
on chassis dynofor each fuel and mode.
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Figure 12 Comparison of corrected tailpipe CO , emissions [g/km] measured on
RDE cycles on chassis dyno for each fuel and mode.
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Tailpipe CO, emissions differences between E10, E20, B7 and HVO are shown in
Figure 11. In charge sustaining mode, the Diesel technology shows a reduction of
15.5 % of CO, emissions (22.3 % when CQ is corrected to return to iso SOC CS
condition) compared to the gasoline one. This is consistent with the statements
made above on volumetric fuel consumption, and the CO , emission factors of the
respective fuels.

Using renewable fuels, E20 does not significantly impact the CO, emissions
compared to E10. On the contrary, HVO shows lover CO, emissionshby 3.6 %(2.0 %
when corrected) compared to B7 in charge sustaining mode, thanks to its lower CO,
emission factor.

Reducing the mass of the vehicle, HEVmode, does not impact the CO , emissions
for gasoline, as well as for Diesel. As for the volumetric fuel consumption, it is a
quite surprising result

Total GHGemissions, including CH, and N,O emissions (Engine-out and Tailpipe
Emissions)

As a reminder, CH; and N,O are greenhouse gaseshaving global warming potential
(GWP) significantly higher than CO,. Estimations from the fifth assessment report
(AR5) of the IPCC (Intergovernmental Panel on Climate Change) define a GWP of 28
for CH, and 265 for N,O for a hundred-year time horizon. Thus, despite emissions
levels generally three ord ers of magnitude below CO, emissions these emissions

have to be considered for a proper assessment of TtW greenhouse gases emissions.

Adding non-regulated greenhouse gases leads to an increase of total GHG compared
to CO, only by around 3% in Diesel and 0.8% in gasoline. The main contributor to

this CO, equivalent increase is the N ,0O, because of its high GWPand because almost
no CH, is released at the tailpipe. As more N ,0 is emitted by the Diesel PHEV, the -
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22.3% CQ emissions gap that was quantified be tween gasoline and Diesel vehicles
is reduced to -20.5% consideringtotal GHGemissions
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Figure 13 Comparison of tailpipe greenhouse gases emissions [g COeq/km]
measured on RDE cycles orchassis dynofor each fuel and mode.

Details of N,O and CH, emissions, both engine-out and tailpipe , to underline the
origin of these, are presented below.

Concerning tailpipe CH,4 emissions (Figure 15), both Diesel and gasoline vehicles
show similarly low levels, around 0.3 mg/km, representing less than 10 mg of CGO,
equivalent / km. Engine-out (Figure 14), the gasoline engine emits significant

amounts of CH, whereas levels of the Diesel one are low, around 1 mg/km. E20
demonstrates higher engine-out CH, emissionscompared to E10, respectively +34%
in CD and +31% in CSThis finding is similar to the one established for total HC  (cf.

paragraph 2.4.5.8). As mentioned before, the se emissions are anywayconverted by
the after -treatment system since they are very low at the tailpipe.

Concerning engine-out N,O emissions (Figure 16), E10 emissions are217 % higher
than B7 in CS modebut the observed trend is inverted at the tailpipe ( Figure 17) :
the E10 tailpipe N,O emissions are not increased by the aftertreatment system
(AFTS) whereas B7 tailpipe N ,0 emissions are sensibly impacted by the AFTS and
are 3 times higher than E10 emissions. This is expected to be due to reactions
occurring in the SCR. Even if the emissions levels seem low it represents up to 3 g
of CO, equivalent / km (12 mg of N ,0 /km).

E10 (N,0)
E10 (CHg)
E10 (CO,)

E20 (N,0)
E20 (CH,)
E20 (CO,)

B7 (N,O)
B7 (CHy)
B7 (CO»)
HVO (N,0)
HVO (CHy)
HVO (CO,)
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Figure 14 Comparison of engine-out CH, emissions [mg/km] measured on RDE
cycles on chassis dynofor each fuel and mode.
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Figure 15 Comparison of tailpipe CH, emissions [mg/km] measured on RDE cycles

on chassis dynofor each fuel and mode.
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Comparison of engine-out N,O emissions [mg/km] measured on RDE
cycles on chassis dynofor each fuel and mode.

Comparison of tailpipe N,O emissions [mg/km] measured on RDE
cycles on chassisdyno for each fuel and mode.
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2.45.5. Oxides of Nitrogen (NO ) engine-out and tailpipe emissions
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Figure 18 Comparison of engine-out NOx emissions [mg/km] measured on RDE
cycles on chassis dynofor each fuel and mode.
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Figure 19 Comparison of tailpipe NOx emissions [mg/km] measured on RDE

cycles on chassis dynofor each fuel and mode.

As expected from the literature , the Diesel engine using EGRemits less engine-out
NOx thanthe stoichiometric gasoline one: around 80% lessoth in CSand CD(Figure
18). At the tailpipe (Figure 19), the first observation is that both B7 and E10 vehicles
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C

have very low emissions level in CS mode, below 10 mg/km, bearing in mind that
the Euro6d limits for NOx emissions are 60 mg/km for gasoline and 80 mg/km for
Diesel. In CD mode, the gasoline PHEVhas higher NOx emissions than the Diesel
one, mostly due to the cold start of the engine during the motorway phase.

Switching to renewable fuels has no significant impact on the engine -out NOXx
emission levels. At the tailpipe, HVO does not have a significant effect on NOXx
emissions compared to B7, when E20 shows a reduction of tailpipe NOx emissions
compared to E10, both in CD and CSmode. Changing from PHEVto HEV has no
significant impact neither on the engine-out and tailpipe NQ, emission levels.

As the very low NO tailpipe level could foreshadow, the NO , AFTS, i.e., the three-
way catalyst for the gasoline PHEVand the SCR for Diesel PHEY demonstrates high
conversion efficiencies, over 95% in CS mode, as shown inFigure 20. Despite higher
engine-out NO, emissions E20 shows lower tailpipe NO, compared to E10 in CD and
in CS, de facto improving the AFTS conversion efficiency. HVO does not impact NO
AFTSconversion efficiency compared to B7, nor does HEVcompared to PHEV
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Figure 20 Comparison of NOx AFTSonversion efficiency [%] measured on RDE

cycles on chassis dynofor each fuel and mode.

Particulate Mass and Particle Number engine-out and tailpipe emissions

Engine-out particle emissions are globally higher for the Diesel PHEVcompared to
the gasoline PHEV for both PN23(Figure 21) and PN10(Figure 22). This finding is
in line with the well-known behaviour of Compression Ignited engine compared to
Spark Ignited engines (diffusion flame vs premixed flame) . The Diesel PHEVfuelled
with B7 emits almost 200 times more PN23 engine-out compared to the gasoline
PHEV fuelled with E10 in CS mode and around 50 times more for PN10.Compared
to E10, E20 tends to increase by a factor of 4.4 engine-out PN23 and by 3.6 engine-
out PN10 in CS mode.

At the tailpipe, and as expected from the literature, the gasoline PHEVemits more
PN23(Figure 23) or PN10(Figure 24) than the Diesel PHEV. In CS mode,the gasoline
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= B7

N HVO



L(Concawe report no. 10/22

PHEV fuelled with E10 emits around 480% more particle compared to the Diesel
PHEV fuelled with B7, regardless of the cut diameter considered at 10 or 23 nm.
E20 or HVOhave no significant impact on tailpipe PN23 or PN10 compar ed to E10 or
B7, nor the HEVconfiguration compared to PHEV In all the tested configurations,
the tailpipe PN emissions are far below the Euro 6d limits.

Figure 25 and Figure 26 exhibit the PN filter efficiency, i.e., GPF for  the gasoline
PHEVand DPF for the Diesel PHEV The DPF efficiencies are higher than the GPF
ones, in agreement with the existing literature . HVO does not have a significant
impact on the DPF efficiency, nor the HEVconfiguration for PN23 or PN10 filtration.
Ason the one hand, E20 tends to increase engine-out PN23 and PN10 compared to
E1Q and on the other hand , E20 tailpipe PN23 or PN10 are similar to E10 ones, the
GPFifiltration efficiencies with E20 are higher than with E10. HEVconfiguration does
not impact the GPF filtration efficiency.
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Figure 21 Comparison of engine-out PN23emissions [#/km] measured on RDE

cycles on chassis dynofor each fuel and mode.
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Figure 22 Comparison of engine-out PN10 emissions [#/km] measured on RDE
cycles on chassis dynofor each fuel and mode.
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Figure 23 Comparison of tailpipe PN23 emissions [#/km] measured on RDE
cycles on chassis dynofor each fuel and mode.
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Figure 24 Comparison of tailpipe PN10 emissions [#/km] measured on RDE
cycles on chassis dynofor each fuel and mode.
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Figure 25 Comparison of PN23 efficiency [%] measured on RDE cycles on
chassis dynofor each fuel and mode.
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Figure 26 Comparison of PN10 efficiency [%] measured on RDE cycles on
chassis dynofor each fuel and mode.

Figure 27 and Figure 28 shows DMS500 measurement results at the tailpipe for a
representative cycl e with B7 and E10 respectively. As shown previously, levels for
E10 are higher than for B7. The DMS500 device makes it possible to evaluate the
particle size distribution at each moment of the test. The particles have larger
diameters for gasoline than for Diesel. This is due to the filtration technology used,
and the sensitivity of engine performance to the back pressure of the gasoline
powertrain which induces the need to manage a trade-off between filtration
efficiency and fuel consumption. Also, B7 emissions are mainly located around the
engine start. E10 emissions are higher at engine start and are sensitive to the driving
behavior and enrichment phases (motorway insertion, around 3500s in Figure 28).
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Spectrum of tailpipe PN emissions measured with DMS500 RDE test
cycle, roller test bench, CS mode, Diesel vehicle, B7
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Figure 28

in mass.
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Spectrum of Tailpipe PN emissions measured with DMS500 RDE test
cycle, roller test bench, CS mode, gasoline vehicle, E10

Figure 29 shows PM emissions at the tailpipe. These values are to be compared with
Euro 6d levels of 4.5 mg/km. Both vehicles showvery low level of particulate matter
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Figure 29 Comparison of tailpipe PM emissions [mg/km] measured on RDE
cycles on chassis dynofor each fuel and mode.

Carbon Monoxide engine-out and tailpipe emissions

Concerning engine-out CO emissions (Figure 30), the Diesel PHEV fuelled with B7
emits 92%less than the gasoline PHEV fuelled with E10in CS mode. E20 does not
have any impact on CO engineout emissions compared to E10, when HVO tends to
reduce engine-out COemissionsby 24% compared to B7 in CS.HEVdoes not affect
engine-out CO emissions neither for gasoline nor for Diesel vehicles.

At the tailpipe (Figure 31), t he first analysis for the CO levels is that the Diesel and
gasoline PHEVsshow very low emissions level in CS mode, below 60 mg/km for
E10/E20 (compared to the Euro6d limit of 2000 mg/km ), and below 10 mg/km for
B7/HVO (compared to Euro6d limits of 500 mg/km ). The tailpipe CO emissions of
the gasoline PHEV fuelled with E10 are higher than those of the Diesel PHEV fuelled
by B7, by around 300%in CS mode, with B7 emissions of less than 8mg/km. HVO
tends to reduce by 59% the tailpipe CO emissions compared to B7 in CS whereas E20
increases tailpipe CO emissions by 113% compare to E10.

Figure 32 exhibits CO AFTSconversion efficiency, i.e., three-way catalyst for the
gasoline PHEVand DOC for the Diesel PHEV Three-way catalyst and DOC show
similarly high conversion efficiencies. Neither E20, nor HVO, nor HEVconfiguration
have any impact on the COconversion efficiencies.
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Figure 30 Comparison of engine-out COemissions[mg/km] measured on RDE
cycles on chassis dynofor each fuel and mode.
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Figure 31 Comparison of tailpipe CO emissions [mg/km] measured on RDE
cycles on chassis dynofor each fuel and mode.
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Figure 32 Comparison of CO AFTSonversion efficiency [%] measured on RDE

cycles on chassis dynofor each fuel and mode.

Hydrocarbons engine-out and tailpipe emissions

Figure 33 depicts THC engine-out emissions. The Diesel PHEV fuelled with B7 shows
89 %lower engine-out THC emissions compared to the gasoline PHEV fuelled with
E10in CS. E20 shows 43% higherengine-out THC emissionscompared to E10 in CS.
HVO (compared to B7) and HEV (compared to PHEY configuration have no
significant effect on the engine-out THC emissions.

Figure 34 shows the THC tailpipe emissions. Very low tailpipe THC emissions
performed by the gasoline PHEVand the Diesel PHEVare observed, below 10 mg/km

in both fuel type, compared to a Euro 6d limit of 100 mg/km for gasoline vehicles
and 90 mg/km (170-80) for Diesel vehicles. The tailpipe THC emissions of the Diesel
PHEV fueled with B7 are 80 %lower than the ones of the gasoline PHEV fueled with

E10in CS.

Figure 35 exhibits THC AFTSconversion efficiency, i.e., three-way catalyst for the
gasoline PHEVand DOC for the Diesel PHEV Both technologies show similar
conversion efficiencies, above 95 % in CS. Neither E20(compared to E10), nor HVO
(compared to B7), nor HEV (compared to PHEY configuration have any impact on
the THC conversion efficiencies.
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Figure 33 Comparison of engine-out THCemissions[mg/km] measured on RDE
cycles on chassis dynofor each fuel and mode.
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Figure 34 Comparison of tailpipe THC emissions [mg/km] measured on RDE

cycles on chassis dynofor each fuel and mode.
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Figure 35 Comparison of THC AFTS efficiency[%] measured on RDE cycles on
chassis dynofor each fuel and mode.

Ammonia (Engine -out and Tailpipe Emissions)

Figure 36 and Figure 37 illustrate respectively engine-out and tailpipe NH;
emissions. As expected, no NHs is emitted at the engine-out of both the gasoline
PHEVand the Diesel PHEV At the tailpipe, the Diesel PHEVshows an increase of
the NH; released, due to the NOx after treatment technology that is urea -based.
Most of the NHs is released during the motorway phase of the RDE, as the urea
injector instrumentation confirms  (cf. Figure 38). The typical behaviour observed is
that NH; slip occurs when a threshold of t emperature, and probably gas hourly space
velocity (GHSV) s crossed. Those conditions are met when driving on motorway.
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Figure 36 Comparison of Engine-out NH; emissions[mg/km] measured on RDE
cycles on chassis dynofor each fuel and mode.
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Figure 37 Comparison of Tailpipe NH; emissions [mg/km] measured on RDE
cycles on chassis dynofor each fuel and mode.
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2.5.

2.5.1.

EXPERIMENTAL CAMPANSON-ROAD
Vehicle instrumentation and measurement systems

Part of the instrumentation is similar to what was used  during the chassis dyno tests:
measurement of the battery output current, on-board diagnostic (OBD information,
urea consumption for the Diesel vehicle. Regarding the pollutants and greenhouse
gases emissions their measure ment was performed with a portable emissions
measurement system (PEM$ as detailed in Table 7.

Table 7 Onrroad vehicle instrumentation and measurement systems
Measure
Tailpipe HORIBA OB®NEGS (CQ, CO, NQ, NO, NOy)
HORIBA OB®NE PN (PN23)
Fuel consumption Carbon balance on tailpipe emissions
Electrical consumption HIOKI 3390 (current clamp on HV DC cable between battery and
inverter

Current clamp on LV battery)

AFTS AdBlue consumption when urea SCRis used thanks to instrumentation
of the injector control signals (number of pulses and Ti), urea Pressure
and a characterization of the injector

Temperature Engine-out
3WC/DOC inlet
DPF/GPF inlet and outlet
Sump
Coolant

Additi onal measurements Exhaust How Meter (EFM)
Ambient temperature, pressure and humidity (PEMS weather station)
Vehicle speed (from PEMSGlobal Positioning System (GPS)
Engine speed

Figure 39 Vehicle setup for on -road tests, with  PEMS equipment
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2.5.2. RDE g/cle on-road

Even if the itinerary is the same as the driving cycle performed at the chassis dyno ,
the speed profile as well as the aggressiveness indicator differs from what was
performed at the test bed due to traffic and driveabilit y factors (see Figure 40,
Figure 41 and Error! Reference source not found. ). Only RDE compliant tests were
kept in the analysis presented in the following.

— Roller bench — ROAD #1 — ROAD #2 — ROAD #3 — ROAD #4
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Figure 40 Vehicle speed profiles measured during on-road tests compared to
the RDE cycle performed on the chassis dyno
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Figure 41 VA,.s measured during on-road-tests compared to RDE boundaries

Figure 42 Relative Positive Acceleration measured during on-road tests
compared to RDE boundaries

2.5.3. Tests operated on-road

As the Table 8 describes, only one repetition was made for the 2 battery mode s
with the reference fuel. As the RCE compliance condition was not always respected
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