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Passenger cars in the early 1900’s
— the competition between steam, electric and combustion engines

Steam Electric Internal Combustion

Crouch Steam Runabout Baker EV Ford’s First Petrol Car



Why was the combustion engine the ultimate winner?

Electric Vehicles

+ Clean, easy start - Expensive, limited range, performance, charging

Steam Powered Vehicles

+ Reliable, mature technology - Inconvenient (delayed start), dirty, performance

Internal Combustion Engine Vehicles

+ Performance, range, re-fuelling - Hand crank start, early reliability

Tipping Point:
Launch of the Ford Model T in 1908
Affordable: 1/3 price of electric

More reliable
Growth of re-fuelling network




The internal combustion engine won the battle last time, with new boundary
conditions which will win this time”? Will there be just one “winner™?

ICE Hybrid Electric Fuel Cell

Toyota Prius Nissan Leaf Honda Clarity



And across all vehicle types and use cases? For the next 100 years?

Capacity

>

Large Car,
SUV, rec. m/c

Regional International
>

Distance
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Different Propulsion Systems for Different Use Cases

Disclaimer

 The ERTRAC Carbon-Neutrality Study 2050 (WTW) analyses different “extreme”
scenarios and compares effects. It does not aim to give a projection or to describe
the way to achieve carbon neutral road transport.

* The study only reflects the views of the contributing authors and is not an official
European Commission position.

* Results:

» This study explored different corner-scenarios based on a static fuel and
fleet modelling exercise.

» The analysis does not include dynamic modelling nor prediction; the results of
the analysis should be considered as estimates for comparative purposes.

» The analysis does not draw conclusions on fuel and electricity availability,
competition with other sectors demand, economics, societal acceptance ...

-y

Source: ERTRAC, Stuttgarter Symposium, 2022: “Technical Scenarios for the Decarbonisation of Road Transport from a Well to Wheels Perspective”



European CO, targets for transport

Gpkm, Gtkm
10000

9000
8000
7000
6000
5000
4000
3000
2000
1000

0
1990

2000

+23%

+41%

grel

(L
‘m“a“spo

+37%

+57%

2010

2020

2030

2040

2050

CO,-eq [Mto]

1200

1000

800

600

400

200

0

A Real Emission Transport

(all modes)

Current target:
-37.5% 2021-2030

ERTRAC Vision 2050
Net zero CO, - Emission Road Transport

1990 2000 2010 2020 2030 2040 2050

95 gCO,/km 2021

CO, Reduction Targets
Passenger Cars

(New Vehicle Registrations)

EU Green Deal
Transport -90%vs. 1990

 To reach the overall European CO, targets for transport, a system approach is needed addressing:
» Vehicle technologies

» Traffic modalities

* Infrastructure & Energy production




ERTRAC System Approach

Intelligent traffic
management

ERTRAC
System approach

P st s e Y

Public transport and Improved logistics
intermodality

Infrastructure for
connected Net low carbon Flexible and shared

& automated vehicles Energy & fuels mobility services



Different Propulsion Systems for Different Use Cases

Concept of the study

Tank to Wheels

(TTW) Which powertrains could
be used in in 20507

3 Powertrain
Scenarios

Well to tank

(WTT) What will be the CO,- Which fuel production

footprint of electricity | paths could be used in
production in 20507 20507

2 Electricity Scenarios: 4 Fuel Scenarios:
100% Renewable (RES) Biofuels, e-fuels, Mixed
& 1.5 Tech fuels and Limited fossil

Source: ERTRAC, Stuttgarter Symposium, 2022: “Technical Scenarios for the Decarbonisation of Road Transport from a Well to Wheels Perspective”



Different Propulsion Systems for Different Use Cases

3 Powertrain Scenarios 2050

 Highly-Electrified with
Electrified Road Systems

 Highly-Electrified with
Hydrogen as a energy carrier

» Hybrid scenario retaining a
majority proportion of internal
combustion engines used in
hybrid vehicles

Source: ERTRAC, Stuttgarter Symposium, 2022: “Technical Scenarios for the Decarbonisation of Road Transport from a Well to Wheels Perspective”



Different Propulsion Systems for Different Use Cases

3 Powertrain Scenarios 2050

Road Vehicle Activity in 2050 [T vehicle km]

5 —

4 =

3 —

2 -

17 Fleet

Scenario
E -

Highly Electrified Highly Electrified Hybridised
including ERS including Hydrogen

Commercial Vehicle Activity in 2050 [T vehicle km*10]

6 —
4 —
2 7 . . . g ¥
Pessimistic x
Scenario ERTRAC
Highly Electrified Highly Electrified Hybridised .

including ERS including Hydrogen
Source: ERTRAC, Stuttgarter Symposium, 2022: “Technical Scenarios for the Decarbonisation of Road Transport from a Well to Wheels Perspective”
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Different Propulsion Systems for Different Use Cases

Concept of the study

Tank to Wheels

(TTW) Which powertrains could
be used in in 20507

3 Powertrain
Scenarios

Well to tank

(WTT) What will be the CO,- Which fuel production

footprint of electricity | paths could be used in
production in 20507 20507

2 Electricity Scenarios: 4 Fuel Scenarios:
100% Renewable (RES) Biofuels, e-fuels, Mixed
& 1.5 Tech fuels and Limited fossil

Source: ERTRAC, Stuttgarter Symposium, 2022: “Technical Scenarios for the Decarbonisation of Road Transport from a Well to Wheels Perspective”



Different Propulsion Systems for Different Use Cases

Well to Tank, Tank to Wheels Energetic Analysis

Well-To-Tank (WTT Tank-To-Wheels (TTW
- Advanced
Biomass Biofuel
| Waste production Ad. Biofuels

in transport

C0,
0 Compensation/
Electricity e Negative emissions

Distribution (E.g. BECCS)

system (grid) 2 Electricity
to vehicle

Electricity
Generation

olar f
=,
L)

Other RES

(=}
]

Wind f

2050
EU MIX

CQO,
capture

Mobility

E-fuel for
E-fuel transport
production

(Fleet scenarios)
Net Carbon-neutral

H H;_ for
5 transport

production
Fossil

resources

Vehicle (TTW — Use)

Fossil fuel

production

Remaining COseq. (Fossil)

Source: ERTRAC, Stuttgarter Symposium, 2022: “Technical Scenarios for the Decarbonisation of Road Transport from a Well to Wheels Perspective”



w How much renewable energy is needed in 2050 (part 1)?

« ERTRAC WtW study for 2050 carbon neutral 7000
road transport assessed ~48 scenarios

considering: 6000
« Powertrain mix
« Technology for efficiency 5000

« Electricity supply mix
* Fuel scenarios

N
o
o
o

* The overall WtW energy demand decreases

significantly with fleet electrification 3000

Energy [TW.h]

* Energy consumption can be reduced by up to

.. 2000
40% by efficiency measures
 The demand for fuels decreases in all scenarios 1900

« WtW differences in energy consumption
between high electrified scenarios are small 0

Well-to-Wheels Energy Demand (EU in 2050) per Scenario

Pessimistic
Technology Development o
Optimistic
O eFuels O Advanced bio-fuels

O Mixed fuels O Limited fossil fuel

EU Road Transport é
Energy need in ~2019

sossger tLLLLL

For any scenario, the greater energy demand is related to the ]
TECH 1.5 compared to the RES energy mix Scenario

Highly Electrified

Highly Electrified with Hydrogen

Hybridised



w How much renewable energy is needed in 2050 (part 2)?

* The total demand for electricity in road
transport will increase (energy production +
use in vehicle)

— 20%-30% of total EU28 electricity
consumption 2019 in advanced biofuels or

limited fossil scenarios combined with
hybrid fleet

— 35%-50% of total EU28 electricity
consumption 2019 in highly electrified
scenarios

— up to 1.4x of total EU28 electricity
consumption in 2019 if e-fuels are used
along with a hybrid fleet

» The largely carbon-neutral production of
electricity is a prerequisite for “carbon-
neutral” road transport in all scenarios

7000
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5000

N
o
o
o

3000

Energy [TW.h]

2000

1000

Well-to-Wheels Energy Demand (EU in 2050) per Scenario

Pessimistic
Technology Development o
Optimistic
O eFuels O Advanced bio-fuels

O Mixed fuels O Limited fossil fuel

Electrical Energy Consumption
in EU (all sectors)

i

For any scenario, the greater energy demand is related to the ]
TECH 1.5 compared to the RES energy mix Scenario

Highly Electrified

Highly Electrified with Hydrogen

Hybridised
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Light duty vehicles contribute most to transport CO, emissions today:
It is the fleet exchange rate that drives the needs for new vehicle sales

IEA 2050 NZE Roadmap
CO;, emissions by mode

Fleet development (ramp-up) determined by vehicle lifetime = V 3
Xample
PasCar/Lpy
Sales Share Market Penetration
30 100% Carbon Neutral Vehicle Sales Share in 2033 100% Carbon Neutral Vehicle Market Penetrationin 2050

400

an i n
E 505 Market Share Carbon Neutral Vehicles 3 & 350
= \ 3 S0
| - 3
g = . II & 233 Eﬁggnfg\?iﬁgft \ Total number of Carbon
FEECRE 3 1% ee \ Neutral Vehicles in EU28
2 4 2 1o PasCar/LDVFleet
g s 50
2 5 2
=] @ 0
g 0 I I I 11::! P 2021 2024 2027 2030 2033 2036 2039 2042 2045 2048
; 2021 2024 2027 2080 2033 2036 2030 2042 2045 2048 _{:j
>

l Vehicles of out-phasing fleet, operated with fossil diesel

2010 2020 2030

= | ight-duty vehicles
= Other road
Aviation

= Theoretical ramp-up gradient, determined by fleet exchange rate.
= Same gradient for all pathways (also for drop-in FT fuel I)
= Further bottlenecks need to be defined in a follow-up study .

Vehicles of out-phasing fleet, operated with fossil gasoline
l New carbon neutral vehicles, operated with defossilized fuellenergy

l Total number of vehicles (fleet stock)

2040 2050

= Target “carbon neutrality 2050” requires 100% carbon neutral vehicles in 2050

Heavy trucks = Assumption: All new vehicles exclusively operated with renewable energy!

e Shipping
s R A |

* FVV study considered energy, environment, materials and economics
It used WtW & C2G analysis for energy pathway transitions to fossil free mobility

* It was a scenario-based analysis considering the transition from 2021 to 2050
» Using 100% scenarios as the end point



The environmental analysis shows the significance of the existing fleet on the
cumulative GHG emissions versus the available budget
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2,000
1,800
1,600
1,400
1,200
1,000

800

600

million tons CO2eq/a

400
200
0

vehicle production & disposal
MW fuel supply chain infrastructure

2021 2025 2030\ 2035 2040 2045 2050

Operation of out-phasing fleet
with fossil gasoline/diesel
(including 7% biofuel)

Example scenario w

100% BEV Balanced
(domestic, defossilisation 2050b)

30.000

25.000

20.000

15.000

10.000

million tons CO2eq/a

5.000

« With assumed ramp-up speed:

Cumulated GHG emissions in balanced domestic 100% scenarios 2050b

Remaining 1.5°C CO, Budget
EU27+UK" (all sectors)

............... e

2020 »
2021
2022
2023
2024
2025
2026
2027
2028
2029
2030
2031
2032
2033
2034
2035
2036
2037
2038
2039
2040
2041
2042
2043
2044
2045
2046

Cumulative bandwidth of future fuel
& powertrain 100% pathways with
identical ramp-up speed

=\ ethane
DME
e M eOH
= H2comb
e FCEV
BEV
= {# ] (@)1 L
=5 =5 == Ty
= = o] =
~ (] ™~ ~

— EU27+UK’s 1.5°C CO, budget* for all sectors will be exceeded soon

(2031/32) just by transport

— Are different propulsion systems for different use cases of any relevance?



Yet, in a world of constraints, of bottlenecks,
IS a single, prescribed powertrain technology approach the best way forward?

Presented results are based on the FVV Fuel Study IV ﬂﬁ
and the forthcoming FVV Fuel Study IVb

Future fuels Transformation of mobility to

the GHG neutral post fossil age

1“ - e
FWVY Fuel study IV FVV Fuel study IVb

Dr.dng. Ulrich Kramer
(Ford-Werke GmbH)

Dr. rer. pol. David Bothe
Dr. Christoph Gatzen
André Plfannenschmidt
Carolin Baum

Fabian Schrogl

Osama Mahmood

(alle Fronfier Economics Ltd.)

Analysis of 42 different

single fuel / powertrain

combinations regarding
GHG emissions and costs

Published Oct. 2021

+ =45 Counsellors

hitps wwew. -
net.defileadmin/Downloads/Fublikationen/®Vy Future Fusls
StudylV_The Transformation of Mobility H1288 2021-

10 EMN.pdf

25
H2-ICEV - Fuels Study IV / IV b | 20 Oct. 2022



The results suggest that there are some prescribed,
single powertrain technology approaches that will not reach the targets

« Some single technology
scenarios, e.g. 100% BEV or
100% FCEV do not “flatten-
out”, i.e. reach full
defossilisation in 2050

million tons CO,eq

45,000
40,000
35,000
30,000
25,000
20,000
15,000
10,000
5,000
0

exogenous

2020

optimised (2023 onwards)

A

PHEV (BEV-Dom. FT-Int.)

BEV Dom.

co'e o) Methane
y
2025 2030 2035 2040 2045 2050
= BEV - Dom. BEV - Int.
Methane - Int. FCEYV - Int.
H2 Comb. - Int. PHEV (BEV-Int. FT-Int.)
- PHEV (BEV-Dom. FT-Int.) FT Fuel - Int.

= M{G - Int.

PHEV (BEV-Dom. MtG-Int.)
PHEV (BEV-Int. MtG-Int.)



...but that a mixed technology scenario, aimed at minimizing the GHG emissions,
will reach carbon-neutrality and sooner than a single, prescribed approach

_ ) exogenous | optimised (2023 onwards)
« With a_mlxed technology 45,000 ﬂ//
scenario the cumulated GHG 40,000
emissions until 2050 are =3,700 ’ -
ingie
Mt CO,¢q lower than best full g e tecr?nology
defossilised single technology 8 30.000 scenarios
scenario 2 25,000
_ g Mixed scenario
« equivalent to ~5 years of § 20,000
total German GHG £ 15,000
emissions 10.000
. e g .
Quasi*-climate neutrality can 5,000 -
be achieved 2039 already 0
- Allowing different propulsion 2020 2025 2030 2035 __ 2040 . _ 2045 2050
systems for different use cases v S
is the better way forward H2 Comb. - Int, ——MIG - Int.
PHEV-FT - Int. = PHEV-FT - Dom.
—BEV - Dom. PHEV-MtG - Dom.

PHEV-MtG - Int. —Mixed scenario (GHG-optimal)
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Different Propulsion Systems for Different Use Cases

The “optimal”, FVV mixed technology scenario relies on complex decision making

for each vehicle propulsion system choice

» The diagram on the right
represents the “GHG
Minimisation - simplified
model decision making
process” used in the FVV
study

* In practice, the model has
“perfect foresight”, implying
that it optimises the
selection of powertrain
technologies, across all
segments and all years, in
parallel

— .
Example: single vehicle newly registered in 2030 (T GAMS //
Vehicle fleet Objective of optimisation Infrastructure per vehicle
J P
| -

Gon Gy Gon Gy G 17 & B

Mobility demand \ehicle stock Mlcgllilnclaze cumulated Per powertrain Listetime of
d lif em|SS|ons ; ietet
per year and lifespan tggg:‘noé‘;?ﬁn‘éecgf infrastructure

______________ » 1. Select GHG optimal powertraln for the respective vehicle newly registered in 2030
Go back to step 1 and re-stert

iterative process excluding the MG
infeasible powertrain
| m- FCEV ICEv cev | FTICEV] PHEV

No, not possible to AN Running CO; _~
use pre-build emissions

i”fraStCture 2.a Check infrastructure & raw material availability for selected powertrain
. NO! I

2.bls it possible to use NO! At least one infrastructure
. - = 1 -
infrastructure prebuild element of the fuel supply chain for J:ﬁé;?;ﬁ?;f}ﬂﬁ saL\J/aII?b(I:i;Ci)r: :)"r
of earlier years the selected powertrain not available he selocted ovrs)/zgt/rain
instead? at this point in time P

+ YES! y
Yes, possible to use

--»> 3. “Log in”: Confirm powertrain parameters for the respective vehicle in 2030

|
|
pre-build :
|

Sources: FVV Future Fuels 1Vb study; H,-ICEV.Environmental Impact Assessment and Economic Analysis based on FVV Fuels Studies IV / IV b “Transformation of mobility to the GHG

neutral post fossil age”



. and the resultant market, the vehicle parc composition
IS similarly complex during the transision

» The diagram on the right represents the
Fleet Development (vehicle Stock) of
LDV (PasCar + N1)

* The dominating LDV vehicle &
powertrain pathways at 2050 are
* Methane-ICEV
* FT- & MTG-ICEV
* H,-ICEV
» But during the transition, see for
example that in 2032, the passenger car

market may have up to eleven “optimal”
powertrain choices

exogenous | optimised (2023 onwards)

]
300 .III l IIIIIIIIIIIIlll“

N
o
o

7
Q
Q
<
)
>
c
Q

100

2020 2025 2030 2035 2040 2045 2050
B BEV (dom) B Methane " PHEV (FT-intl, BEV-intl) ~ FT Fuel (repl)
BEV (intl) PHEV (MtG-intl, BEV-dom) [ MtG B Gasoline
FCEV PHEV (MtG-intl, BEV-intl) MtG (repl) B Diesel
" H2 Combustion 8 PHEV (FT-intl, BEV-dom) FT Fuel B CNG/LNG



Are existing or proposed methods for, e.g., “car labelling” sufficient to help,
to enable the market, the user make “optimal” vehicle replacement decisions?

Detailed analysis of the potential impacts of measures
was undertaken for three main categories: economic,
environmental and social impacts. The measures were
grouped into the topics that they address, reflecting
different policy elements:
» Changes to the communication channels
* Changes to the information elements communicated
» Extension of the scope of the Car Labelling Directive
* Increase in the level of harmonisation of
implementation of the Directive in the Member States
Literature research, stakeholder inputs, consumer
experiments, SULTAN modelling etc.
How much can you move the markets through improved
information?
Additional information, labelling and guides on-line,
harmonization around the EU
Consideration of websites for vehicle comparisons

TAILPIPE CO,
EMISSIONS

ENERGY
CONSUMPTION

Example Only

Tailpipe CO2 emissions

CQ, is the main greenhouse gas responsible for
climate change

A
0 gCO2km

51.120
121-140

141160

CAR ENERGY
CONSUMPTION AND
EMISSION LABEL

Electric, Automatic o

Air pollutant emissions

Air pollutant emissions are known to have
harmful effects on human health and the
environment

v

Zero Tailpipe Emissions

v

Vehicle emission
zone compliant

Electricity consumption

14.5 kWh/100km

Running costs
Electricity cost*®

£€18/month

Electric range (combined)**

.>---

N [E10 AND IE11:
! QR CODE
p—
o

IE2: AIR POLLUTION
EMISSIONS

+ IE3: EURD STANDARD
(WHEN APPLICABLE)

IES: RUNNING COSTS

r. Thes - IEG: ELECTRIC RANGE
ity




Different Propulsion Systems for Different Use Cases

Alternative, user-group rating systems are proliferating:
a consistent, dynamic, EU-wide, LCA based toolset will be beneficial

Demonstration of the CO, comparator

Access the tool at www.carsCO2comparator.eu

Tests, modeling To reset fo defoui pommmeters, pleo se e the po ge refresh buton of poar browser
& design by Life cycle assessment (LCA) of greenhouse gas . vehicles .
emissions from passenger cars in real-world conditions Elscirifcation el Batfery caposity [KATh]
A function of electrification level, end-user hehawlor, fuel, e [z + 18 18 I w
industrial ond energy sector key porameters E @ PHES z . B ERIEL: - R
i 2 | [EED (s | (100 ) (120 [0
& Manutacture @ Electricity @ Fuel WTT @Fuel TTW minus Reopched 02 © Recycled CO2 -0+ Total LCA GHG
ann Builery prodectian [kglod e kwhj Total lbstime mikkags Jam]
E @ an 125000 150000
137500 250000
- O
o Usages ~
'E Recharps interval Wil far PHEVS [deys)
& 200 %ﬁ 05 | 048° (24 20|40 sa|[ea ][ 7a)[aa]] a0 [0
= -
L1
[}
8 ‘_{;? @ Daly wehicle mileage acenarics
o 150 ot - Shoet Avarage Leng Cartficahon
-
=
= G limahe
: {0 .
i & Cold . Temwparsie | Hol
g 1w
o "
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Eleciricity carben intensity ghozeqhWh
£0 >
I Masily fessl, availakle Eaday
BE% £0k'Wh Fi: EEW &3 EWh Ri: HEV 2k%Wh Ri: HEV 2ki&h R PHEY 15kéwh Ri:  PHEV 85kWh Ri: B7 - Mossl diesal banded wih 7% renew able biodiased
Mona Ean k) Man e Blank] Mona END MNone HYO 1 day EMD 1 day HvO B0 - 1oasi EEaaing DEned W En 0% fanew 30k aihanal
. o ) . . = {D 100% resewable Diesel availatle ioday — oa
As powertrains diversify in their electrification levels — Hybrids (HEV), Plug-in Hybrids (PHEV) and Eh'l " HVO madafromoenew abils veoetosk ol and wasts conkin oil |
— Battery Electric Vehickes (BEV] - along with the fuel production pathreys — fassil ard rerewablk: roues
- - K ir B i i ¥ 100% ramawahle swnidable faday
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.. a consistent, dynamic, EU-wide, LCA based toolset will be beneficial
.. to keep the user on-board during the transistion

What is challenging about hfe -cycle assessment?
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Summary

* The ‘net-zero’ targets for road transport in Europe are technically feasible, based upon a large
proportion of electrified vehicles & the majority of journeys being so ‘zero-emission’

» The existing vehicle parc is the primary determinant of the GHG emissions related to road
transport on the way to 2050
—without changes, the remaining carbon-budget for Europe could be ‘consumed’ by road
transport alone by the middle of the coming decade
—such that the provision of net-lower carbon fuels for the existing vehicle parc is a significant
lever for budget control

» The introduction of battery and fuel cell electric vehicles will need to ramp-up as quickly as possible,
but infrastructure and/or resource bottlenecks will constrain progress throughout this decade
and beyond, particularly if singular technical solutions are prescribed

A multiple-technology solution offers the possibility for quicker, more robust progress but the
user needs to be kept in-the-loop, brought on-board via the availability of a consistent, dynamic,
EU-wide, LCA based toolset to allow informed choices to be made every step of the way



Carbon neutrality is a complex multi-dimensional
problem with many variables and user choices...

Technology

Life-Cycle Consumer
Impact Behaviour

Energy Spply +
Infrastructure

Supply Chain +
Manufacturing
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