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To meet the 2050 CO, targets, emissions have to be cut
each year by 6% — starting today

N E2050 CO2B 11 - HERnInZ EFR186%-M S KE [EEW

HISTORICAL AND MODELED CO, EMISSIONS OF ROAD TRANSPORT IN EUROPE -
BRI 1E B8 32 18 [0 SEAIMR AL CO28F

CO, emissions in million tons CO2HER (E50) ® The scenario is designed to fulfill the EU

objective of 80% greenhouse gas emission

2,000 1 Historical 352 reduction by 2050 compared to 1990 by on-
""" Balanced energy carrier scenario S gk 8 5 (575 % road transport; 0% & BUNE BS 22 8 2050F 8 =
SAHERAEX T 19905 /K F 5 4*80% B trig it
1,600 A 5=

— CO, emissions are considered since these
account for 99% of the greenhouse gas
emissions; CO2HEMBEE S - ERANE SR
B E SR HER99% 7 AN

L, =2

EU 1990 level m Balanced energy carrier scenario & s £ 14K
XM 19907k AE

1,200

800

7 — Battery and fuel cell electric vehicles, hybrid
“¥ EU 2050 obiecti and electrified powertrains; gt FIWAR E8 5t
objective e P
0 : , . ERMN2050 B iR 8 RSB S
1990 2010 2030 2050 Year — Significant usage of fuels from renewables

blended with fossil fuels in all vehicle
classes; BB AN ARIER =50 - JEIAIESE
Source: FEV ]
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Within the commercial vehicle category light commercial vehicles account
for the majority of sales in major markets

EERFEEHRANREBHAFEFNEZMNEEHEENR [EEl/

2016 commercial vehicle (CV) sales Key use-cases by CV segment
20165 A% (CV) HE FEMRAERAIN ARSI m
%2‘% Light CV (LCV): <6t Segment  Typical drive cycle(s) Vehicle examples
B Medium CV (MCV): 6-16t 25 HAZIPEN
2.4
B city bus LCV operation
(XFF) wHIR
84%

Urban delivery
WMtz

Regional delivery
X515z

e
e

ﬁ million

ESJEd 71%

i m **LCV= Light commercial vehicle R B FIZE
* 5.7 MCV= Medium commercial vehicle P !B FH 4=
million HCV= Heavy commercial vehicle ER B A%

i City Bus: 3 /2432
China Y -

FE 80%

Highway operation &
SEIR

I
@)
<

Urban operation U
oy TR il _JE

(e.g. refuse trucks o Al
h iR %)

I H A

Urban
W

Source: IHS, FEV, fotolia
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Electrification and energy carriers from renewables are both required to
achieve the reduction goals

BRI BEEREEHBREBHRITT BEZRZIREB IR [EEl/

CO, EMISSION REDUCTION PATHWAY FOR ROAD TRANSPORT IN EUROPE
=
Al 32 PR 7 2 =
B SM 38 % 32 38 CO243 1 ¢ 1S m Development stop considers the increase in
person and freight transport ; BAMEIEZEA
CO, emissions in million tonsCO28kiK (B Fl) HWFNEiEE 0
1,600 - o L m Usage considers the modal split between road,
Development stop&ZfEfF1E = — - Efficiency?{ & rail, water and air as well as the utilization of
et Resuia on-road vehicles ; [ FAE S - B -
— — Electrification®8 5 1L HiE . KT - 2 RE R E R R
1,200 -

m Electrification includes hybrids, battery and fuel

T cell electric vehiclesEE S {CEFEE D) - EBMFIIA
Bl ICEDEE R

800 1 ‘\\\\ o (L m Efficiency includes optimizations of vehicles
1990 level TSI (45%) Electification= 1 and powertrains ; R AIEREERINED

3 Efficiency & ® Energy carr_iers conside\r the mi?< and source of
energy carriers ; REEF A BIEESMEEEX 4
Energy carrierfe @&k KIR
' — Energy carriers from renewables have lower
0 : : : , CO, emissions than such from fossils in this
1990 2020 2030 2040 2050 Year balancef8Xt T{EARR - olBEREEHEE
HIECO2HEHK

The tank-to-wheel plus carbon sink balance considers the CO, emissions created when conversing the energy carrier to kinetic energy and a subtract of carbon sinks that are
realized during the production of the energy carrier.

400 -

2050 objective

Peter Heuser, October 11th 2019, International Methanol Vehicle and Fuel Applications Conference and Expo, Chongging, China © by FEV — all rights reserved. Confidential — no passing on to third parties | 5



Agenda IFEElV

® Introduction and motivation for e-fuels& BEREM Y B A 1AL

m What e-fuel to choose?& BUR LA T4 ?

= C3-Mobility C3475/]

® Summary and conclusion/Z2 & 2516

Peter Heuser, October 11th 2019, International Methanol Vehicle and Fuel Applications Conference and Expo, Chongging, China © by FEV — all rights reserved. Confidential — no passing on to third parties | 6



In adaptation of energy carriers we consider many different options

SENEEERE - HAZRZSFP AR LN EEV

2020 2030 2040 2050
. J J |

] R - ; ‘ Q29 % £
Paraffins i /5 .\f“!.ﬁ\‘gh? e '\!""‘!\‘Q h\f
W e § &

o 5\?;
Alcoholsfigzs ﬂ‘ N 2

Short chain length}z #& & Long chain length 5%+

EleCt”CltyEEjj o Further deployment®f— 5 5% o

OtherS;E;ﬂij, ‘%) w ‘ urther deplo men= L
\of @

Methane B Jit DME Z F it Hydrogen& =

Source: FEV
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Electricity based chemical energy carriers show a huge variety

ETFRNEFEEARZNERZSFN [EElY

RENEWABLE HYDROGEN IS REQUIRED FOR ALL E-FUELS
A SR SFERBEESER

o, ’% Methanol B

Methanol to
gasoline REES

AIEAESN Watersk HydrogenE, % (&S1t¥) —Eﬁ‘&“" t:& W
® w—iN 1. i Vo
" OME, B2

ﬂ
BN ”,ﬁ SNGEREAS

4 >
—> W) Paraffinst# /%
- W AlcoholsEz3s
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Methanol is an already established platform molecule for
the chemical industry/ fuel production and an excellent fuel!

iz NEFWMRE M~ m e S Fan FHMAFERR [EEl

METHANOL IS A PROBABLE SOLUTION TO IMPORT RENEWABLE ENERGY TO GERMANY/EUROPE

MeOH is used as fuel alreadyEFI EEERN
AR N FH

MeOH is promising alternative for SI and commercial engines B g

A AT R R N AR L E (O AR
Methanol is cheap to produce B B2 4 = 1T 15 Bk

m Established product and building-block (chemical industry) B 2
MM mEM (BT

® Handling and infrastructure is considered to be more complex
SAIBANE MR LR E 5

®  Available applications very limited A 32 FIE I FELL IR E 2
(EN228 limits MeOH to 3% v/v, but push from Asia)

N

®m First series production M100 truck,

claiming 18% costs savings/years —% " - >0 L: - Egg ]
5IM100-RZEF2fm - EMELSTURT s = 993 o = 45% B T
18% ofy &# 25_-%® _BRSOGK
TE TE 553K TEEREcIE
m Methanol is used from M5 to M100 B iz T & I Lol ITos®EO:T LW
N A EEBISEE MMSEIM100 Methanol
M +/0 o] +/0 o] o/—-

m Applications range from PC to HDAZF Methanol utilization in t :
ZE AU, .}‘A%}EHEEUEJHE [ | etnanol utifization 1n transpor
will significantly risefE 35:& R EEN A SR KR FA

Source: bigwheels.my
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Diffusive Methanol Combustion II/IIERBEY BRI/
Pilot Fuel Assisted Diffusive Methanol Combustion%ﬁﬂﬁﬁ%?ﬁﬂiﬁﬁﬂEﬁ@??f“%ﬁl‘lﬁ%ﬁE“/

PILOT FUEL ASSISTED DIFFUSIVE COMBUSTION IS BENEFICIAL REGARDING PM AND NOX

SRR BN BUPA IR 15 25 T PMFONOXFFIE

® Methanol combusted according to diesel
process with pilot diesel injectioni% B8 £& i
FRNEE B9 5208 5 A2 A FR B MR 0%

m Tests performed by Wartsila and MAN
Wartsila and MANF 1T :
—  NO, 3-5 g/kWh (Low Tier II) ®
— CO (<1 g/kWh), THC (< 1 g/kWh)
—  PM only from MGO pilot (FSN ~0,1) ()
— SO, only from MGO pilot (99% reducti@

—  Formaldehyde emissions B EEHERT (~ TA-
luft)

— Same output and load response compared
to diesel, full fuel redundancytt B F 4 ()
p:: M S Tl R SV

— Same or better efficiency compared to @)
diesel (100% load app. 1% increase) Lkt §J

Wartsila 4-Stroke

SUPERGREEN
b e

JHTHTR =1 “
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C3-Mobility C31Tz [EEl/

SUMMARY OF THE C*-MOBILITY PROGRAM C31T&1 B B 45

CLNOBLITYE 24

m Funding authority 5 B & 11
“‘Bundesministerium ftr Wirtschaft und
’ |3 Closed Carbon CVC|9 Technologie” (German governmentf&

Z T EBUT)
7 IVI O B I L | Y = Durationfyf: 3 Years 35

" o Kraftstoff m Costs?E H: ~24 Mio. € 248 AKX
imaneutrale Kraftstofte a Fundingizs: .

g% ~16 Mio. € 16E H K
fir den Verkehr der Zukunft

m Objective B #r: Investigation of climate
neutral fuels based on methanol #f 2%

% Bundesministerium EFREMSIER R

Lunr dV'\I'Itler(;[l??II;?ct:;ie m Partners& {E{k{F: Consortium

consisting of Universities, Research
Institutes and small to large
CompaniesfH X%, WEAMIFIL T AE
R EX 2R
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Project StructureIil B 2514
Project PartnersIii B S {EE I EEWY

AVL 2o EENNCRC S (C'A'C) Nt DAIMLER

WA
o)

ALWAYS AN IDEA AHEAD

DENSO  [cjc|)y == =
Crafting the Core ‘ [ — ONIVERSITY OF APPLIED SCIENCES

Z Fraunhofer HYUMNDAI 1 IEBHERR ‘.’,’ l '@-

. IJ JULICH

Forschungszentrum

ISE MOTOR GROUP RWTH Aachen

.TU

PIANCY A e TECHNISCHE
RWTH @ G mmmemn gD RO UNIVERSITAT
s ‘ 8 DRESDEN

Assoziierte Partner und im Unterauftrag

e\ 20 @

DEUTZ

o g
) umicore” @ MIE

innogy
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Objectives B #x [EEl/
VALUATION OF ELECTRICITY-BASED FUELS BASED ON MULTIPLE QUESTIONS
ETFLUBEDAEMAENENZTPE

= Which pathways to which electricity-based fuels (based on Methanol) are possible?BiifH i 13 ST E
EFEHONE (ETHEE ) 08 ?

= Which optimazations of efficiency do engines enable that are optimized for these fuels?/& h BT 41
ML AL - ARXERAR S EMRIE?
Which technologies or adjustments are required?EZ Wik AL BZE ?

m What overal efficiency does the utilization path have from Well-to-Wheel/ Production-to-Wheel? A
HIEFER/MmE FeNARBRE S BRUREZ D ?

= Which fuels allow a backwards compatibility to existing fleets?#ifh ikl R IFSMBRN A ERE MK ?

m How does a market launch of new or adapted engines or fuels into existing fleets work? /i I A/ 2 1F

B R ELREE KN RRIRE S S ER AL ?

® What are the differences compared to a BEV or fuel cell vehicle also regarding costs and

infrastructure? tE AR T B8R AN FE SRR BB ZR R SR T 28 B R A T 4 A Bk ?
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Project StructureIil B 2514
Overall Structure S & 451 [EEl

Production Pathways of Climate-neutral Fuels Modul |

SR EAR AR EE 2 R R |

A) Methanol Production BB &

B) Processing & RefinementSA BB R #5 1&

Usage of Climate-neutral Fuels Modul II-1V

SRR AN A AR RI-IV

C) Optimal Use of Climate- neutral Fuels in Industry and Transport

T EIBAR S P i AR N A

Relations
MEEEMAHERZ

E) System Evaluation and Market
Launch Scenarios Modul |
REVE AN E EIR |
F) Projekt Management and Public
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Project StructureIil B 2514
- - : g ~
Production Pathways to Climate-neutral Fuels R IEMM ™ RIEL  [EE|/

Production Pathways of Climate-neutral Fuels(FZJ, INO) Modul | (A)
SRR T ML (FZJ, INO) ## 1 (A)

A) Methanol Production (theoretical / Application) BB EE~=m ( ¥Rt/ )

Case 1: Industral Areas Case 2: Rural Areas Case 3: Desert
Tl s a 2 SR Wi ¥
1) CO, Washing (theor.) 2) Carbon from Biomass(theor.) 3) CO,/H,0O Capture (theor.)

CO2iE% (IEig) REEEYR (BIS) CO2/H20f&%E (FBiL)
4 4) Elektrolysis (theor )&% ( it ) H,
- 5) Methanol Synthesis (theor.)BEE &/ (EiL ) y /c\’

B) Processing & Refinement SAX2FN#E Kk E

1) OMEHR# 25 (3-5 2)2-ButanolT ¥ 3)MIG BEEA AL 4)1-Octanol 3=B% il 5) DVE — i ik
from Kopernikus Lab Demonstration Lab from ALIGN
(theor. FZJ) (FZJ) Plant (TUF, CAC) (FZJ) (theor. FZJ, GRIL)

*FZJ: Forschungszentrum Jilich; INO: innogy SE; TUF: Technische Universitat Freiberg; CAC: Chemieanlagenbau Chemnitz GmbH; GRIL: Grillo-Werke AG
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Project StructureIil B 2514
Usage of Climate-neutral Fuels s i # %1

C) Optimal Usage of Climate-neutral Fuels in Industry and Transport Modul II-IV
T VAR B S = AR A8 R A
Research, Development of Combustion Processes and Demonstration
Cylinder Displacement = L HE&: PRI IR AT A
2201

<051
Py - o ) -
1) 2) 3) 4) 5) 6) 7 I "
CZHSOH

Hi

Drop-InBYAHEA,
Blend, ;R&
Monovalent&—
(OPEL, RWTH)

DemotZE:
1 PassCarfe &

Drop-InBYAHEA,
Blendi2&
(BMW, RWTH)

Demot¥ZE:
2 PassCarfe &

Blend;E&
(VW)

Demot*%:
PassCarst &

Bi-valentf{ 88—
Monovalent& —
(FORD, RWTH,
FISE)

Demof¥Z:
2 Light CVi B
RA%E

Drop-IniE A
(FORD, RWTH)

Demot*%:
1 Light CVi Bl
A%

Blend;E&
Dual-Fuel 3%}
(HMECT, CPT,
TUD)

Demo#t* %:
1 PassCarfR %

Blend;E&
Dual-Fuel %%}
(FEV, DAIM,
DEUT)

Demot¥ZE:
1-Zylindermotor
1 Nfz

Monovalent&—
Dual-Fuel 3 A%}
(RWTH, LIEB)

Demo:
1-Zylindermotor

*OPEL: Opel Automobile GmbH; RWTH:RWTH Aachen University; BMW: Bayerische Motoren Werke AG; VW: Volkswagen AG; FORD: Ford-Werke GmbH; FISE: Fraunhofer ISE;
HMECT: Hyundai Motor Europe Technical Center GmbH; CPT: Continental Automotive GmbH; TUD: Technische Universitat Darmstadt; FEV: FEV Europe GmbH; DAIM: Daimler AG;
DEUT: Deutz AG; LIEB: Liebherr-Components Deggendorf GmbH
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Project StructureIil B 2514
Usage of Climate-neutral Fuels < {& fr i #&3} 5 F [EEl

C) Optimal Usage of Climate-neutral Fuels in Industry and Transport Modul II-IV

TR GBS E P ARIIEAE N A l:_
Research, Development of Combustion Processes and Demonstration

Cylinder DisplacementS &I H&: R Igesd I AN SR IE R A SR A A B 5201

<051 2 2.
1) 2) 3) 4) 5) 1 [6 | B 1 m BB 1 -
Drop-In, Drop-In, Blend Blend Bi-valent Drop-In Blend Blend Monovalent
Blend, (BMW, RWTH) (Vw) Monovalent (FORD, RWTH) Dual-Fuel Dual-Fuel Dual-Fuel
Monovalent (FORD, RWTH, (HMECT, CPT, (FEV, DAIM, (RWTH, LIEB)
(OPEL, RWTH) FISE) TUDR) DEUT)

| || | — || |
l) Fuels/MateriaII Ccl)mpatibility (T4F|/Shell) & Fuel Deterioration/Qil Interactilon. (OWI)%*4/*1*4%’&1&(T4F/Shell)%ﬂ%*4%1L/7]D5EE*EE1’F}%(OV\lll)l |
é) Method Develloprlnent 3D-CFDR for Fuel Blends (AVL, RWTH);E & #1875 % & & 3D-CFDR(AVL, RWTH) .
é) Thermal Manalge:”nent Optimization (QP)REIEMLIE(QP)
%a) Exhaust Gas: Af:tertreatment (Co:mp:onents) (TUD, UMI,: A\:/L)%’—ﬁ}ﬁ%i@ (%‘:&Mﬁ;-) (TUD, UMI, AVL:) : :4b:) ANB (Strategy) (:FE:V, F|SE)ANB(%W%):
?) Injection Systtem?llﬁ%%:éﬁ: 5¢) IF’a?sCar DME?EFHEIZIEF'E%(DENSO) 5a) PassCar OME%FF!EIZEFE&( (CPT) Sb).CY + Large Enginelﬁﬁfﬁiﬁcﬁiﬂm (L:EB

6) Fuel Sensors#R¥HE RS (CPT)
| | |

| | 1 [ 1 [ 1 [ 1 1 |
7) Model-based Torque Path and Ignition EFHEER5ERE 4 = K (FEV, WEG, FHAC)

*T4F: TECAFUELS GmbH; *UMI: Umicore AG & Co. KG;
OWI: Oel-Waerme-Institut gGmbH; DENSO: Denso Automotive Deutschland GmbH;
AVL: AVL Deutschland GmbH; QP: AVL gpunkt GmbH,; WEG: Weissgerber Engineering; FHAC: FH Aachen
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Heavy Duty combustion concept with CO,, neutral fuel for post-EU VI

N XSBRVIfE CO, Hr AR RN A T E R =g R B =

IFIEWV

MORE DEGREE OF FREEDOM IN CALIBRATION TO INCREASE EFFICIENCY AND LOWER EMISSIONS

ARAMEMRESRTEESIREERHE

@9 1-Octanol IMEP = 20.6 bar @ n = 1200 1/min

@ Diesel (EN 590) NOX =6 g/kWh
= 0,05 - - 52
= 0,04 - 489 45, - 50 oh
0,03 - 465 - 48 &
? 0102 4 458 | 46 3 @'—5 SCE
= = based on
% 0,01 1 - 44 X  series vehicle class

0.00 - Indicated Effectlve G 1281 (243L/Cyl)

= 0,5 - b=ty - 05 & Amplified common rail
= 04 - - 04 & DOHC cylinder head
203 ~ - 0,3 = Steel piston with flat
S 0.2 - - 02 S stepbowl
2 00 - L 00 < )

IS Indicated specific... SCE: Single cylinder engine -

IMEP : Indicated mean effective press.  DOHC: Dual overhead camshaft
Comparison at cruise point operation = engine calibration parameters and
combustion center kept constant

Source: FEV

Power to fuel liquid energy carrier

BB B AS AR AE B (A M’

== Daimler OM471 390 kW
WHTC @ WHSC @ Best eff. Point

30

25
- 2
o 15 - o
=10 -

5 RS

0 500 1000 1500 2000 2500
Engine speed / (1/min)

*Example of multi-cylinder engine map

Peter Heuser, October 11th 2019, International Methanol Vehicle and Fuel Applications Conference and Expo, Chongging, China © by FEV — all rights reserved. Confidential — no passing on to third parties | 19



Indicated efficiency¥g R34 | %

Methanol Spark Ignition — E-fuels are not only CO, neutral but also have

better combustion performance than fossil fuels

F R NAE R K-S RURRHR T TE AR AN CO2H it BB A B & R YEE/

47 % ACHIEVED ALREADY -50 % IN SIGHT 47% 2 £ 5K3011-50% 7£ 2

ACHIEVED POTENTIAL 7
56 -
52 -
48 | 47

45

43 44

44 1 42 i
39 = |
40 1 1 .‘i"".
36 -
A=1.0 ||A=1.0 | | _A=1.0 | =165 .| [ _A>2 .| [ A=178 |
32 - ——EGR 25% | EGR27% 1 2-Butanone | Pre-chamber ] + Exhaust heat
[CR11.8 | [cR135 | [ criar ] [__VCR ] [ Efuel | recovery
+ narrow
Water operation range|
Source: FEV measurements injeCtiOﬂ
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The future drives electric — battery electric, fuel cell vehicles and e-fuels!

REIXTNER T]-85M0 - AR EE = HRA 5 B | [EEWY
CONCLUSIONS#516

)) Complementary to electrification, e-fuels are key for achieving the CO, emission reduction goals of
the road transport sector in 2050; ENES(E#H T - &AL 205058 & 3 @ CO2HE i BF 1K B i
EXEFE

» Green hydrogen and methanol are the most common educts for all other e-fuels and could serve as
chemical energy carrier for a carbon-neutral economy; XSSP EERFIBEMS AR KRB
Mk - FEEDERAKT LTI EFEEREE

)) Within the C3-Mobility project, FEV investigates combustion of methanol and e-fuels synthesized
from methanol; #£C3-MobilityIll B & - FEVHZE B BZ #1 B % & R A PR LR Be 3 R

)) Methanol has been and already is in use as a fuel for internal -
combustion engines; B EE/EARNRH B IALEIEE Sl B 2% N A G| - ;o (el ile
)) There are multiple ways to combust methanol: A PEEAZIPRE “~ .- e
Both Cl and Sl offer potential for emission reduction combined ﬁ, ““““ @ ***** )
with increased efficiencies; CIFISI¥ 2 I L PFREMMRBEFTBVETT - tercromr = ™" .
D ) e -
Source: FEV -
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