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I. Purpose of the document

Theaimofthe projedtINBE &Sy 4 ¢2NJ] A& (2 NBaLRYyR (G2 GKS ¢39Qa
ignited (petrol) vehicle the pollutanemissions (regulated and naegulated) and fuel consumption

when running with different fuels representative of futueduel gasoineblends. The work was carried

out with 1 recent (Euro 6demp) vehicle a Mercedes A Class, on WLTC and RDE driles cyc
performed on a chassis dynmeasuringstandardregulatedpollutant emissions as well as GGsub

23nm particles, aldehydes, 20, andNH; emissions

The fuel matrix includes four fuels with different blending strategies: (1) an E10 homologatida

fuel (RON 98) as a reference; (2) a zero aromatic blend with a high RON value (RON 102); (3) a low
aromatics blend (RON 104);)(4 blend including the zero aromatic reference as gasoline base in
mixture with ethanol which can obtained through advadcproduction pathways (2G). The results

have shown that all formulated fuels are within most of the EN228 boundaries. The volatitity
distillation properties are the ones that exceed E228 limmisvertheless the fuels are still compatible

with existing vehicleslt should be highlighted that an aromatic content decrease is likely to correspond

to a more volatile fuel which is congat with the proposed matrix.

Note to the reader: Glossary available at the end of the report.
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[I. Executive summary

Compliance with emission standard

With no exception, this experimental campaign shows that the vehicle complies with the normatiy
thresholds. It is worth noting the 3.6% gain in consumption (WLTC cycle) for fuell and fuel2 (without

ethanol). This result is largely related to the fuel prperties. Non-oxygenated fuels have a higher net calorifi¢

value in volume than oxygenated fuels, which implies that fathe same energy demandrom the vehicle,
the fuel consumption by volume will decrease. Following the trend observed for fuel consumptipa gain of
3.6% on CQ emissions (WLTC cycle) is observed. Finally, it should be emphasized that a gain of more th
90% on PNes emissions (WLTC cycle) is observed certainly due to the low aromatic content.

Impact of Non -Regulated Pollutants (NRP)

For the N2.O and formaldehyde, this campaign establishes that emissions are low and constant for all fug
given the uncertanty regardless of the cycle. RegardindiHs, no clear trend is observed on WLTC cycls
while on RDE cycle, fuel2 and fuel3 contribute to higheemissions than E10 and fuellln the case of
acetaldehyde emissions, despite low emissions, E10 and fuel3 (comtimg 10%vV/v of ethanol) seemto be

responsible of higher emissions than the other fuels. Similarly, to regulateéiN\:s emissions, a decreasefo
more than 90% onP Ny emissions (WLTC) is also observed.

Significant difference between tailpipe and engine ou t emissions

With a few exceptions, this experimental campaign shows thatmissions trends withessed aengine out
are also valid at tailpipe.The exceptionis COemissions where the difference between the fuels is leg
pronounced from engine emissions out. A slight increase is observed with alternative fuels which may be

related to unoptimized engine calibration. Regardind®Niwo emissions, GPF allows a reduction by one to tw|
orders of magnitude regardless of the cycle. The fuel impactmains visible for tailpipe emissions with an
order of magnitude less ofPNuwo for alternative fuels compared toE10.

Increase in urban use

Emissions levels are significantly higher in urban use whatever the fuel is, especially aldehydes a®
emissions:

- 3to 5 times higher for formaldehyde considering the standard urban WLTC phases compared to full WL
type driving. Regarding acetaldehyde emissions, fuels with ethanol seem to emit more in the urban phg
compared to full WLTC cycle (2 to 4 times highgr

- 5 times higher forN2O considering the standard urban WLTC phases compared to full WLTC type driving.

These emission levels are even higher by focusing on conditions more representative of urban use (v
short and slow journeys).
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Theoverallemissionscomparison betwee10 and egasolinesurrogatesshows:

- 3.6 % lower fuel consumption for fuell and fue{0.28L / 100km)esulting in 3.5% lower CO
emissions (WLTC) and 2.9% lower.@@issions (RDE)
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- Smilar fuel consumption regardless of #acycle for fuel3, while a gain of 3.7% (WLTC) and 2/4%
(RDE) is observed ddQ emissions

- AveragePN; emission level for egasoline surrogatesiecreaseddown to 1.1*10° #/km, 97% less
than E10 fuel in ths studyon the WLTC test, a reductiorf 87% was witnessed on the RDE test cygle

- HCemissionsof 12 mg/km for efuel gasoline surrogates compared to 17 mg/km for E10 fuel jon
WLTC cyclé&emissionsarelower on the RDE cyclandthe difference between fuels is not discete.
As a reminder, the limit of the Euro 6 standard is 100kngb6fHCfor gasolinevehicles.

- COemissionsof 176 mg/km against 70 mg/km for E10 fuel on WLTC cyatea reminder, the&€O
limit of the Euro 6 standard is 1000 mg/km for gasoline vehittiehould be noted that this increasing
trend is not observedn the RDE cycle.

- NH; emissionsare low, ro clear trend is observed on WLTC cywfleile on RDE cyclduel2 and fuel3
contribute to higher emissions than E10 and fueltv times higher).

- Aldehydesemissionsare not significant for aII fuelsegardless of the cycle given the minimum

~ A LA = g

t

first few minutes of the cycle. Over the rest of cyelmissions are below the apparatus detection lim
It shauld be noted that €uel gasoline surrogates contribute to decrease the cdidge emissions
compared to E10 fuel
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. Introduction

Production ofrenewablee-fuels also named power to X fuels, based on three main inputs: (1)
renewable energy from solar plants or wind turbines for example; (2) hydrogen, preferably produced
from water electrolysis with the required energy being produced by renewable sou@esarbon
dioxide, preferably obtaied from direct air captureNonrenewable efuels could also be produced if
electricity from nonrenewable sourcesWhile the technology must face quite a few challenges to
reach the industrial scale with a reasonaldest, this approach is under developnieby several
industry stakeholders and several pilot plants are announced worldwide, leading to different chemicals
and different fuels.

These duels may be used on their owhoweverit is really chdénging to estimas¢ volume of €fuels
available on the markdty 2030 We assume that there will not be enougHuels to decarbonize the
transport sector and thatblends with other existing fuel componensuc as ethanolmay be
consideed to increase availabilitftharol is already available at large scale and being more and more
produced through advanced processes. Ethanol is accepted up to 20% vol by most modern spark
ignition engines with no necessary modification. E85 conversion kits are also becoming quite popular
anddifferent car manufacturers are increasing their native flex fuel vehicle models offer in 2021 (Ford,
Jaguar, Land Rovettthanol's physical and thermal properties agaite interesting forgasoline
application Its composition grants it loer CQ emissions, and its higbctane rating allows for higher
combustion efficiency and performance. These characteristics have popularized the use of ethanol in
recent years. Indeed saa welestablished conventional bio gasoline component (half thentoes of

the European Union propose E10, and a quarter propose E10 in almost 100% of gas'jstatiuarsol

is a nonnegligible fuel fraction todagnd may be blended with future-tiels. Produced mainly from
conventional (first generation) feedstocksorn, wheat and sugar beet, its widespread use and
potential couldfoster the development of advanced (second generation) bioethanol production paths
using lignocellulosic biomass or different organic residues.

Internal combustion engines may neXolve significantly in the coming years or decade due to limited
investments.However,e-fuels are considered by some as a pathway for decarbonising the internal
combustion engine for new vehicles or the existing fldets therefore imprtant to assess how these
products behave in terms of tailpipe emissions and how they compare to standard fossil fuels.

TKS FAY 2F (GKS LINBaSyd ¢62N)] Aa (2 NBaLRYyR-G2 (KS
fuels, that could be availdle by 2030 on both regulated and unregulated vehicle emissions.

The testingwas performed on a roller test bench, both with WLTC and RDE protocols. The work was
carried out on a Mercedes-8lass, with engine out and tailpipe measurements of stangaldtant
emissions and selected nargulated products.

1 https://www.epure.org/aboutethanol/fuelmarket/fuel-blends/
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IV. Operating conditions

Fuel matrix
The fuel matrix aims to evaluate fuels that may be representative of futtfteelegasoline blends. It
covers products that are likely to be found in the futunghie EU market.

By 2030, gasoline fuel production and use will certainly be facing many challenges from:

- the constrains of using renewable sources from the European directive RED Il and its updates.
- the large availability of certain fuel paths or theMer technology readiness level of others.

- the usage competition for renewable products especially wittoaautics.

- the fuel specifications which are highly related to type of vehicles available.

Thedevelopment of efuel productsfor road transpaet should consider all these parameters.

In addition, it should be emphasized that the fuel impact on eragierformances and emissions is a
key concern today.

Nowadays, one of the drawbacks of gasoline composition regarding emissions is theiaamgnt.

The aromatics are used today to reach a certain level of octane, but their content may deovease

the next decade to reduce particulate matter emissions. The direct link between fuel aromatic content
and particulate matter emissions is clgaestablished in the literature.

Regarding the 4uel process today as described in the scientific literat the most accepted
definition is related to the use a renewable source of electricity to produce a syngas from carbon
dioxide and water electrobis. The resulting O mixture is then combined with a Fiscligppsch

(FT) catalytic process which caroguce many chemicals, including the building blocks of a gasoline
fuel. The most common catalytic FT processes are related to the use of ironait catalysts. The

first one is probably the most suitable for producing paraffinic components that mayiloote to the
gasoline pool. The use of Cobalt is, however, preferred today within the FT process.

Potentiale-fuel pathwaydodayfor gasoline apptationinclude Methanokto-Gasoline process and FT
process Thesemay enable to produce a wide range obducts includinglefines andso-paraffinic
fuels but they will probably not béirectly compatible with gasoline applications due to the low oetan
number.Different strategies may be associated to produce more relevant prodatsthis includes
catalytic reforming to producecycloparaffins andaromatics with better ROMNr oligomerization
followed by hydrogenation which may enable gduction of different olefins and lateiso-alkanes

It is impossible today to establish exactly what afuel gasoline formulation will be within the next
decade. Howevehased on current knowledge amifferent technologicatonstraints may contribie

to favor the production of certain blends.r§i, future efuels may have t@omplywith the current
gasoline specificatioto allow existing fleet compatibilityThen, since the engine architecture will
probably be frozen, combustion improventanay have to be originatEom the fuel. Thismplies that
improved efficiency and emissions reduction must be considered. Finally, production capacity may be
limited first which implies that blends with existing advanced fuels such as ethanol mapdidered.

IFP Energies Nouvelleg€mssions from Poweto-liquid fuelsg IFPEN for T&-
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In this context, the current work focuses on a fuel matrix relying mostly on paraffinic fuels with limited
aromatic concentration and advanced bioethanol (2G). These components may be representative of
an ideal efuel formulation meeting all anstraints died above and leading both tan increase in
octane rating and a decrease in particulate emissions driven mainly by the aromatic content of the
fuel.

The following fuel matrix (Table 1) is used:

- 1 homologation grade fuel compliant with EN2&8ndard:
o0 EI0: this reference fuel follows the European regulation EU REGULATION 2008/692/EC
(Annex IX) which defines the quality of the fuels used during the homologation cycles.
- 3 gasoline fuels potentially representative of physical and chemical piiepeof futue E
gasoline blends in the EU market:
o0 EFfdzSt Il azftAyS adzdnN&BI
o ETfdzSt Il azftAys dzNGIRBI A |
o0 EFdzSt A az2ftAyS adz2NNB3II
fuel 3

a%SNR | NRYLF GAO¢
G[ 26 | NRYIFGAOA&E
d%BSNR | NRYl GAO¢ &

QX
v 0w

Fuel 1 anduel 2aim to evaluate the impact of a certain fuel variability for the octane number and the
FNRYFGAO O2yGSyidoe LG aKz2dzZ R 0SS y2GSR GKFd (2RI &
for e-fuels makes it difficult to supply such producthe threee-fuel gasoline blends have therefore

been developed from noNBy Ségl 6f S &a2dz2NOSa GKNRBJAK | Wof SyRA
following model solventsa mixture oflight aromatics(< G) and G-G hydrocarbons including liree,

branthed alkane such as isopentane, isooctane alkénesuch as diisobutylend heseblends may of

course not be the getrol blends that reach the market in 2030. However, based on the current
knowledge of the technology and the engine caatipility constraints placed on the fuél they are a

reasonable assumption on what thepetrol formulation in the future could héThe fuel was blended

with the following aims:

- A moderate to high fuedensitivty (RONMON difference) to prevent engine knock.

- Specifications of the identified fuel blends approaching tierent EN228 specificatiorte
ensure existing fleet capability

It should be emphasized that the followed approach may leadideal formulatons. Indeed,
combination of processes may deteriorate to a certain extent the fuel performance compared to the
results presented heras these processes will not aim at developing solvents but probably complex
blends

Table 1. Fuel maix

Notation  Formulation Standard
E10 Homologation grade fuel (10%v/v of ethanol and RON of 98) EN228
Fuell Zero aromatic (RONLO2)

Fuel2 Low aromatics (RON 149

Fuel3 Blend with Fuell as base fuel + 10%v/v of ethanol

Fuell and fuel2 do not have theame gasoline bas

IFP Energies Nouvelleg€mssions from Poweto-liquid fuelsg IFPEN for T&-
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Table 2 shows the detailed analysis of the studied fuels. EN228 specifications have been considered as
the target for the fuel blends. However, some deviations have been obtained with the current fuel
matrix regarding the volatility ahthe distillation. hdeed, the DVPE, E70 and E100 are exceeding
EN228 limits. It should be highlighted that if we assume that aromatic content decreases by 2030, then
more volatile fuels are likely to be obtained, which is therefore consistent with thpgsed matrix. A

more volatile fuel may alsanprovethe fuel/air homogenization and thus the combustion process

IFP Energies Nouvelleg€mssions from Poweto-liquid fuelsg IFPEN for T&-
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Table 2. Detailed properties analysis of fuels matrix

Unit Limit (EN228)* Method Results
Min [ Max E10 | Fuell | Fuel2 | Fuel3
é‘?“l’ggﬂégr'p coosion Rating Class 1 Elz\lllesoo 1b 1 1 1
. . . EN ISO
Oxidation stability Minutes 360 7536 >480 >960 >960 >960
Existent gum content
(solvent washed) mg/100mL ° E2|2|4$60 <1 <05 <05 <05
Existent gum content 6 0.5 0.5 0.5
PHYSICAL PROPERTIES
Density @ 15°C kg/m? 720 775 E2|6|7$50 748.4 | 763.3 | 726.0 | 741.0
45 60 EN ISO
DVPE @ 37.8 °C kPa summer summer 56.4 55.2 60.9 66.2
. ) 130161
60 winter | 90 winter
DISTILLATION
IBP °C 35.0 49.7 39.8 44.8
5%Vol °C 50.9 53.6 49.9 473
10%Vol °C 55.1 54.1 52.6 48.0
20%Vol °C 60.2 55.1 55.3 49.1
30%Vol °C 64.8 56.4 58.6 50.3
40%Vol °C 70.0 57.8 62.9 51.7
50%Vol °C 94.1 60.0 69.3 53.4
60% Vol °C 102.6 63.7 78.4 56.8
70%Vol °C EN ISO 107.5 70.5 90.3 66.5
80%Vol °C 3405 114.1 85.7 98.7 80.6
90%Vol °C 134.2 99.3 101.1 98.5
95%Vol °C 160.4 | 1005 | 102.2 | 100.1
FBP °C 210 176.6 | 106.0 | 107.3 | 106.5
Residue %Vol 2 1.0 1.0 0.9 0.9
22 50
E 70°C %Vol summer summer 40.0 69.5 50.9 73.1
24 winter | 52 winter
E 100°C %Vol 46 72 56.1 92.9 82.8 93.4
E 150°C %Vol 75 92.9 >99.0 | >99.0 | >99.0
COMPOSITION
Ethanol %Vol 10 9.3 <0.1 <0.1 9.9
Olefins %Vol 18 EN ISO 6.8 17.0 17.0 13.9
Aromatics %Vol 35 22854 26.0 <0.1 10.0 <0.1
Benzene %Vol 1 <0.1 <0.1 <0.1 <0.1
OCTANE | NDEX
EN ISO
RON Index 95 5164 97.1 102.3 104 104
EN ISO
MON Index 85 5163 86.3 87.3 89.3 88.0
COMBUSTION
Net calorific value in ASTM D
MJ/kg 240 41.36 | 42.80 | 42.77 | 40.00
mass
Calculated
O/C viv Calculated 0.032 - - 0.051
H/C viv 1.937 | 2.036 | 2.030 | 2.135

* The limits considered in France correspond to the Summer grade (Class A of EN228)

Vehicle tests: operating conditions

The impact of duels on regulated and nomegulated pollutants emissions during RDE and WLTC
driving cyclesvere measured on &Mercedes A Classourced by IFPEMNs main technical datand
emissions limitobtained from the certificateof conformity are described in the Table below. The
vehicle is homologated according to EUREXé@np standard; it has recent engine technologyd a

IFP Energies NouvelleEmssions from Poweto-liquid fuels¢ IFPEN for T&-
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turbo charger is present.he vehicle is also equipped with-&@y catalyst and a gasoline partifiléer

(GPF).
¢l ot od +SKAOESQ®2 G(SOKYyAOlFt OKINIOGSNRAGA
Brand Mercedes
Registration date 24/102019
Kilometers (before tests) 16919 km
Category A Class
Serie 180136ch Style Line
Empty weigh (kg) 1350
ENGINE
Max power kW (ch) 100(136)
Engine zine (cm3) 1332
Cylinder 4
Max torque (Nm) 200
Injection type Gasoline direct injection (GDI)
Supercharger Yes
Polluting level Euro 6
CONSUMPTION
Combined (L/100km) 5.2
CO2 emissions (g/km) 119
POLLUTANTS EMISSIONS
CO (mg/km) 111.0
HC (mg/km 23.2
NOx (mg/km 26.8
PM (mg/km) 0.24
PN (#/km) 1.09x13*

Experimental set -up and facilities
The roller bench n° 107 at IFPEN was used for the present work @ablee roller bench is located

into a conditioned chamber maintained at 23°C + 3°C. The driver was assisted by a driver aid system
to follow driving cycles. Roller rotation speed isirolled electronically. The exhaust gases emission

was collected and measured according to the Constant Volume System (CVS) based on a full flow
dilution tunnel. Figure 1 and Figure 2 show the scheme of roller bench n° 107 and the analytical

combined appeatus.

Table 4. Roller bench technical characteristics

Power (kW) 55

Speed (km/h) 160

Type Bi roller
Ventilation maximum speed 120 km/h
Temperature 23°C+3°C
Hygrometry 45% + 10%

2 References: Mercedes Certificate@bnformity;https://www.larqus.fr/
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Figure 1. Scheme of roller bench n°107
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Figure 2lllustration of the engine out and tailpipe emission measurements tatgd

| CPC100 H SPCE2010 |— [

| sampling bag for regulatory measurement
QcL

MEXA 5 GAS

KEMA 5 GAS

SPC52110

The gaseous emissions were collected u3iedja®bags and further analyzed in terms of regulated
and nonregulated pollutantLlhz emissions. Fuel consumption was monitored as well. The differe

analyzers and the targeted components are provided below (Table 5) for both the regulated and the
unregulatedemissons.
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Table 5. Analytical methods employed to measure gaseous emissions, particles number and mass

Area Targeted component Measure

Tailpipe (raw  CO; CVSi MEXA Infrared

and CVS CO CVSi MEXA Infrared

diluted) NOx CVSi MEXA (chemiluminescence)
NO CVSi MEXA (chemiluminescence)
NO; CVSi MEXA (chemiluminescence)
HC CVSi MEXA FID
CH, CVSi MEXA FID
N2O CVSi QCL
NHs CVSi QCL
PNz3 CPC 100 (23 nm)
PNio SPCS 2010
PM Weighting on filter(standard)
Formaldehyde and FTIR

acetaldehyde as well as
selected HCs

Engine out CO Raw sample MEXA
NOx Raw sample MEXA
HC Raw sample MEXA
PNio SPCS 2110

+ additional measurements -
included: CQ, NO, NQ,,
CH4, NMHC

Standard and weléstablished analyzers used on chassis dynamometer tests for the characterization

2F NB3IAdzA F SR LRfftdzilydia ©SNB dza S Wwas sélectdd fof thell SR 3|
characterization of THC, GHCO, Cgand NOx emissions. SHiay was duplicated to obtain both the

tailpipe and engine out emissions. £8O0/NQ ratio, CO, HC, PM and PN have also been included. A
Gravimetricsampling systengPallflex filter) was used for determining the particulate matter (PM)

emitted. The paticles number (PN), with a diameter greater than 10nm, were measured with a SPCS.

An additional particle counter CPC 100, located at tailpipe, was implemented for couatitigjgs

greater than 23nm, so that simultaneous counting of particles above 1@mhalove 23nm is possible.

The measurement of NO, NO\:O and NElwere performed with a Horiba MEXANEQL-NX bay.

The tailpipe emissiongere also characterized by dirIRseeAppendix 1 ¢ Characteristics of the FTIR
). The device enables to measure aldehydes (formaldehyde and acetaldehyde) as well as selected
hydrocarbons.

Vehicle test protocol
The first step was to purge ¢hfuel system. Comesgluently, ahead of testing with each new fuel, the
following protocol was performed:

- The vehicle fuel tank was completely drained.

- 5 liters of the new fuel was added, and the vehicle was runned at idle for at least 10 minutes
to flush the old fuel from theentire fuel system.

- The tank was drained again and then filled with the new fuel ready to test.

- The vehicle was then preconditioned by running a WLTC cycle.

IFP Energies Nouvelleg€mssions from Poweto-liquid fuelsg IFPEN for T&-



||
A5 1 Hcpe A fP €Energies
\r‘ Transports K nouvelles

mC Energle

The second step consisted into performing the driving cycle téd¢gulated and nonegulated
emissions as well as fuel consumption of the test vehicles were measured over two different driving
cycles, WLTC and RDE, which are going to be described in the test cycles section. The protocol to
perform the tests was:

- vehicleentrance and setip in the rdler bench according to the standard conditions
- driving test according to WLTC or RDE cycle

- vehicle soaking during 12 hours with a temperature at 23 £ 3°C

- driving test according to WLTC or RDE cycle

The tests were all repeatetice (two chassis dynamomateuns per vehicle and per operating
O2YyRAGAZ2Y U0 ® 9FOK RI&3x | aO2tRé¢ 2[ ¢/ oOBefviieBNI a2 |
WLTC and RDE tests, about 4 hoursguhs

Soaking Cold WLTC #1  Soaking Cold WLTC #2

Hot RDE #1 Hot RDE #2

Arepeatability criterion was defined using £€nissions as the main parameter. Calculation is based
on CQ@measurement over two tests according to the following formula:

WhereNb_tests is the number of repetitions per test (Nb_test = 2) and is the standard deviation
of CQ global measrements and a validation limit of 1% maximum deviation wgsosed.

Test cycles
The protocol included two tests:

- Cold WLTCWLTC isuopean and world approved driving cycle with cold start (Figure 3). It
has four phases: (1) log3.1 km, (2medium¢ 4.8 km, (3) higlg 7.2 km and (4) extraighg
8.3. The average speed, sampling time and driving distance is 4% kB0mminutes, an@3
km, respectively.

IFP Energies Nouvelleg€mssions from Poweto-liquid fuelsg IFPEN for T&-
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Figure 3. WLTC cycle
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Hot RDEThe RDE cycle will be a compliant driving cycle trangfdrfor use on the chassis
dynamometer test bench. It has six phases: phas@.2 km, phase 2 9.6 km, phase § 22.5

km, phase £ 7.4 km, phae 5¢ 29.5 and phase §11.5. The RDE cycle represents a dynamic
style of driving within the boundaries of &fpos). A time/speed trace of the proposed drive

cycle recently used for the French Ministry of Ecology studiven Figure 4.

Figure 4. BE cycle
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V. Experimental results: emission levels

Average emissions over the full protocol
The results presented in this part and in the summary tablgxpendix Sarethe average pollutant
emissions over all the experimental testslescribed in the previoysart.

Consumption, FF and greenhouse gas

Emissions comparisdoetween E10 fuel and-feiel gasoline surrogates over the full data set shows on
average a

- 3.6 % lower fuel consumption for fuell and fue{20.28L / 100km)resulting in 3.5% Iower|=|=
emissions (WLTC) and 20lower |=|= emissions (RDE)

- Smilar fuel consumption regardless of the cycler fuel3, while a gain of 3.7% (WLTC) and 2.4%
(RDE) isbserved ongf emissions

Over the scope of the study whete 0 and 6"O emissions are measured, no significant impact could
be assessed compared to E10 reference fuel. The GHG (greenhouse gas) gap between the fuels
remains unchanged when considering these unregulated emissions

Fuel consumption andb emissiors are presentd Figure 5 for the both WLTC and RDE driving cycles
for all four fuels testedTheseresults are largely related to the fuel properties. Fuell and Fuel2 has a
higher LHV than E10 fuel and fuel3 containing ethanol, which implies that feathe energy @mand

of the vehicle, fuel consumption will decreageportionallydue to the higher energy content of the

fuel. Regarding0 emissions, there is a gain regardless of the fuel. This gain is related to LHV and
the higher ratioH/Cof fuels A highH/C ratio means that the fuel is less dense, and therefore has less
carbon available to combine with oxygen @ the airto produce carbon dioxide (GO Therefore, a

fuel with a high H/C ratio will produce less 8@ a given volume of fuel.

WLTC RDE
z 180.0 - 800 = = 180.0 | 1708 168.6 | 800 =
< 1700  164.6 158.5 3 £ 1700 1673 167.7 =
L 157.9 1597 ? 750 S & - 750 S
2 160.0 : ‘ S g 1600 ~
g =)
% 150.0 7.00 § % 150.0 - 700 5
£ . 2 £ 1400 g
£ 140.0 650 & = | 650 2
o 1300 - 2 o 1300 3
o

120.0 - ‘ ‘ 600 O “ 1200 : : - 600 §

E10 fuell  fuel2  fuel3 E10 fuell  fuel2  fuel3

mCOo2 <»Consumption mCco2 <-Consumption

Figure 5. Comparison of C@missions and fuel consumption of E10 fuel anduel gasoline surrogates over the full
scope of the stdy. Margin of error on C@emissions is of 1%. Margin of error on consumption is the standard deviation
measured on the 2 tests.

Emissions of0 0 @& &0

0 0 and 0O are greenhouse gases (GHG) emitted by internal combustion engines which must be
considered in the analysiof overall vehicle pollutants. F@r (hthis campaign establishes that
emissions are lowand comsty i F2NJ | ff FdzSta NB3IFNRESaae@¥ (GKS
measured values are not signifitdor all fuels regardless of the cyclevgn the minimum detectable

O2y OSY G NX GA 2y .Emssohs ménlyiobaor inLthel¥athrt phase, within the first few
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minutes of the cycle. Over the rest of cycle, emissions are below the apparatus detection limit (see
Appendk 2 ¢ Emissions ob 0 andd™O).

WLTC RDE
15.0 + 15.0 -
[=T:] o |
£100 E 100 -
2 w
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2 S
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§ 50 E 50 -
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9 | o
g | 121 1.27 1.24 1.26 S 1 93 . 2.02 1.93
o HE HE mE = 00 1 H B
E10 fuell fuel2 fuel3 E10 fuell fuel2 fuel3

Figure6. Comparison of B{D emissions of E10 fuel andfeel gasoline surogates over the full scope of the study. Margin
of error is the standard deviation measured on the 2 tests.

Regulated local pollutants

Emissions of nitrogen oxides) 6

The averag® U emissions for this study a8 mg/km for all fuels regatless of the cycléndicating
that the e-fuels tested have no impact of NOx emissiorss a reminder, the limit of the euro 6d
standard is 6@ng/km for gasoline technology vehicles.

WLTC RDE
0.150 0.150
g - -Euro 6d limit :E.;
$0.100 - 3 0.100 -
w) wv
o =
2 k=)
B ol 2
£ 0.050 - § 0050
x i 5 ]
0.000 - 0.000 -
fuell fuel2 fuel3 fuell fuel2 fuel3

Figure7. Comparison of x emissions of E10 fuel andfael gasolinesurrogates over the full scope of the study. The
ring test analyses uncertainty is 0.006 g/km.

Regulated fineparticle emissions0d

The average fine particle emissions greater than 23 nm are 5!2#/Km in E10 fuel compared to

1.1*1C° #km inefuel A a2t Ay S adz2NNB3IlFGSa o6F pn GAYSa f26SN
standard is6.0*10 #/km for gasoline technologyehicles. It should be noted that this gap between

E10 fuel ande-fuel gasoline surrogates is reduced significantly on the RDE cycle (7 times lower). The
observed gains, respectively 97% and 85% for WLTC and RDE argclesiinly related to the low

aromaic content ofe-fuel gasoline surrogates compared to E10 fuel. Emissions levels are highly
variable in E10 fuel, mainly due low cylinder walltemperature andassociateduel condensation

Thisleads to rich combusiin areas and high particulate emisssat cold start
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AveragePN; emission level for egasoline surrogateslecreaseddown to 1.1*10° #/km, 97% less
than E10 fuel in this studgn the WLTC test, a reduction of 87% was witnessed on the RDE test cycl

WLTC RDE
7.00E+10 7.00E+10
— 6.00E+10 - — 6.00E+10
E 5.20E+10 E
£ 5.00E+10 - & 5.00E+10
é 4.00E+10 £ 4.00E+10
g 3.00E+10 é 3.00E+10
o 2.00E+10 & 2.00E+10 - 1-87F+10
o~ o~
Z 1.00E+10 Z 1.00E+10
& 1.16E+09 1.33E+09 9.41E+08 = 2.46E+09 3.31E+09  2.46E+09
0.00E+00 —t— P — 0.00E+00 ——— ] . ] )
E10 fuell fuel2 fuel3 E10 fuell fuel2 fuel3

Figure8. Comparison of numbeof particulate emissions over 23 nm of E10 fuel anduel gasoline surrogates over the
full scope of the study. Margin of error is the standard deviation measured on the 2 tests.

Particulate matter emissionsPM

PM emissions are low regardless of thedluand driving cycleAs a reminder, the limit of euro 6
standard is 4.5 mg/km for gasoline technology vehiclEasissiondMleasurements in this study are
close to 0.1 mg/kmNo fuel effect can be discussed as the uncertaintyimeasurement isin order
of magnitude higher than the reported concentration (i.e. 0.989 mg/km).

Unburnt hydrocarbon emissions,'O6and carbon monoxided 0

In this study,”O0emissions are closéo 12 mg/km for efuel gasoline surrogates compared to 17
mg/km for E10 fuel on WLTC cyclemissiongre loweron the RDE cyclandthe difference between
fuels is not discernite. As a reminder, the limit of the Euro 6 standard is 100 mg/ki@ofor gasoline
vehicles.

In the case ofd Uemissions,e-fuel -gasoline surrogates are responsible for an non negligeable
increase compared to E10 fuel with averagmissionsof 176 mg/km against 70 mg/km for E10 fuel
on WLTC cycleas a reminder, thé Ulimit of the Euro 6 standard is 1000 mg/km for gasolineiclels.

It should be noted thathis increasing trend is not observed dhe RDE cycleThis can be explained
by the feact that the cold phase (the most emissive phasee Figure 1) of the RDE cycle represents
only 3% of the total cycle compared to 1%5or the WLTC cycle. Consequently, the trend towards
higherCOemissions is less visible in the RDE c{ragardingdl engine out emissions on WLTC cycle,
the difference is limited even if a slight increase is observed with alternative fuels to wiaiglben
related to unoptimized engine calibration.

On WLTC cycle, catalyst operation seems to be delayed withHilne -gasoline surrogates compared
to E10.6 Uemissions arenostly increased during the first fewwecondsof the cycle(seeAppendix3

¢ InstantaneousCOemissions)As illustrated Figure 11, RDE cycle confirms a tendenogteaseCO
emissionduring the ctd phase Thiscouldbe due to:

- adelay in ignition due to a modified exhaust enthalpy
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- anincreased production a€Ofrom combustion by the fuel in question, itself possibly due to

an inadequacy of the injection/supercharging settings to the propertietheffuel or its

intrinsic properties
- both together

Please note that these are only asgotions.

WLTC RDE
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Figure9. Comparison of HC emissions of E10 fuel arfded gasoline surrogates over the full scope of the study. The ring
test analyses uncertainty is 0.@0g/km.
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Figure10. Comparison of CO emissions of E10 fuel antlel gasoline surrogates over the full scope of the study. The
ring test analyses uncertainty is 0.02 g/km.

Emissions by phase - WLTC

Emissions by phase - RDE
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Figurel. Comparison of CO emissions by phase of EH) &nd efuel gasoline surrogates over the full scope of tiseudy.
Margin of error is the standard deviation measured on the 2 tests
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WHLTC - Engine out emissions RDE - Engine out emissions
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Figure 2. Comparison of CO engine out emissions of E10 fuel afitkégasoline surrogates over the full scope ofeh
study. The ring test analyses uncertainty is 0.02 g/km.

Unregulated pollutants

0 "O ammonia emissions

0 "O emissions are not part of the regulatory framework of the Efistandard butwill be considered

for regulation as part of Euro.1"O emissionscontribute to the degradation of air quality as
precurors of secondaryparticles and as a toxic gas for humans above a certain concentration
threshold.

In the case of gasoline, ammonia is a reaction product within thes catalytic conerters (TWCs)
throughin situproduction of hydrogen during excursions into rich engine operation (cold start, high
acceleration or driving at high speed).

In the experimental scope of the studyp clear trend is observed on WLTC cycle regardiri@
emissions. Emissions are low but aboverfiaimum detectable concentratioMDCXX n ®H p LILIY O
mainly take place in the cold phasehere thestandard deiationis higher Indeed, despite all the

efforts made to repeat thesoakingprotocol as welbs the fuel purge, it cannot be excluded that the
start-up is subject to random effects or variable behavior of the aftertreatment system. This implies a
highervariabilityin coldemissions, wheremoreover,emissions are often high€Figure 14). Simila

trends forNHs have been observed in other studies, including for different measurement techniques
and vehiclesOn RDE cyclefuel2 and fuel3 contribute thiigher emissions than E10 and fuetivg

times higher).

3 Please refer to the section Test cycles for detaf phases

IFP Energies NouvelleEmssions from Poweto-liquid fuels¢ IFPEN for T&-



' ol HC cr fPEnergles
M i
Energie

WLTC RDE

15.0 15.0
5 E
= W
'é” 10.0 E 100
wv w)
£ 50 § 5.0 4.7
v Z 0 2.7
L2 o aowm (L, H N

0.0 [~ ] [ mm 0.0

E10 fuell fuel2 fuel3 fuell fuel2 fuel3

Figure 13. Comparison of Nldmissias of E10 fuel and-fuel gasoline surrogates over the full scope of the study.
Margin of error is the standard deviation measured on the 2 tests.

Figure 14. Comparison of Nldmissions by phase of E10 fuel anduel gasoline surrogates over the full epe of the
study. Margin of error is the standard deviation measured on the 2 tests

Aldehydes emissions

Aldehydes are not part of the regulatoryafnework of the Euro 6 standard. Exposure to aldehydes
presents asignificant health risk, as they are germtic agents: Aldehydes can cause nasopharyngeal
cancer in humans and have been shown to instigate respiratory carcinomas in rodent models.

In the cag aldehydes emitted out ajasolinevehicles predominantly formaldehyde and acetaldehyde
is emitted Occurringorimarily during the colestart phase and are the result of the incomplete burning
and oxidationof hydrocarbons.

Regardindormaldehyde emissions, measured values are not significant for all fuels regardless of the
cycle given theminimum detectable concentration (MD& H @ p. Enhidisidhs mainly occur in the
cold-start phase, within the first few minutes of the cycle. Over thd tdxycle, emissions are below
the apparatus detection limit of 2.5 ppm (see AppetRig Instantaneous famaldehyde emissions). It
should be noted that duel gasoline surrogates contribute to decrease the colthge emissions
compared to E10 fu€Figure 15%

- 48 % lower formaldehyde emissiorf8VLTC) an@l7 % lower formaldehyde emissioffRDEjor fuell
- 39 % lower formaldehyde emissiof8/LTGand32 % lower formaldehyde emissio{RDEjor fuel2
- 62 % lower formaldehyde emissiorf8/LT¢and66 % lower formaldehyde emissioffRDEjor fuel3

In the case ofcetaldehyde emissions, measured values ard smnificant for all fuels regardless of
the cycle given theminimum detectable concentrationd 5 / X H)MAs foliudwaldehyde,
emissions mainly occur in the cedtiart phase, in the first few minutes dfie cycle. Over the rest of
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