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APPROACH AND GENERAL ASSUMEF
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WTW* GHG** Emissions of European Mobility Today FVV 3
Dominated by fossil energy carriers * WTW: Well-To-Wheel ** GHG: Green House Gas

Enrichment of atmosphere with fossil carbon

Mainly Fossil Electrical Power
(Basis: Coal, Natural Gas) BEV

EU27+UK Mobility

(incl. inner European aviation, rail and
navigation - dominated by road mobility)

Mainly Fossil Hydrogen
(Basis: Natural Gas)

- Mainly Fossil Fuel
Diesel /| Gasoline/ CNG / LPG

= System Boundary of FVV Fuels Study IV

BEV: Battery Electric Vehicle
FVV | FVV Fuels Study IV | 30 Dec 2021 FCEV: Fuel Cell Electric Vehicle
ICEV: Internal Combustion Engine Vehicle




No Fossil Carbon Enrichment in System Boundaries of FVV Fuels Study IV Fvv

WTW?* Carbon Neutral European Mobility in 2050  * wtw: well-To-wheel ** GHG: Green House Gas e

100% Scenarios for GHG** neutral (carbon neutral) mobility on a WtW* basis (photo year 2050)

Coz-free
electricity Electricity
+ =] BEV

3

FCEV
Electrolysis O° T
E-Fuels PtG
0 . Methane, DME, H2
PtL _ _ 5
= Methanol, FT Diesel/Gasoline . - .

+ H;0

ICEV

LSystem Boundary of FVV Fuels Study IV Q

All future propulsion pathways require Closed carbon circuit 2 no enrich-
carbon neutral electricity (solar / wind). ment of fossil C in atmosphere

BEV: Battery Electric Vehicle
FVV | FVV Fuels Study IV | 30 Dec 2021 FCEV: Fuel Cell Electric Vehicle
ICEV: Internal Combustion Engine Vehicle




Overview of 42 Investigated 100% Scenarios
Simulation of the complete energy system for each energy/fuel pathway

Comparison of:

2x Energy
Sourcing:

Domestic vs.

... each taking the whole fuel supply chain into account.
(C2G basis: vehicle operation/build/disposal, build-up of
sustainable power generation and energy distribution).

*Energy
demand

Global Power
Trans- o
Electric (BEV . !
42 o2 [ 1 K ? capacity
—H— verhead grid for o .
Scenarios H, (ICEV, FCEV -m d , é xS (S:OC|et|a| costs
G3 A ° .
(1 OO%) for A‘ Transmission i ' umu atlve
FT (ICEV) st GHG
CarbOn 6 fuel types O_nshore 4 < = - ':+:' 4 I - =
N tral . . Windrarm B N —FE’ i E» LZA incl.Fas emISSIOnS
cu 7 drivetrains e R(ESY) (=] M - :
Mobility in g= fene | e wcwen  M22h Other environ-
+ MeOH (ICEV A - ‘ mental impacts
E U 27 U K ( ) Offsho! 4 a Gasturbine .
in 2050 oo DME (ICEV) m\l\ﬁn::rm ﬂo;;:';:;nl—:i'g:st) - . H2 is ore;ceer:*ra | Iand Use, -
. ———————> Storage B 4 3 Sl 7 (L = |
\\\ PV Slanted J " K |I
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[ ] 4
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y 1 [ (dop, BEy,

. Ny | o /|
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International Energy Sourcing Scenario

Assumptions: import options

> The most economically viable import option is chosen for each fuel and location '

»Nearby* good location

Far-off premium location

(e. g. MENA) (e.g. Patagonia)

100% Electric A X
—————————————————————————————————————————— :v— A |

100% Hvdrogen || o~ ‘ Ammonia Route
- s r 1 x | excluded

100% FT Fuel
__________________________________________ —~EERRRRRRNRERE) SERRRRE . (RRRRRRRRERRRs

100% Methane  amn | (o)

100% DME

100% Methanol

= 70% of the final fuel/energy are imported (30% still produced in Europe)

= Imports are equally split between far-off premium locations (such as Patagonia) and
closer good locations (such as Morocco) (except of BEV and H2 - 100% of imports

from MENA > 70% of total energy imported from MENA)

= We assume that the final fuel is imported wherever feasible

FVV | FVV Fuels Study IV | 30 Dec 2021




Fleet development (ramp-up) determined by vehicle lifetime [

Sales Share Market Penetration
30 100% Carbon Neutral Vehicle Sales Share in 2033 400 100% Carbon Neutral Vehicle Market Penetration in 2050
§ 25 Market Share Carbon Neutral Vehicles ig" 350
s 20 = ggg Total number of
200 EU28 LDV Fleet Total number of Carbon

1

w

Neutral Vehicles in EU28
PasCar/LDV Fleet

150
100
50
0

1

o

.||||||‘||
1111
0 IIIIII-

2021 2024 2027 2030 2033 2036 2039 2042 2045 2048

2021 2024 2027 2030 2033 2036 2039 2042 2045 2048

New registrations (Road LDV)
Vehicle Stock Total (Road LDV)

l Vehicles of out-phasing fleet, operated with fossil diesel
= Theoretical ramp-up gradient, determined by fleet exchange rate.

= Same gradient for all pathways (also for drop-in FT fuel !)
= Further bottlenecks need to be defined in a follow-up study .

Vehicles of out-phasing fleet, operated with fossil gasoline
. New carbon neutral vehicles, operated with defossilised fuel/energy

. Total number of vehicles (fleet stock)

= Target “carbon neutrality 2050” requires 100% carbon neutral vehicles in 2050
= Assumption: All new vehicles exclusively operated with renewable energy !

FVV | FVV Fuels Study IV | 30 Dec 2021
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ENERGY ANALYSIS
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Energy demand is calculated based on fleet, mobility demand FVV =
and fuel consumption (bottom-up approach)

Mobility demand (Gpkm / Gtkm) per segment as starting point

* All-in
o Balanced
“ Status-Quo
2,500.00

——Small 2 All-in
——Medium et Balanced
2,000.00 //// Large Status-Quo
ﬂ —suv 3 Al
£ LCV (N1) A Balanced

= 1,500.00 — )
o ////, ——Rigid (N2) Status-Quo
% —— Regional Delivery (N3) g All-in
© 1,000.00 Long Haul (N3) G Balanced
£ Status-Quo

 // Super Long Haul (N3)
//// —— Public Transport E All-in
500.00 ——— Coaches o Balanced
. Status-Quo
v ——Passenger_rail . .
0.00 \ ——Freight_rail o All-in
2020 2030 2040 2050 s  Balanced
Status-Quo
o)
- : £ All-in
Mobility demand assumptions based on S Balanced
. - . L Status-Quo
EU Reference Scenarios (EU Commission, 2016) C

FVV | FVV Fuels Study IV | 30 Dec 2021 “Including AC/heating and
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Environmental impact & costs = not Energy Demand, but Installed FV
Capacities matter - highly depend on geographic location (= 750...4,800 GW)

<

Installed capacity driven by total WtW International scenarios require EU estimates: installed
? demand, but also by achievable full- less installed capacity than capacity (all sectors !) 690 GW
g . A *%*
load-hours (location) domestic by 2030 (wind 350 GW**, solar oac seament only
—. 6000 340 GW***)
Installed "3
Power = 4000
. ‘©
Generation & | Ly
Capacities 5§20 7 2 fﬁ’ g 1 5 . g
& 7 % Z . 77 Z 7 %
2 1,000 v 7 Z 7 Z . 77 % 7 %
2050 /GW fuo = wml %ﬁé%_ﬁéé _____ 1
O o} o ] '} o o A o o A %
Q;Q’Q Q;o @ fo oy Q/Q fo%\,z;\z &7 (\z\; QOQ’ @Q’/ bri 3)@;\ 3;1} ,5\0 Q"b\ 3)%0@‘0 %/ \0%\,5\0 \\i Q’%{oo\/ \0% ,bo(< oe}exg)roo@i\ 3;1}% \:} 3;3\(/ & %\,5\0% \0%@0%@0
R P I R S N P e
&K N 29 W@ & < Q\eﬂz @Q’ @e <<
B BEV — Domestic FCEV — Domestic H2 Comb. — Domestic M FT Fuel — Domestic CH4 — Domestic
% BEV — International FCEV — International H2 Comb. — International “ FT Fuel — International CH4 — It
Currently 340 GW renewable power _ _
s talled in E I t : B Methanol - Domestic B DME - Domestic
IS Instalied In £urope (a Sectors ) % Methanol — International % DME — International

(200 GW Wind and 140 GW Solar*)

*Irena (2020) https://www.irena.org/-/media/Files/IRENA/Agency/Publication/2020/Mar/IRENA_RE_Capacity St

FVV FVV FUG'S StUd |V 30 DeC 2021 ** https://ec.europa.eu/info/research-and-innovation/research-area/energy-research-and-innovation/wind- 2 -
| y | energy _en#:~:text=The%20EU%20currently%20has%20the,t0%2024%25%200f%20¢electricity%20demand (

*** https://www.solarpowereurope.org/national-energy-and-climate-plans-a-solar-powered-energy-system-by-20: ‘j y



https://www.irena.org/-/media/Files/IRENA/Agency/Publication/2020/Mar/IRENA_RE_Capacity_Statistics_2020.pdf
https://ec.europa.eu/info/research-and-innovation/research-area/energy-research-and-innovation/wind-energy_en#:%7E:text=The%20EU%20currently%20has%20the,to%2024%25%20of%20electricity%20demand
https://www.solarpowereurope.org/national-energy-and-climate-plans-a-solar-powered-energy-system-by-2030/

Substantial electrolysis capacity (500...2,200 GW) required until 2050

for all pathways — urgent action required to reach capacities.

Highest electrolyser
capacities are required for
FT Fuel (All-in 1,600 GW,
Status Quo: 2,200 GW)

Lowest electrolyser capacities are
required in BEV and FCEV scenarios.

BEV “domestic, balanced” ~ 1,000 GW

2,500 on similar level as FCEV domestic
Installed . )
] % 2,000 . ﬁ
Electrolysis : a1l g
oy G 1,500 i % % é ? é ﬁ
Capacities &' | » 7 27 1011 _
: 7 10 1 i f
2050/ GW 7 »*""‘ 7 7 A1 7
§1,ooo ﬁ é é é ﬁ ﬁ é g ﬁ
§ - ;.———' 1 1 i %
: Y . 111 1 1111 .
Q500 i & = o ,’y" o w7 = = e “
EU platns ? iootal ’ \\f: f f?::\ oe‘ \\0 \\ﬂ\ Y c; _e,_ : _0_\-\5 %) _\\:‘ i\:\\ﬁ :\f.\\(\ :\O-Of :@6_0; :@6 ?\_\f\i—\\o oe oe’b oe‘b o‘z‘f boof@p 00?010_0‘;010_0‘)0 010-00?000
capacity o (a\y\ N T BTN RO .@O\o SE @5‘\)/\@“\ li\e/\o\i‘\ e/;q> Q,@?*fb«»%‘;;»‘;&“@‘?\ SO Py Q&*"N@°'°rz;~°%°%°'°q>°%°%°gq;\°°"
GW b 2030 QRN ® Q’ 2 C =) Q?\\? ‘(\Q’Q 6\ QO F 070 A &K @ \/ e./ e\/ M\ N G S S ¥
y 7 &P EELP R S ST AR, «%00@ A
for all sectors! O WP < OO
B BEV — Domestic FCEV — Domestic H2 Comb. — Domestic M FT Fuel - Domestlc CH4 -C
% BEV — International FCEV — International H2 Comb. — International % FT Fuel — International CH4 — It

B DME - Domestic
# DME —

B Methanol - Domestic

# Methanol — International International

* Note for BEV Scenarios: Relatively high capacities required due to low FLH
and high losses due to re-conversion (Gas to Power). Only 8% (2%) of final
demand (TtW) runs through H2 storage in domestic (international) scenario.
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ENVIRONMENTAL IMPACTS

& RAW MATERIAL DEMAND
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Environmental impacts analysis FVV
Cradle-to-Grave (C2G) analysis approach $

Environmental databases

= Specific environmental impacts
of material supply and
production processes

= LCA databases and models:
e.g. Ecolnvent, Umberto, eLCAr

= Emission factor databases:
HBEFA 4.1, TREMOD

= ifeu scientific studies: e.g.
SYSEET, RESCUE

Energy provision, production & distribution

Transport Infrastructure and vehicles
Operation
g :‘* ! 1'

ineri : = Scientific literature research
Extraction/ rmisnekagn Energy Energy Vehicles
: Power plants/ N : Infrastructure :
Generation PEX plants distribution consumption (incl. EoL) . .
Cradle-to-grave (C2G) approach is different

= from usual Vehicle Life Cycle Analysis (LCA)

- GHG emissions of building-up the power

Well-to-Wheel supply and energy distribution infrastructure
separately accounted in the year they occur, and
Cradle-to-grave

NOT depreciated over lifetime as part of the
WTT emissions - allows sistem optimization

Total environmental impacts per year
Total
~==_ environmental
impacts

Environmental impacts Environmental impacts Environmental impacts

vehicle production & disposal vehicle operation FSC construction

FVV | FVV Fuels Study IV | 30 Dec 2021
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Environmental impacts analysis FVV
Specific GHG emissions from build-up of wind and solar power plants

— Future defossilisation of the background system (materials and energy emission
factors) - strong future decrease in GHG emissions of power supply infrastructure

— With increasing defossilisation of material supply and production processes, specific GHG
emissions of PV and wind power plant installation will decrease significantly.’

Specific GHG emissions from build-up of solar and wind power plants

2,000
PV standalone PV roof Wind onshore B Wind offshore /< ofa complete worlduide
efossilisation, unavoidable GHG
emissions per MW of installed capacity
1.500 are similar for PV and wind power plants.
, Reasons for the weaker specific GHG
g 20503 2050b reduction for wind power plants are the
. . : lower process energy demand, the higher
g Produgtlon in Eqrope World production concrete proportion and that the
8 1,000 becommg “quas| GHG becoming “quasi GHG assumed increasing size class of new wind
N oF ox turbines is accompanied by a higher
) neutral*” by 2050, rest of the neutral*” by 2050, specific material demand per MW.
- world follows until 2060
500
2020 2050a 2050b
FVV | FVV Fuels Study IV | 30 Dec 2021 * only unavoidable GHG emissions left




Environmental impacts analysis Fvv
Specific GHG emissions from vehicle production with future defossilisaton B

— Future defossilisation of the background system (materials and energy emission factors)
leads to a strong future decrease of manufacturing GHG emissions for all drivetrains.

— Overall differences between drivetrain concepts remain unchanged.

15000 GHG emissions from manufacturing of a C-segment car (Balanced) with future defossilisation

2020 mW2050a m2050b

10000
2000
BEV
e000
4000 I
“ 1 I I | L1 .
N N N n - N N

Gasoline Diesel Methane MeOH H2 comb FCEV

kg CO2e/ veh

=

2050a 2050b
FVV Production in Europe becoming “quasi GHG World production becoming

neutral®” by 2050, rest of the world follows by 2060 “quasi GHG neutral*” by 2050

* only unavoidable
GHG emissions left




Environmental impacts analysis

Annual GHG emissions in 100% scenarios with identical ramp-up speeds

100% FT Fuel Balanced
(domestic, defossilisation 2050b)

vehicle production & disposal
m fuel supply chain infrastructure

. operation

2,000
1,800
1,600

q/a
'—\
D
o
o

’

1,200
1,000
800
600

million tons CO2e
N

Vehicle production
and disposal

Build-up of power
generation and
energy/ fuel
distribution
infrastructure

eq/

400
200

O I

2021 2025 2030 2035 2040 2045 2050

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

million tons CO2

1,800
1,600 =
\-

100% BEV Balanced
(domestic, defossilisation 2050b)
vehicle production & disposal

m fuel supply chain infrastructure
operation

2,000

|_\
I
o
o

[
1,200

1,000
800
600
400

200
I
O |
2021 2025 2030 2035 2040 2045 2050

» Vehicle operation of out-phasing fleet with fossil fuels dominate annual GHG

for all pathways

» Emissions until 2030 dominate “GHG backpack 2050” by 55..60%
* Quick reduction of fossil energy use in the next decade is absolutely essential

FVV | FVV Fuels Study IV | 30 Dec 2021

* Only unavoidable GHG emissions remain in 2050, primarily processes in the background system (e.qg., concrete for wind turbine foundations, methane slip).




Environmental impacts analysis FVV 2
Cumulative GHG emissions with identical ramp-up speed of all 100% pathways o

* Global V\_Iarming is d_ete_rmined by Domestic 100% scenarios
cumulative GHG emissions - 000 (defossilisation 2050b)
' FT Fuel Methane DME MeOH H2-ICE H2 -FCEV BEV
. . . . 30,000
* Vehicle operation of out-phasing fleet with .
fossil fuels dominates cumulative GHG § 25,000
emissions with =~ 70% in all 100% scenarios. 2 20,000 l.. Uy
* Vehicle production/disposal + building-up § 15,000
the sustainable infrastructure contribute with £
~ 30% g 10,000 vehicle production & disposal
5 000~ M Fuel supply chain infrastructure

’

operation
. . . O
* GHG savings of improved vehicle fuel 0ot 9Tt 9Bt 9Tc 9Bc 9T 9B
9fficiencies do not gen_erally cc_)mpens.ate ggz 02z Ogz Ogz dgz dgx oO2%
increased GHG emissions during vehicle 2g 23 283 28
production - improving vehicle efficiency & & & 2
FT Fuel Methane DME MeOH

can lead to increased total GHG

FVV | FVV Fuels Study IV | 30 Dec 2021




Environmental impacts analysis FVV 3.

Comparison: Cumulative GHG emissions with remaining GHG budget 2
30,000
+ Cumulative
& 25,000 bandwidth of future
§ fuel / powertrain
S 20,000 e T propulsion
§ Remaining GHG Budget according to 1.5°C Paris Target” (all sectors) — Methane pathways
*+ 15,000 DME
.§ _ +— GHG emissions
T 10,000 MeOH dominated by
w===H2comb emissions of out-
e FCEV/ phasing fleet
5,000 .
s BEV operated by fossil
0 fuel
O =« &N N < 1N O N 00 OO O 0 &N O < 1D O IN 0 OO O d N D < 1N O IN 00 O O
Sece8g8cgcggcggggesgggssgsgsgssgsgsgsgsss

* No significant differences in cumulative GHG between pathways
« With assumed ramp-up** (determined by fleet exchange rate) Paris 1.5°C GHG target* for all

sectors will be exceeded soon (2031/32) just by transport related GHG (**28% fossil
energy replaced in transport incl. vehicle & energy system production by 2030)

» Fast action required for a quick reduction of fossil fuel use in the existing vehicle fleet

*1.5°C 50t ... 67t TCRE European share according to population share (6.5%) for EU27+UK road
transport (C2G basis: including build-up of fuel/energy supply infrastructure + vehicle production/disposal)




Environmental impacts analysis FVV -
Sensitivity analysis of ramp-up speed (example: Fischer-Tropsch pathway)

« Realistically reachable ramp-up speed expected to differ between the fuel/drivetrain pathways

—> further bottleneck identification in follow-up study Linear  Slower Faster

Sensitivity: ramp-up ramp-up ramp-up

« Sensitivity analysis (FT share 2030 £ 20%) - impact of ramp-up Frueishare 2030  28% 8% 48%

speed on cumulative GHG emissions higher than differences  cumulative GHG 1o18%  12.13%

. . . . compared to linear
between fuel/drivetrain pathways (w/ assumed identical ramp-up)
. Annual GHG emissions
2,000
« Achievable ramp-up speed of carbon neutral pathways — ramp-up main scenario
- - - - - - . - sensitiv?ty slower ramp-up
is the decisive factor for efficient GHG reduction -+ sensituy faster camp-up
- 1,500 <
Cumulative GHG emissions 2021-2050 of road transport in 100% scenarios with different FT fuel ramp-up speeds E 1,000
35,000 S
30,000 E 500
§ 25,000 '
S 20,000 B ¥ ? 0 '
g MY
S /// 2021 2025 2030 2035 2040 2045 2050
.g 15,000 / :"; / Other fuels (linear ramp-up)
3 10,000 //'/ B FT Fuel linear ramp-up
E v
/ / '/ M FT Fuel slower ramp-up
5,000 //:'ﬁ
. éé’d . FT Fuel faster ramp-up
g£E S SE TP sESfE0 g8 sES£g SR gESEESS5S 858 S S8 SESESSBS8SSE£8S5S585885 S £78 S
ESSES N EEN S EESER S EEEER-LEE EEN EEREE RS AL RS- ELES L
8 §&8 23 Z33 g 833 fE83:F = fES8EE EEEEEEE 83
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Environmental impacts analysis FVV -
No risk of Acidification, Eutrophication and PM Formation for any pathway

Further environmental impacts, as acidification, eutrophication, PM formation do not show
general ecological risks for any of the investigated defossilisation pathways.

Acidification:

-20 ... - 45% for ICEV
- 5...-45 % for FCEV
+10 ... - 20 % for BEV

Acidification potential development 2020-2050
40%
B Status Quo Balanced All'In
20%

0% u .
-20%

-40%
-60%
-80%

-100%
FT  Methane DME MeOH H2comb FCEV BEV

FVV | FVV Fuels Study IV | 30 Dec 2021

Eutrophication:

-60 ... - 70% for ICEV
-70 ... - 80 % for FCEV
-70...-75 % for BEV

Eutrophication potential development 2020-2050

0%
-20%
-40%
-60%

-80%

xX

X

X

M Status Quo Balanced AllIn
-100%
FT  Methane DME MeOH H2comb FCEV BEV

PM Formation :

-40 ... - 55 % for ICEV
-40 ... - 60 % for FCEV
-20 ... -45 % for BEV

PM formation potential development 2020-2050

0%
-20% I I I I
-40%

-60%

X

-80%

M Status Quo Balanced AllIn
-100%
FT  Methane DME MeC




Environmental impacts analysis FVV -
Land use is no ecological bottleneck for any investigated pathway 2t
" _ Land occupation [tkm?] for m DAC all region — Ecologically relevant
P = 1 _ defossilised power generation for = veAothore o land use change -
£« AR - al. EU27+UK transport in 2050 =rvsandainevevs  @mount of area
30 u I I WEA o ENA covered (cannot be used
20 o I I Ill I I I I II II I I I v stand slone Furope for other applications)
10 B Ins = weaonshore Europe. — | and use is determined
O e sclevclegelegsclegeleselens legclageleselascleselessales s by sustainable power
SRS RIS SIS LS SN ES LS IS S SIS LS B S LS L generation (solar/wind)
:T Fuel I\:ethane mDME :ﬂeOH }-LInZComb mFCEV mBEV :T Fuel I\:ethane mDME L;\Q'/IeOH I—Ll,;Comb mFCEV mBEV 4| .
Domestic Energy Sourcing Global Energy Sourcing /| Area for sustainable energy
] y urci y urci / “
supply for “EU28 Transport,
S f Domestic Sourcing”:
. . EU28 A
— 15 ... 55 tkm? for domestic sourcing EU28 Area ] 4,480 thrn? 15 55 tkm?
2 . World's \
— 10 ... 30 tkm? for global sourcing countries Total areas of I’ EU28 Area: 4,480 tkm?
" - areas \‘
— Land use is no ecological Total World Area I the world's \
bottleneck for defossilised (incl. open ocean) f *\ | countries - 4
transportation (all pathways) >10,072 thm 136,945 tkm
FVV | FVV Fuels Study IV | 30 Dec 2021 ‘{‘I
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Critical raw materials FVV
Global Resources and Reserves: Definition and Dynamics :

[
-.-
...

L]
[
®
L

* Resources: material with reasonable prospects for < Reserves: part of the resources known to
eventual economic extraction be economically feasible for extraction.

« Well explored reserves (e.g. Pt) = no significant change over time. < Reserves increase with increasing prices

» Recently demanded reserves (e.g. Li) 2 dynamic increase.

Lithium: global production, reserves und ressources

100

PGM: global production, reserves und ressources

90 current knowledge

120

milliontonnes

80

Resou rces knowledge 2012 current knowledge

70

Lithium 0

~ Reserves 50
va e m—

milliontonnes
=
s

2]
=]

knowledge 2012

PGM

=
=]

40

30

20 Resources Reserv
20 10 / eseM

0

=
[a=]

1994 1999 2004 204

World production (lithium content) s\Aorlc

. . e \N orld Resources (lithium content)
e \N/orld production (Platinum content) s\ orld Reserves (PGM content)

e \N/orld Resources (PGM content)
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Critical raw materials for BEV (100% scenarios, worldwide demand) FVV
Cobalt and Lithium can become a bottleneck in 100% BEV Scenarios :

« Cobalt and lithium reserves: sufficient to fulfil cumulative EU28 mobility demand with 100% BEV
 Worldwide BEV ramp-up = material bottlenecks expected (with assumed battery configurations)'

20 BEV
120 w
3 . . BEV g . . iep s -
: ., Cumulative primary cobalt demand ¢ Cumulative primary lithium demand
5, 2021-2050 (100% scenarios) B - 2021-2050 (100% scenarios)
é _E 120
s ] Ew Resources
g “ Resources EU28 Transport Demand - .
T 2 N EU28 Transport Demand
i RSN eS s B B B W 1¥r == . .....Reserves T3
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Critical raw materials for FCEV (100% scenarios, worldwide demand) FVV 3

Platinum group metals (PGM) - bottleneck for worldwide FCEV
— Current PGM reserves are sufficient to

fulfil European cumulative demand for Cumulative primary PGM demand

primary PGM for the mobility sector until 2021-2050 in the 100% scenarios  gepy

2050 in all 100% scenarios. 200000 -

180,000
w
2 160,000
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— For 100% FCEV pathways, a platinum
bottleneck arises at global scale. 1000 Resources

bemand would widely use up w0 Reserves... EU28Transpot Demandy [ m m
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— Weaker worldwide increase of vehicle
sales and further exploration of
resources (including deep mining) could M—E127+UK transport sector demand s RoW transport sector demand R Global demand other sectors
enable 100% FCEV mobility worldwide. .
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o
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)

* PGM: Platinum Group Metals
(i.e. Platinum, Rhodium, Palladium)
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Costs are calculated based on required investment across the whole
value chain, including energy/fuel infrastructure

2
en, <

* Total economic costs (i.e. no taxes, margins, ...) based on CAPEX and OPEX
Economic * Energy losses are directly taken into account (no energy price assumptions required)
* Calculation of NPV* in €2020 based on 6% real social discount rate
* Sensitivity analysis based on 0% discount rate showed no changes to key findings

approach

Costs of fuel supply in a 100% renewable system are dominated by CAPEX, e.g. for

3,000,000 800,000 800 900,000
800,000
2,500,000 700,000 700
600,000 600 700,000
= 3 600,000
= 2,000,000 :O’ 500,000 N 500 3
= s £ 500,000
S 1,500,000 400,000 =
x 2 400 £ 400,000
w
1,000,000 m 300,000 @ 300 2 300,000
200,000 200,000
500,000 100,000 100,000 I I
0 0 ° 2020 2030 2050
2020 2030 2050
2020 2030 2050 2020 2030 2050 = Methanisation EURIMW(CH4)
m Offshore = Onshore PV Standalone = FT Synthese
m MeOH Synthese
= DME Synthesis
o
7 @ @ o
" @ § 12
Offshore Onshore Electrolyser DAC Synthesis
Windfarm  Windfarm Standalone

*NPV: Net Present Value: Difference between the present value of cash inflows and the present value of cash outflows over a
period of time. NPV is used in capital budgeting and investment planning to analyze the profitability of a projected investment or
project. NPV is the result of calculations used to find today’s value of a future stream of payments L~




Vehicle costs are estimated following a building-block approach FV
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Approach to vehicle costs

Current vehicle
costs as starting
point

Correction for
changes in
components

Assumption on
future cost
development

Assumption on
efficiency
scenarios

List-price
- VAT
- Retail margin

- Engine / gearbox
+ Electric drivetrain
+ Fuel cell + battery
+ H2 tank

Significant cost reductions for “new”
components over time (learning curve
effects);

Cost increases for ICEV (because of
emission standards)

Cost premiums/savings for new

components added (hybridization, light
weight construction, etc.)

Cost assumptions have been coordinated by Frontier Economics
strictly following compliance rules.

Vehicle Cost

€ 40,000.00

€ 35,000.00

€ 30,000.00

€ 25,000.00

€ 20,000.00

€ 15,000.00

€10,000.00

€ 5,000.00

€.

Status Quo Balanced All-in
A Al

4 N\

m2020 =2030 =2050 =2030 2050 m=2050
7 e

‘ i = |

BEV FCEV CH4 Gasol. MeOH DME H2-ICE Diesel




Main results: Incremental* Costs (NPV**) across all scenarios

(2,600 ...

5,300 billion €)

“International”,
“Status Quo”
Methanol, CH4, FT

For ICEV “Balanced/All-in” typically more
expensive 2> lower fuel costs (= better
vehicle efficiency) do not compensate

BEV at the high end, followed by FCEV

International cheaper than
domestic scenarios, except for BEV

Road segment only

at the low end higher vehicle costs (> high costs for HVDC power line) Upper bar:
000 vehicle on-
g ' costs (NPV)
Total = o - BEHE Lower bar.
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M BEV — Domestic
# BEV — International

FCEV — Domestic
FCEV — International

CH4 — Domestic

CH4 — % Methanol -

International

*Incremental vehicle costs relative to FT Status Quo vehicles (gasoline and diesel)

*NPV: Net Present Value
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B Methanol - Domestic
International

T FueI -
International %7 FT Fuel —
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Technology Cost Walk — Costs traced back to main drivers

Lower synthesis efficiency | = Comparable synthesis * No synthesis = less generation capacity required
? efficiency = Higher vehicle costs (H2 pressure tanks)

= More complex
fuelling infrastructure 7,000

= Higher vehicle costs
(pressure tanks)

= Additional vehicle costs
(diesel basis, tank system

= Less generation capacity required, due to
better efficiency of fuel cell vs. ICE

= Higher additiopal vehicle costs by fuel cell

g

= Lowest generation
capacity (= best WTW
efficiency)

= High additional venhicle
costs

= High costs for charging
infrastructure

Cumulative Total
Costs 2020...2050 /
billion €

= High synthesis

efficiency
= Low vehicle costs m Generatior L] Transmi.ssion (electricity) = Electrolyser
tive vs. FT = DAC m Synthesis m H2 Storage (Buffer)
(r.Iega M N . Final Storage = Fuel Transmission ® Fuel Distribution
dleseI/gasollne baSIS) Charging/Filling Station m Vehicles (Increase) - adjusted
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Summary FVV 3
Key Findings (1) — Energy Demand and Installed Capacity

— Driver for environmental impacts and costs - installed power generation capacities
(not the WtW energy demand)

— International energy scouring requires less power generation capacities than domestic:
 Sensible demand for 2050 Transport only =~ 1,000 GW ... 3,000 GW
 For comparison: installation plan EU (all sectors): 690 GW in 2030
 Factor power generation capacities ,,FT-ICE int. /| BEV dom.“* =2

— Electrolysers are key technology for all pathways (also BEV - seasonal energy
buffering). Sensible capacity ranges (2050) solely for mobility:
- =~1,000 GW (BEV Balanced, dom.) ... 1,700 GW (FT-ICE Balanced int./dom.)
 For comparison: installation plan EU: 40 GW in 2030 (for all sectors)
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Summary PV -
Key Findings (2) — Total Incremental Costs (NPV)

— Total costs (NPV): 2,600 ... 5,300 bn € over 30 years > 17% ... 34% of annual GDP 2020 (15,600 bn € )

— International energy sourcing is cheaper than domestic for ICE and FCEV (= higher full load hours
in sweet spots), except for BEV (> expensive installation of HYDC power line)

— Highest costs (NPV) for BEV (4,500 ... 5,300 bn €) followed by FCEV (3,900 ... 4,500 bn €)
* Vehicle costs are dominating total costs
 BEV costs are determined by range® and battery costs™ assumptions

— Lowest costs (NPV) are for ICEV with continued 2020 vehicle technology (“Status Quo” pathway:
without hybridization or light-weight measures)

« Methanol ICE: ~2,600 bn €, FT-diesel/gasoline-ICE: ~3,000 bn €, H2-ICE ~3,500 bn €.

« It is more cost efficient to build additional power generation and energy/fuel distribution
infrastructure, than to maximise efficiency measures (at high cost) on vehicle level.

* Neither hybridisation, nor light weight measures are paying off.

* 300 — 500km passenger car/LDV range
** Specific battery system costs: 160 €/kWh for 2020, 120 €/kWh for 2030, 80 €/kWh for 2050
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Summary FVV 3
Key Findings (3) — Environmental Impacts - GHG Emissions

— Cumulative GHG emissions (C2G: 2021 — 2050) are dominated by vehicle operation with
fossil fuels* of the out-phasing legacy fleet by ~ 70%.

— Ramp-up of renewable energy/fuel supply chain infrastructure + vehicle
production/disposal contribute ~ 30% to total cumulative GHG emissions

— With assumed identical ramp-ups (determined by vehicle fleet exchange rate) 2 bandwidth of
cumulative GHG emissions between all fuel/PT pathways is comparable (14% range)

— Ramp-up speed of sustainable pathways is “the crucial factor” to reduce
cumulative GHG emissions

— With the assumed identical ramp-ups EU27+UK transport GHG emissions (C2G incl. FSC**)
« Will exceed total (assumed European) GHG budget for Paris 1.5°C target*™* in 2031-32
*  Will require 43-51% of total (assumed European) GHG budget for 1.75°C target****

— Carbon neutral drop-in fuels - option for faster introduction

of GHG neutral energy to road transport
- Challenge: ramp-up of sustainable energy supply - follow-up study

FVV | FVV Fuels Study IV | 30 Dec 2021 * Fossil fuels already blended with 7% biofuel share **Fuel Supply Chain
*** 67% Probability **** 50% Probability




Summary + Conclusions FVV 5
Key Findings (4) — Other Environmental Impacts / Material Demand + Conclusions

— Land use, eutrophication, PM formation and acidification are no bottlenecks
— Temporary Li and Co bottlenecks are expected in a worldwide 100% BEV ramp-up
— Pt bottlenecks are expected in a worldwide 100% FCEV ramp-up

Conclusions:

— Paris climate targets require defossilisation measures for the existing vehicle fleet (e.g.
drop-in e-fuels)

— A mix of carbon neutral technology pathways is likely to be the fastest and thus most
efficient way to minimize cumulative GHG emissions (e.g. BEV with domestically sourced
energy and drop-in e-fuels with internationally sourced energy)

— Increasing vehicle efficiency is not always leading minimum GHG
emissions and lowest total incremental costs

— Efficient GHG avoidance policy requires a “Technology Neutral”
approach for efficient Life Cycle GHG reduction at lowest costs.

— |If sector targets are set, they need to be well aligned with the life

cycle approach
FVV | FVV Fuels Study IV | 30 Dec 2021
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