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1 s Introduction
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Hydrogen usages

Usage in 2023

“Industrial” H,

s World ~ 97 Mt/yr
m  Europe = 7.9 Mt/yr
m  France ~ 0.9 Mt/yr

s Chemistry

(ammonia)
l = Oil Refining

= lIron & steel

Usages in 2030 and beyond

“Industrial” and “energy” H,

Achieving deep decarbonization of >80%
of CO, emissions requires hydrogen

A

Ultra-low-carbon Decarbonization of industrial
H, as feedstock, process :

e.g, chemistry - directly: e.g. steel (direct

reduction of iron)
} - indirectly: high-grade heat

Store variable renewable R ﬁ =\

:=, = T~ .I
electricity  and bring 5 2ol WA a ouol
stability and flexibility to

the electricity grid Fuel cells/synfuels
for heavy transport

and long distances
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Use of low-emizsions hydrogen rises significantly to 70 Mt by 2030
and extends to new applications such as in aviation and shipping

Source : IEA, NetZero Roadmap (2023)

H, Needs x5 until 2050

«  E-fuels (SAF, SMF): increasing share from 2030
to become majoritary in 2050

* Regulatory constraint:
* ReFuelEU Aviation
2030: 1.2% e-kerosene; 6% SAF
2050: 35% e-kerosene; 70% SAF
* FuelEU Maritime
2030: 6% GHG reduction vs. 2020
2050: 80% GHG reduction 4



International context

More and more countries have

national H, strategies:

« 83 have a national strategy

« 28 national strategies in
development

« 38 countries endorsed COP28
Declaration of intent on Clean

H 83 HAVE A NATIONAL STRATEGY (OR SIMILAR)
2 4 HAVE A NON-GOVERNMENTAL STRATEGY
2B NATIONAL STRATEGIES IN DEVELOPMENT ~
38 COUNTRIES HAVE ENDORSED the
“COP28 Declaration of Intent on Clean Hydrogen”

Altogether, the 121 countries invalved make up:
+ 91% of the world’s population
« 98.7% of the global GDP
+ 94% of the global CO,eq emissions

© Mikaa BLUGEON-MERED
for the French Hydrogen Task Force
v.4.4 preparad on Fez. 27 =29 ' 2024

Nesearch projot ongaing sinee May 2022
Avalal www.taskforcehydrogene. fr

How to read the map:
At least one hyd strategic planning /¢ No hydrogen strategic docu- Hydrogen strategic planning document Industrial hydrogen strategy or roadmap prepared Industrial hyd strategy or roadmap
. dmtpmum::dofﬂdﬂy.doﬂod A ment prepared nor mby the . currently in preparation or considered by and published by a ed national industry . modand bya national
by the national (or local autonomous) national (or local autonomous) govern- the national (or local autonomous) organisation and/or leading academic institution ry organisation and/or leading academic
government. (e.g. strategy, roadmap, ment, but a nrnmﬂoml W government or by a regional with no endorsement by the national government, institution, while an official hydrogen strategy or
action plan, hydrogen law....). strategy applies. (e.9. EU H2 Strategy intergovernmental body in the name of and no known national governmental roadmap is being prepared or considered by the
several national governments. (e.g. CEDEAQ) strategy or roadmap currently in preparation. national (or local autonomous) government.

°* At EU level: RePowerEU plan: for saving energy, producing clean energy, and diversifying energy supplies.
°* H2 Accelerator = one of its main pillars, sets out a strategy to:

* double the previous EU renewable H2 target to 10 million tons of annual domestic production,

* plus an additional 10 million tons of annual H2 imports
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Complementarity of hydrogen and batteries

Weight (tons)

100

10

10,000

1,000

For transportation

H, benefit for:

= |ong distance
= Quick refill

Mass load capacity

Bio & (H2-based)
thetic fuel
I e ()
N
FCEV - Fuel Cell .
Electric Vehicles =
| : o
H\
Smallcarsl @
urban mobility
‘ >
10 100 1,000+

Average mileage per dayitrip (km)
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For electricity storage
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‘ S SISRHIING Natural Bis:
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1kWh  10kWh 100kWh 1NMWh {ONWh 100MWh {1GWh 10GWh 100GYWh 1TWh {0TWh 100TWh
Storage capacity of different storage systems
Long haul TRUCKS  fuelenergydensity Moo iy
120%
40-t articulated HGV specifications.
Fuel Diesel
Engine Power (kW) 326
el Consumption (L/100 km 3
> 100% ~ = -~~~ — —— == - == - - == - ------ Eel Tank ca:tacity((ll{] ) 420’“8‘
S *Equal range to fossil-based transport = Range (km) 1216
@ Gross Combined Weight (kg) 40,000
% Total Kerb Weight (kg) 14,550 [81]
o 80% Load capacity Payload (kg) 25450 [81]
S Mass: 25.9t,
ﬁ Volume: 30.5 m?
a o Battery
(Eu 60% electric  Electricty
<
2 Li-ion battery
€ Fuel cell
w409 Mass: 27% . N .
° 40% Vol gon electric " (] S);ml?ehcluelsl ey
— n L)
ki () H, (700 bar) IO ™
2] 20% ) Mass: 9% H, (-253 °C)
° Diesel Volume: 10%  Mass: 5% E-fuel
Mass: 1% Volume: 3% Mass: 1%
Volume: 2% o Y Volume: 2%
0% < @
@ SINTEF 6
Source: Dr. Jonas Martin, PhD-study at NTNU, Norway, now with Institute of Future Fuels, DLR, 6

by data from Gray et al 2021: D ships, planes, and trucks




Hydrogen value chain

Source: NEL

Electrolysis

Other
production
routes

Natural
hydrogen...

Physical-based

Compressed

Storage & distribution

How is hydrogen stored?

Cold/Cryo Liquid H,

Material-based

Liquid Interstitial Complex Chemical
hyclld byciice fydrogen

Ex. BN-methyl  Ex. LaNigH,
cyclopentane

Ex. NaAlH, Ex. NH3BH,
ev.e

seeyl 4

O=H@=AD=Na  @=H @=N @=8

+ Sat caverrs o scuton
‘oc cavives withn

irasruchre.

Storage

Conversion

Source: SYMBIO

Fuel cell

Source: Toyota

Internal combustion
engines
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applications

applications;

Decarbonization of usages

2020 2030
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Regional train

Heavy-duty trucks
Medium-duty trucks

Wans for urban delivery
Coach

Urban bus (long distance)
Urban bus (short distance)
Small ferry

RoPax (large ferry)
Taxi fleet

Large passenger vehicle
=Y

Mid-size short range vehicle
Mid-size long range vehicle
Compact urban car

Synfuel for aviation

Forklifts

Existing network
New network

Blending
CHPs

Simple cycle turbine
Combined cycle turbine
Backup generation
Remote generation
Mid-grade heating
High-grade heating

Steel
Ammonia
Methanol
Refining

1. Insome cases hydrogen may be the only realistic alternative, e.g. for long-range heavy-duty transport and industrial zones without access to CCS

Source: Hydrogen Council, Jan

2020, Path to H2 competitiveness

Hydrogen is competitive in
average conditions and regions

Hydrogen is competitive in
optimal conditions and regions

Low-carbon
competition’

Battery vehicles
Biofuel (for
aviation and large
ferry)

Electric catenary
(trains)

Biogas
Natural gas/coal
with CCS

Heat pumps

Natural gas

feedstock (pg



Hydrogen value chain

Storage & distribution Conversion Decarbonation of usages

- Development and optimisation

- From materials to systems through components and key technology bricks
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2 s H2 production
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Introduction: Hydrogen

production routes Challenge for 2030 and beyond
Currently: Fossile H, m Need to find/develop low carbon H, production route
Electricity 0.1% m Different possible options

Fossil fuels w/
CCUSs 0.6%

Thermochemical Electrolviic
il 0.5% processes y

. processes
Sp_llt with heat_ Split with
- Biomass pyrolysis, lectricit
gasification electricity

- Solar thermochemical - Electrolysis
water splitting

- Compound
containing H
l (H,O, CH,, ...)
Direct solar : ,
~ 11-19 kg of CO, per kg of H, splitting Brlcc))(lzoeilsceasl
Steam methane reforming DIrOCESSES S t th livi
o it with livin
CH, + H,0 <> CO + 3H, Split with light of anisms J
Water Gas Shift (WGS) - Photocatalysis QM_ o
CO +H,0 & CO, +H, - Photelectrochemical ) cc;ﬁzloer!sailon
process - Photobiological
Source: Global Hydrogen Review 2023, IEA

process

= Natural hydrogen...
@ SFEN-Grenoble INP, Grenoble, 15 Avril 2025 - Julie Mougin 11
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technologies

Focus on
2.2= electrolysis
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Hydrogen production routes:

focus

on electrolysis

Electrolytic processes: split with electricity

For all electrolysis technologies: H,O decomposed into H, and O, thanks to an electric current

5 technologies that can be classified depending on temperature: water or steam is the starting compound

850 § TEMPERATURE (cc)

°2| H,
- £
1l E
* g
[} @
4
700 } =l o
SOLID OXIDE ELECTROLYSER (SOEL)
0 H
6001 ’l I .
g [N
=
+ g
L
-y
4504 L=
PROTON conoucn?s CERAMIC
ELECTROLYSER (PCCEL
_,f
o
90 + O’I IH1 Oal IH;
E J 3 : |
T E = 'E . || g
|| [ (]
E _J 4 4
401 H | OH Ll om
PROTON EXCHANGE MEMBRA ALKALINE WATER ELECTROLYSER ANION EXCHANGE ME| :ws)
WATER ELECTROLYSER PEME?)E (AFL) WATER ELECTROLYSER (AEMEL

- Several technologies
with different levels of
maturity

PROTON-CONDUCTING ANION-CONDUCTING

ELECTROLYTE ELECTROLYTE
Niveaux de maturité . industriel . pré-industrialisation . en développement
Maturity levels industrial pre-industrialisation under development

Source for pictures: B. Pollet, Chem. Rev. Soc. 2022, 51 4583-4762
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Hydrogen production by electrolysis

- Principle of electrolysi :
Ciple of electrolysis * Electrolysis and fuel cells:

* Electrochemical converters
* Electrolyser: transforms electrical energy into chemical energy
* Fuel cell: transforms chemical energy into electrical energy (+ heat)

Output: electricity
(+ heat)

Input:

Fuel Cell

Cathode Anode Anode Cathode
2H* + 2e°> H, H,0 > 2H* + 2e" + 12 O, H, > 2H* + 2e- %20, + 2H* + 2e- & H,0

Exemple for PEMEL and PEMFC

@ SFEN-Grenoble INP, Grenoble, 15 Avril 2025 - Julie Mougin 14




Hydrogen production by electrolysis

Principle of electrolysis

°* An electrochemical converter that transforms electrical energy into chemical energy
* Electrolysis of water to produce H, using CO,-free electricity :

H20—> Hz + 1/2 02

* H, production: proportional to electrical intensity
° Q=I1/2F Q=H,flow, | =current, F = Faraday constant

* Higher current density (A/cm?)

° =» compactness
°* =>» investment decrease

* Efficiency (KWh/Nm?3 or kWh/kg) :
Inversely proportional to voltage

@ SFEN-Grenoble INP, Grenoble, 15 Avril 2025 - Julie Mougin

H, Production (Nm3/h)

18

- 16

E(V)
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Electrical consumption
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Hydrogen production by electrolysis

- Overview of the different technologies

Same overall reaction:

Low T:
High T:

H,O (I) — H; (g) + 20, (g)
H,0 (g) — H, (g) + 20, (g)

Different energy needs:

Energy (kWh / Nm3 of H,)

O AH : total energy
31\ R
| ==os =
> g_ AG : electrical energy'|
j Gas
N - =TAS : Heat- -5
%0 200 400 600 800 1000
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Temperature (°C)

AH® = 285.84 kJ/mol
AH® = 250 kJ/mol

AH = AG + TAS
Energy gain with gas phases

AH almost constant ~ 250 kJ/mol

AG decreaseswith T
TAS increases with T

* Low T: energy = 85% electricity / 15% heat

* High T: energy = 70% electricity, 30% heat

16



Hydrogen production by electrolysis

; \
« Overview of the different technologies : 55 \

Sg 0
* Electrolysis efficiency: R -
* Comparison of operating points of alkaline, PEM and £ 3 I — —SOEL
High Temperature Steam electrolysis o 30
2020 2024 2030
Years
AEL . (. |
PEMEL Lo low T electrolysis50 to 55 kWh/kg
12 gl high T electrolysis (SOEL): 40 kWh/kg
o \ 15 : g : - Both will tend to decrease by 2030 thanks to mater
s 12 | 2 gell 8is’£agk design, bvut alBoPimprovement (,powver
\1;:8::8 St SOUNRYyAOaz LI N)XAaAUAO
— 0
10,5 : § : L0 1888 84%, 4 4—/_9_9__/0LHV
) | | | | 15 = 800 IA=30%
) 2 1,5 -1 0,5 0 | % | < 700 — —AFL
i (A/cm?) . g 500 B —PEMEL

€ I | % é 50.0

H, Production (Nm3/h) o 400 —SOEL

30.0
2020 2024 2030
SFEN-Grenoble INP, Grenoble, 15 Avril 2025 - Julie Mougin Years 17

Source : Strategic Research and Innovation Agenda. Clean H2 partnership. Feb 2022
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' Electrolysis cell

Electrolysis = Modular technology

' Integration of stacks
into a module
including 1st level
Balance of Plant

U Stacking of :
Lo several !
and cathode) i 1 electrolysis cells

composeéd of:
» 2 electrodes (anode

* One electrolyte to increase the

* Need of electricity power components

_(and heat) -~ N /I Can/will include
' several stacks into a
' module

_____________________

- Helpful for scaling up and flexibility of operation
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l

\

-

-

/" Integration of modules ™,
into an electrolysis
system/plant including
all Balance of Plant
components =
electrolyser
Can/will include several
modules into the
electrolysis

. system/plant /

______________________

1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
)
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Presentation of
the different
electrolysis
technologies
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Alkaline Electrolysis (AEL) N

Cathode
J‘\ L_{]

Hydrogen

o0 .
LN (5]
° °
Cathode (-): tydrogen ® o omen | Anode (+):
2H,0 + 2e — 20H + H, o " | 20H > H,0 +2e +% 0,

Standard Electrolysis

McPhy stack John Cockrill installation :
Charge carrier: OH-
To improve performance Electrolyte: liquid - KOH
= Bipolar zero gap technology Usual operating temperature: 70-90°C

. : . Usual operating pressure: 1-30 bars
" Diaphragm as thin as possible (down to 200 um)

" Addition of some PGM elements to improve catalyst Component m

properties: to be removed in future Cathode Raney-Nickel in various forms (Ni-Al, Ni-Zn)
= Conditions to achieve small bubbles NiMo (MoNi4 + MoO2)
H 0 H 0 Anode Ni-X (X=Co,Fe)
1 ) 1 €Y [ Oxide Hydroxides: Ni(OH)2, NiOOH + dopants
0w L1 !I . -
" - - Membrane / Separator / Zirfon perl materials
diaphragm ZrO2 and polyphenylene sulfide
Electrolyte KOH 30wt%
Bipolar plate Ni-coated Steel, nickel
oo o e . pwceleage e i Porous transport layer / substrate Foams, fibers, meshed, expanded metals (Ni)
Frame and sealing polymer
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Proton Exchange Membrane Water
Electrolysis (PEMEL)

PEM shortstack Membrane ; ; i i
PEM shortstack Siemens installation with 24 stacks Anode
/i EIectroCatalyst(caxhode/:node) 335 kg/h H2 Cathode HO > 2H* + 2 % 0
-7~ Membrane electrode assembly (MEA} ) + e + 2
8 Stack assembling 2H+ + 2e _) HZ 2 2

Power electronics

Gas In-/outlet

Proces water in-/outlet

Membrane

——— Flow field plates

Charge carrier: H*
Electrolyte: solid - polymer

Current collector/Porous Transport Layer

Balance of plant

Usual operating temperature: 50-80°C
Usual operating pressure: 1-70 bars

Silyzer 300 — PEM Module Array

To improve performance vaera

" Membrane as thin as possible (< 200 um) Cathode Pt/C ~ 0.5 1 mg/cm?

"  Catalysts as active as possible (PGM) e Ir,Ru or IrOx ~ 2 mg/cm?

" Decrease the use of Platinum Group Metals  geparator / diaphragm /
as catalysts Electrolyte Perfluorosulfonic acid PFSA (NafionR, FumapemR)
O Higher catalytic activity by new catalyst Bipolar plate Ti sheet coated with Au or Pt

compositions/ morphologies

o0 | d catalvst utilization b timized Porous transport layer / Pt coated sintered Ti fibers/particles for anode
ncreased catalyst utilization by optimize substrate Sintered Ti or C cloth for cathode
electrode structures _
Frame and sealing polymer
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Solid Oxide Electrolysis (SOEL)

Cell Stack Module System
0.11 kW R 3R 3.3 kW 4 255 200 kW X2 2.4 MW
o i @
o PR e
o=—<= (e = ° ,
0 |
e
° Membrane electrode assembly u End plates o Stack unit o Block (= 4 madules)
© Glass sealing © cols @ Gas processing unit (GPU) @ Fluid interface unit (FIU)
© nickel foar © stacktensioning © supply and discharge unit (SDU) @ Power electronics

o Sheet metal cassette

© cathode contact

Electrode
poreuse Oy

To improve performance
" Thin electrolyte (< 10 um)

" Electrode materials with improved
conductivity

® |ncrease Durability
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i N N N

H,0 + 2e"—3» H, + 0%

202-—> 0, + 4e-
Charge carrier: 0%
2.4 MW SOEL Electrolyte: solid ceramic
Usual operating temperature: 700-850°C
Usual operating pressure: 1 bar
(30 bar demonstrated at small scale)

Sunfire :

Cathode Ni-YSZ

Anode Perovskite: (Lag 50Srg 40)0 95C00 20F €0 8003.x
Diffusion barrier layer Gadolinia doped ceria

Separator / diaphragm /

Electrolyte YSZ (ZrO, doped with Y,05)

Bipolar plate Ferritic stainless steel, often coated with Co

Porous transport layer / substrate Ni mesh on cathode side

Frame and sealing Ceramic glass

No noble catalysts
Some rare earth elements 22



Current status for electrolysis deploym
= 2024: could reach 5 GW
= 2023: ~ 1300 MW installed worldwide (capacity added in 2023 nearly matched
cumulative global installed capacity up to 2022)
" Big AEL and PEMEL electrolysers already installed
" Biggest electrolysis plant installed = 260 MW in China
" Several electrolysers installed in EU i
. ForecaStS Global cumulative installed electrolysis capacity, MW (EoY) g EJ 2021 2022 2023
~200 GW by 2030, based on announced projects; oo
and even 420 GW including early-stage projects. e
Historic capacity
B Technology
= BALK
; -
4 @ Cther
aUnknown 2019 2022
3 Region
2 oEurcpe
B China 700MW in Europe
1 m Linited States
0 oRow out of which the :E:::e
2020 2021 2022 2023 2024e|2024e Clean Hydrogen JU P
By technology Regio projects: Resto
+ Installed 43 MW |
« Planned 400 MW gggérlce: H2 Council 2023 & IEA &
23
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Current status for electrolysis deploym

In 12 years, electrolysers capacity increases 200x and funding per MW reduced 100x i1h EU

All facilities continue to operate after completion of each project

Project: Don Quichote Project: Haeolus Project: H2future Project: Djewels
Place: Belgium Place: Norway Place: Austria Place: The Netherlands

Date: Date: Date: Date:

Electrolyser: Hydrogenics Electrolyser: Hydrogenics Electrolyser: Siemens Electrolyser: McPhy
Funding: 5.0 m€ Funding: 5.0 m€ Funding: 12 m€ Funding: 11 m€

Y
‘mga l;:“

LR

Project: Hybalance Project: Demo4grid Project: Refhyne
Place: Denmark Place: Austria Place: Germany
Date: Date: Date:
Electrolyser: Hydrogenics Electrolyser: IHT Electrolyser: ITM
Funding: 8.0 m€ Funding: 2.9 m€ Funding: 10 m€

— —— - —

!"' ; ':\'

&

Till 2017 largest electrolyser projects globally
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20 MW 30 MW

Project: EPHYRA
Place: Greece
Date:
Electrolyser: TBA
Funding: 17.7 m€

EUROPEAN PARTNERSHIP -

Source:
Clean H2 JU

Co-funded by
the European Union

24




Current status for electrolysis deploymw

" SOEL now at
multi- MW scale

All manufacturers currently have
a MW-scale product in testing or
in the design/manufacturing
phase: Sunfire, BloomEnergy,
Topsoe, FuelCellEnergy, Ceres,
Solydera, Convion, Genvia
Need to move to tens/hundreds
of MW for commercial
deployment

Need for reliability on this scale

\

2014

l

2017

3
|

2023

|

1¢" SOEL system in operation at CEA
« 1 stack — 1 Nm3h of H, produced at 700°C
Efficiency measured 84%LHV

Sunfire Grinhy system installed in a
steelmaking plant in Germany

- 150 kKW - 40 Nm3/h of H,

720 kW SOEL installed in August 2020 on the
steel plant (Grinhy 2.0)
« produced 100t of H, until end of 2022

e ——

.
m!a}"

Installation of a 2.6 MW SOEL unit in a renewable &£
products refinery in Rotterdam (MULTIPLHY prOJect)
* 60 kg/h of H2 === =4 | ,

Installation of a 4 MW SOEL
unit at NASA-USA
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Current status for electrolysis manufac

To install the needed electrolysers capacities ~ > 3000
GW by 2050

=» need for gigafactories for electrolysers
manufacturing

In 2020 : production capacity for electrolysers just 2 GW
globally

ITM Power completed the world’s 15t electrolyser Gigafactory in
2021 in the UK

End 2022: 9 GW electrolysis production capacity worldwide

Over the past 3 years, western electrolyser manufacturers have
committed to building factories that can produce over 42 GW of
electrolysers per year by 2030, for different technologies (AEL,
PEMEL, SOEL)

In France: 2 gigafactories started on AEL, 2 planned for PEMEL
and SOEL

In 2023: total manufacturing capacity = 32.8 GW: not limiting
factor...
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Figure 29: Global Nameplate Electrolyzer
Manufacturing Capacity®®

SOEC 2 GW

FEM
1.1 GW

Total in 2023
32.8 GW

Alkaline
19.7 GW

Source: G. Flis et al, Solid Oxide
electrolysis, A technology status
assessment, November 2023
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Still some work on AEL, PEMEL, SOEL to meet the key performance indicators

Table 3: KPls for Proton Exchange Membrane Electrolysis (PEMEL)

Trend of development

Table 2: KPIs for Alkaline Electrolysis (AEL)

SoA Targets
SoA Targets No Parameter Unit
No Parameter Unit 2020 2024 2030
2020 2024 2030 Electricty .
ectricity consumption
- " 1 ! . kWh/k 55 52 48
1 Electnc:lt)_' c?nsump_tlc-n KWhikg 50 49 48 @ nominal capacity g
@ nominal capacity 5 Canital cost €/(kg/d) 2,100 1,550 1,000
) €/(kg/d) 1,250 1,000 800 apital cos £/kW 900 700 500
2 Capital cost kW 600 480 400
3 O&M cost €/(kg/d)ly 41 30 21
3 O&M cost €/(kg/d)ly 50 43 35
4 Hot idle ramp time sec 2 1 1
4 Hot idle ramp time sec 60 30 10
- cond - 2600 200 200 5 Cold start ramp time Sec 30 10 10
old start ramp time sec ‘ 6 Degradation %/1,000h 0.19 0.15 0.12
6 Degradation %/1,000h 0.12 0.1 0.1 7 Current density Alom? 52 54 3
T 2
7 Current_(jenmty Alcm 0.6 0.7 1.0 5 Use of critical raw w e . 025
8 Use of critical raw ma/W 0.6 0.3 0.0 materials as catalysts mg ] ) )
materials as catalysts g i ’ ’

Table 4: KPIs for Solid Oxide Electrolysis (SOEL)

SoA Targets
No Parameter Unit
2020 2024 2030
Electricity consumption
@ nominal capacity 40 39 ar
1 kWh'kg
Heat demand 9.9 9 8
@ nominal capacity
. €/(kg/d) 3,550 2,000 800
2 Capital t
aptial cos kW 2130 1,250 520
3 O&M cost €l(kgld)ly 410 130 45
4 Hot idle ramp time sec 600 300 180
Source: SRIA EU Feb 2022
5 Cold start ramp time h 12 8 4
6 Degradation @ Utn %/1,000h 1.9 1 0.5
7 Current density Alcm? 06 0.85 15
8 Roundtrip electrical efficiency % 46 50 57
9 Reversible capacity % 25 30 40
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Trend of development

For SOEL: Activities on the whole value chain

ELECTROLYSER
SYSTEM
CELL STACK MODULE /PLANT
= Materials/microstructures = Fluidic, thermal management = Upscaling: 1 stack = Multi-stack multi-
. - i i =>» 4 stacks at CEA,
Processes Sealings, coatings oven much more in modules assembly
= Cells a_rchltectures = Mechanlcal.behawor large modules like = Mutualization of
= Upscaling: 100 =» 200 cm? at = Manufacturing and Assembly Sunfire BoP components
CEA, even 900 cm?2 at TNO Processes : ' = Automation and

= Upscaling: 25 cells of 100 cm? control

=>» 75 cells of 200 cm? at CEA,
CEA . even 350 cells at FCE

CEA

Sunfire

TNO

Supported by modelling and simulation,

SOFC Stack

@ T techno-economic and life cycle assessment

350 cells, 17 height
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Trend of development

°* Work on emerging technologies: AEMEL

4e”

2H2 + 40H"

02 + 2H20

-

Anode OH" Cathode

Source: K. Ayers et al., Rev. Chem.

Biomol. Eng. 10 (2019) 219-239 40H" 4H,0

Alkaline

Anode 40H" «— 2H,0 + O, + 4e"
Cathode 4H20 + 4e” ‘_’ZHZ + 40H"

Charge carrier: OH-
Electrolyte: solid - polymer

Usual operating temperature: 40-60°C
Usual operating pressure: 1-30 bars
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Voltage / V

Interest of AEMEL
° Higher performance than AEL
* Lower catalyst loading than PEMEL

AEMEL

AEL PEMEL
°T % Eleclzrode MEA“ MEA"
ackages
L _ _ - -J¢ ForHGF /
_________ in 7 years

| 2023 Target for AEM
electrolysis

AEL PEMEL
High
oW Cost Performance
Source: A. Gago, DLR,

EMIRI Workshop, 2022

: ]

I I I
0 1 2 3 4 S) 6

Current density / A cm2

So0A Targets

Unit 5000 2024 2030
PEMEL mgW 25 125 025
AEMEL mgW 17 04 0

* But still some work to improve durability 29




Trend of development

°* Work on emerging technologies: PCCEL

. Interest of PCCEL

Fuel electrode g==-- 2 ey Air electrode :
]
| &
+
~
-3 M H0 o .
T - N
' +
~ % .
+ ~
3 T
N ®00, O
i

H* conducting electrolyte

Source: S. Choi, Energy Environ. Sci (2019) 12, 206

Charge carrier: H*
Electrolyte: solid - ceramic

Usual operating temperature: 500-700°C
Usual operating pressure: 1 bar — pressurized operation under
development (5 bar)
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Dry H, produced
Lower T than SOEL.: advantage for durability and
cost

But still a lot of work needed to increase

performance and stability of materials
Before upscaling feasible

30
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Comparison of
technologies

2.4: the different

SFEN-Grenoble INP, Grenoble, 15 Avril 2025 - Julie Mougin




Comparison based on a few indicators

« Selected indicators:
« TRL
« Carbon footprint
« Energetic efficiency
« Cost of H, produced
« Could also consider other indicators:
* Water consumption
« Use of Critical Raw Materials (CRM)
« Other indicators could be added when maturity and REX on the different technologies increase
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Hydrogen production routes

Electrolytic processes: split with electricity

» Synthesis based on a few indicators
» Impact of electricity (source and price) on C footprint and cost of H2 produced

_- Energetic efficiency (LHV) | Cost ($/kg.,)

9 69%
Depends on
PEMEL 8 .. 69% electricity price:
SOEL - Depends on electricity 89% el 5o e
source 1
AEMEL 4 69% 3.5and 10
PCCEL 3 80% ?
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Carbon footprint

= Carbon footprint (kgco,e/kg,,): between <1 and ~20 !

Carbon footprint:

Steam methane reforming m Source: Ademe
. . = Depends on the process
Steam biomethane reforming 213 _ . o
Mix EU 198 = For electrolysis: depends on electricity origin
Photovoltaics 258 *  below 2.6 kgcp,/kg,y, if renewable or nuclear
Hydro = o4s * As high as 19.8 kg.q,/kgy, considering EU electricity
wind = o7 mix = worst than reference SMR process !
Mix France 2,77
Mix Renewables 159
Carbon footprint of electricityin EU in 2022
Low carbon hydrogen : <3,38 Kgcooe/K9 o 700

[=2]
o
o

= It requires electricity C content < 67 g.q,/kWh

= Only 4 countries in EU have an electricity mix meeting this
threshold

w
[=)
o

Source:
threshold European
Environment
agency

CO2 content (gCO2/kwWh
w b
o o
e o

= [
o (=]
o o

o

Italy
Ireland

Netherlands
EU-27

Sweden !
Luxembourg mm

Finland
France
Latvia
Austria
Denmark
Slovakia
Croatia
Belgium
Portugal
Lithuania
Hungary
Spain
Slovenia
Romania
Malta
Germany
Czechia
Greece
Bulgaria
Cyprus
Estonia
Poland
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Hydrogen cost

Impact of feedstock price (methane or electricity)
* Feedstock accounts for more than 60% in the H, cost

Price of natural gas for reference Steam Methane
Reforming process:

* Impact on H, cost: Proportionality law
* from less than 1 up to 6 €/kg

Figure 15: COMPARISON OF RENEWABLE AND FOSSIL FUEL-BASED HYDROGEN PRODUCTION COSTS BEFORE AND
AFTER THE RECENT SPIKE IN ENERGY PRICES.
Source: HYDROGEN EURCPE. 2022

2022

Current situation
Grasar H2 WS

=k
o

——— SMR H2 without CO2

=— SMR H2 with CO2

= = Green H2 from PV in NWE

- = - Green H2 from wind in NWE

~—— Green H2 from solar PV in Spain

H2 production costs in EUR kg
0O o K W ot B0
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i i

Alkaline electrolysis

Steam Methane Reftmnlng Sl::m M.x:‘u.r:.:n d st::a‘e

Source: the
hydrogen series —
Zenon, Dec 2023

ccs orex M ccs capex M 12 plant orex [l H2 plant CAPEX

[ 75 costs or revenues - OPEX (water) [l Renewable electricity costs Ml NG costs

Price of electricity:
* Impact on electrolytic H, cost
» If electricity 2 times more expensive, H, 50% more expensive

* H, produced with higher efficiency technology (SOEL) less

sensitive Levelized cost of H, according to the electricity price

Operating rate 90% (grid connected)

0 50 100 150
Electricity price €/ MWh

Source: J. Mougin, WHEC2014
M. Reytier, et al., IJHE 40/35 (2015) 11370-11377 35



Hydrogen cost

Other key parameters to be taken into account, optimised
CAPEX, efficiency, load factor, lifetime

Hyrogen production cost (USD/kgH2)

IS

("]

ka3

Source: IRENA (2020)

Interest of support mechanisms:

Inflation reduction Act in the USA,
European Hydrogen Bank
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Exhibit 14 | Renewable hydrogen from electrolysis production cost scenarios®,
USD/kg hydrogen

Cost of renewable hydrogen with varying LCOE and load factors

USD/kg H,
BW<UsD2/kg [USD2-3kg [7]USD 3-4/kg >USD4/kg {_|Viable medium-term (<2030)
Capex
LCOE electrolyser
USD T50/kW USD 500/kW
wown =7 [EC3 N IR -~ EEN NN RN
oo o+ 1551 [0 NI - 1N RN R
o oo 581 10N NI - 55 IEEN D
osomn 71 <2 (53] I -+ 15e1 N IR
I [ R

USD 100/MWh  10.3 75 8.5 6.1 58 8.9 6.7 6.0 57

Load factor  10% 20% 30% 40% 50% | 10% 20% 30% 40% 50%

10% 20% 30% 40% 50%

SOURCE: McKinsey

Clean Hydrogen Production Tax
Credit (45V) up to $3/kg

4-2.5 $0.60
2.5-1.5 $0.75
1.5-0.45 $1.00
0.45-0 $3.00
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Water consumption

* Water consumption for all H, production technologies
« Consumption varies between 10 to 19 kg of water per kg of H,
for low carbon processes.
« Water consumption indicated for nuclear power is significant but
a large part of the water is released into groundwater
« Water consumption can be significant for biomass technologies
either in the production stage or in the process
* Necessary to well define the boundaries
* SMR:
« Stoichiometry: 4.5 L water / kg,
» Total system: 13 L water / kg,
» Electrolysis:
« Stoichiometry: 9 L water / kg,
» Total System: up to 18 L water / kg,
 Risk for large scale H, deployment: areas where low cost
electricity are areas with water scarcity
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h B I h B " A "B

+ capex-related water use, virgin materials Water use wio capex-related GHG H2 production
+ capex-related water use, recycled matarials Water use wic capex-related GHG energy production

Gross water demand, kg/hQ,;; .y

2030
Bio-CH4 (energy crops) + SMR I/ Af 7.42756
Wood chips + Biomass gasification I.'}‘ 4995
Nuclear power + PEM f}r’ 4140
Coal + Coal gasification (CCS) 859 .
Grid electricity + PEM 8168 &
Coal + Coal gasification (CCS) 410 '
Solar 1500 h/a + PEM 19.1
Bio-CH; (waste) + SMR 180 @
NG (1700 km) + ATR (CCS 98%) 173 +
NG (1700 km) + ATR 17.3 &
NG (5000 km) + SMR 139 -
NG (1700 km) + SMR 136 @»
NG (5000 km }+ SMR (CCS 90%) 135 =
NG (1700 km) + SMR (CCS 90%) 13.1 @
wind onshore 2400 h/a + PEM 1.0 i
Hydro 5000 h/a + PEM 9.9 Source: IRENA o
Source: Hydrogen Council, LBST

Figure 18: Announced low-carbon and renewable hydrogen locations, and 2020 watershed stress

Source: Hydrogen council

vde R

@ Renewable hydrogen sites @ Low-carbon hydrogen sites A
r]

e

Of announced renewable
hydrogen facilities located
in watersheds with medium
to high stress

1
L] -
e e
o N .
33% N
Of announced low-carbon w,..

hydrogen facilities located { .
inwatersheds with medium f

to high stress \3"' i)
g '

50% ..

01 1-2 2-3 3-4 4-5 No data
Low stress Low to medium stress Medium to high stress High stress Extremely high stress
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Use of Critical Raw Materials

* Low amounts per kW for most of them

° =>» Needs to be taken into account for
the analysis

°  But will become more critical with the
Increase of the number/size of
electrolysers...

° In 2030, PEM electrolysers could ask
for 35-50% of global Ir demand

Global iridium demand outlook
SDS SCENARIO (t)

I Transition Base

Global platinum demand outlook
SDS SCENARIO (1)

M Transition Base

600

400
= 20
200 I N io -

0 — -

2019 2030 2020 2030

17-30% 35-50%
of 2030 platinum demand of 2030 iridium demand

from FCEVs & hydrogren from hydrogen electrolysers
electrolysers

Source: KU Leuven,
Eurometaux, Nov 2022

Supply Risk

®  Cribcal 2023
®  Non-Critical 2023
= = = SR threshold

El thresheld

Gallium
L

Baron
L]

Scandium
e/anadivm
.

Arsenic Lithiusrm
Germanium g

L
Natural Teak wood
. Matural graphita
Feldspar Hafnium
L] .

&uhwn metal
Baryte
. Helium . Tant:lum Alulr'lr'lumln’bzu:-me Mangarese Tungsten
Sapele wood ™ Fluorspar ™
Coking coel ™
______________________________ ,______________________________ Phg@hgth____________________________
Natural cork— Perlite Kaclin Hay Xenon o= " ~ Tine Natural Rubber—@ M:l,rbderun— Y
~ oK .aptbnrlll'un'um\, @Siver pnta,hs -~ _ Aniomium
e, SVpsueon® @ N ] - .
A . "-Msglfeslte Iron ara
Rl1en|um—4-¢:old 1 & Hvdrogen Tellurium Titanium—@ .
o . __{Q,,,Dn,w_-s-la Limestong = selenum g
at :
o N . . Cadm.ium 1 .
gareges . Lead
®Roundwaood Talc CORpEr o o fine
1 2 3 4 5 6 7 8 9
Economic Importance
Source: EU CRM list (2023) 38
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HREE Euroonum ZHREE Erbium  HREE Lutetium HREE Dysprosium

®PGMs  HREE Thulium —— ""/ o °
@ HREEs HREE Yiterbium - H REE Holmlum HREE Terbium
® LREEs =0

[
LREE Neodymium
L]

LREE Carium
L) .
REE Samarium
JGM Rutheni

LREE Prasendvmi&m

L]
30 HREEG:
hodium
PGM Plati
]
20
PGM Palladium
L]

+6
0.0 10 20 3.0 4.0 5.0 6.0 70 8.0 2.0

0o

® Miobium

Magnesium
L

® Phosphorus

Bismuth

Antimony ®
Beryllium
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Use of Critical Raw Materials

* Needs:

Decrease the amount of PGM catalysts
Find PGM-free catalysts
Replace Co containing materials by new ones without

* Means at material scale;:

Use of high surface area supported catalysts, e.g. titanium or tin oxide supports (Babic, 2017).

Increase the catalyst surface area through improved catalyst manufacturing techniques, e.g. using
nanostructured thin film catalysts.

Use thinner layer of coating material, for example through atomic layer deposition.

Reengineer the electrode concept. For example, support nanoparticles of iridium on high conductive semi-
conductor oxides, alloy iridium to other transition metals, change the morphology of the electrode and shape the
nanoparticle of Ir.

Recycling: upstream during manufacturing (scrap), or downstream (end of life)

* Means at system scale:

Extension of the use of equipment: extend the lifetime of the electrolyser - same amount of material allocated
over higher cumulated H2 production

or increasing its performance: achieving a higher current density of the stack — smaller area needed for the same
production of hydrogen (and less material per kg of H2)
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Hydrogen
= storage /
transport
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Energy density (NCV)

Hydrogen storage

* Hydrogen: a few figures

33,3

Hydrogen has the highest H, offers an excellent energetic content per kg (33
energy density per kg kWh /kg)

hi gher than any other fuel

12,7
l i , Butalow volumic densi tyé

Hydrogen Natural gas Propane Diesel Ethanol 33,3 kWh/kg or 3 kWh/Nm 3 or 120 MJ/kg
1 Toe of hydrogen =348 kg

: 1 Toe (ton oil equivalent) =41,8GJ=11,6 MWh
Volume density (kgH,/m3) 1kWh = 3,6 MJ

Gaseous H, (CNTP: Patm-0°C)  0.09

13,9

Source: McPhyEnergy

Compression or state transformation when a better volumic (and

Gaseous H, (700 bar) 40 massic) density is needed, for storage and transport of large
Liquid H, (Patm) 71 quantities, or use (long-haul mobility for instance)
Solid (MgH,) 106
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Hydrogen storage

* Several types of storage

How is hydrogen stored?

Material-based

| Liquid H,

Physical-based

Compressed Cold/Cryo
Gas Compressed

i |
S sorteard Liquid Interstitial Complex Chemical
organic hydride hydride hydrogen

Ex. MOF-5  Ex.BN-methyl  Ex.laNiH;  Ex.NaAlH,  Ex.NHBH; NH3
.&.._.___ 1& cyclopentane , ¢« ® e - »
) e o 4 . '”0 -‘, | .
.&fy,\-ﬁ .‘ e \..\ 0 b
=3*:a;ﬂ€ibh "- O=H@=AD=Na @=H @=N Q=8
surface
LOHC

(liquid organic hydrogen carriers)
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Maturity scale -:»

Caverns

+ Sak caverns are solution

mined cavites within
ethaer salt domes or
bedded salts that do not
match reservor volume
capacty.

Depleted OiVGas
Reservoirs

* Deplated resarvoirs are

proven gas reservoirs that
are easy o deveop and
Ooperate due o exising
Infrastructure.

Aquifers

« Aguifers are similar in

gediogy to dogpieted
reservaors, but have rot
been proven o trap gas and
must be developed
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Hydrogen storage

°* Hydrogen storage options

* The storage technology needs to be selected as a function of the application (size &
duration of storage, use of hydrogen) and of the location

Gaseous state Liquid state Solid state
Salt caverns Depleted Rock Pressurized Liquid Ammonia LOHCs Metal
gas fields caverns containers  hydrogen hydrides
Main usage Large Large Medium sSmall Small - Large Large Small
(volume and volumes, volumes volumes, volUmes medium volumes, volumes, volumes
cling) months- e ﬂ months- daily ! volumes, months- months- d '
cycling weeks weeks days-weeks weeks weeks ays-weeks
Eg’ggr{’;%}, $0.23 $1.90 $0.71 $0.19 $4.57 $2.83 sas0 Nt
poSSIe ot SO.11 $1.07 $0.23 $0.17 $0.95 $0.87 $1.86 MO
Efaﬂlga';fﬂ';:m' Limited Limited Limited  Notlimited Notlimited Not limited ~ Not limited  Not limited

Source: BloombergNEF. Note: ! Benchmark levelized cost of storage (LCOS) at the highest reasonable cycling rate (see detailed
research for details). LOHC — liquid organic hydrogen carrier.

Extra cost due to state

transformation needed: consumes
energy and requires installations
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Hydrogen transport and distributiw

°* Hydrogen transport options

* The transport option needs to be selected as a function of the application, the distance and the

location
|
<0.1USDikg 0.1-1USDkg 1-2 USDikg  »2 USDikg
Costs
Distribution Transmission
050 km 51-100 km 101-500 km =5,000 km

Pipelines" Retrofitted Ragional distribution in nemizeion ) MIA
pipelines n mi es
New Regional distribution Inshvore transmission OnshomeiSubsea MIA
pipelines trarsmission pipelines
Ty NIA /A LH, ship W
NH,?
WA MNIA, NiA NH, ship ip
i LOHC? w ]
LY A Ni& LOHC =hip Jul
LH,
Distribution truck LH, Distribution wuck LH, Distribution truck LH, N/A MIA
trucking 2 2 2

Gaseous
trucking Cisfribution truck CH,*

Shipping LH,

Distribution truck CH.2 MR MIA

1. Assuming high utilizaton
2. Including reconversion to Ha: LOHDC cost dependent on benedits for last mile distribution and storage
3. Compressed gascous hydrogen
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Hydrogen pipelines are cheaper than

electricity transmission lines
* Can transport 10 times the energy at
one-eighth the cost associated with
electricity transmission line

Source: Hydrogen
Insights Report,
Hydrogen Council,
2021
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Hydrogen transport and distributiw

* Growing interest in using H, blend in natural gas

°* Maximum threshold depends on countries
* Validations performed up to 20%

12 3600
© Blendlimit @ Blend limit under certain conditions Per capita gas demand (right axis)
Source: IEA
10 3000
8 2400
(2]
° g
B
6 1800 3
2
g
o] @
o]
4 1200
0]
o o]
0
2 600
I I :
0 | T — 1 1 L T T 1 ) T | T - 10
Germany France Spain Austria Lithuania ~ Switzerland Finland Netherlands  California Belgium United Japan Latvia
Kingdom

* Pure H, pipelines exist: ~ 2500 km in USA, ~ 2000 km in Europe, dedicated to industrial purposes
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Hydrogen transport and distributiw

* European Hydrogen Backbone plan for 2040: 53000 km
* 69% retrofitted * Retrofitting of transport network more cost efficient
°© 31%: new * Investment 4X expensive with new pipes
* Cost to transport 1kg H, over 1000 km with 900 mm pipe
° ~ 0,11 € with retrofitted pipe
° ~0,30 € with new pipe

Figure 1- 2030

Accelerated and updated 2030 EHB network supports
the EC’s REPowerEU ambition 1o create a domestic and
import market for hydrogen and increase European
energy system resilience

nitions are continuausly evoling. Mop subject to
armouncements, considering natural gas supplis

Completely new construction of the transport network is
four times more expensive than converting the network

Comparison of per-km investment required for reuse and new-build
(millionz af € per km, bazed on: 36-inch pipeline and roufe cowvering 1, 153km)

~55% of the imvestment in conversion ~4 5% consists of actual conversion
consists of a payment for taking ower costs, e, cleaning and preparation of

existing assets from TS, at the pipelines, also depending on the
regulatad asset valus [GAV) desired purity of hydrogen
~ 4%
=

Source: Hyway

SOUI’CG EHB ““ f N 7/"ac:m>um \) - H.Efl.l'tliﬁhmEﬂt C-DHEIII'LIGTHH'I

- MTEE North Africa - Italy e
idor

@ 2 e Consideration for existing assets [l Cleaning and preparing pipeline

g:;mﬂesofcos‘- European Hydrogen Backbone initiative 2022,

RS lie Mougin Il Valve replacement Il Costs involved in laying a new pipeline

potential in Northern
Africa and Southern lsaly.

5/ EURCPEAN HYDROGEN BACKBONE




Hydrogen transport and distributiw

* > 1 million km distribution pipelines material ready for H2

Local gas networks across Europe are working hard to get
ready for hydrogen. Currently, 1 151 000 km of pipelines
are material ready for conversion to pure hydrogen,

Over 1 million km of distribution pipelines

is material ready for hyd rogen ) representing 96 % of the combined network of Ready4H2
E members.
The readiness of components (connections, valves, . . .
2 000 km r ] .
metering equipment, compressors, etc.) is under D IStrI b Utl O n n etWO r k
evaluation. .
= Denmark Ready4H2 is building a roadmap to complete the gas readlneSS plan fOl' pure H2
= lIreland | w0ox | system for hydrogen distribution, addressing not only . .
o0 - England 10 000 pipelines, but components and end-user equipment as (InCIUdIng a” ComponentS)
womin
= Poland
) = Germany lJnder ivestigztion
[T countries membersd = Begum  IIETIN Percentage of local gas networks that will
countriss associate Bl e
75000 km - Czech Republic ; be 100% ready for pure hydrogen
_,
= France 65000km = Slgvakia 57%
=1 —— 238 00 im
moooin | s Swizetand | ETEN  Boww
oo | £3000km
20000 ko
* Portugal 24%
1005 |
19000 km = |taly
= Spain -
ETE 83000 ke
By 2035 By 2040

What is H2 ready? - A= ] ) ) . )
The figures are solely based on pipe material and do not indude components in the grid. The readiness of *The network readiness includes the readiness of the pipe material, all components
material was assessed by experts on basis of today's best knowledge. While being H2-ready in principle, % (connections, valves, metering equipment, compressors, etc.) and the end user equipment

some cases of high-pressure distribution steel grids shall be subject to individual analysis and calculations
based on their condition and intended operating parameters.

Source: ReadyforH2
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Hydrogen transport and distributiw

°* Hydrogen embrittlement (HE) issues

o ° This issue does not preclude material from usage but
AT N necessitates proper design

embrittlement

o ey o 2019 * Material selection:
Hopmdiind. T * Ni, C content, other addition elements (Ti) in steels
el * Awide range of steels have the same fatigue crack growth

In gaseous hydrogen
* Materials less/not sensitive to HE: Cu, Al, Stainless steels
* Welding techniques:
* Many welds behave the same way as bulk materials

* On hydrogen tanks (metallic parts) * Network transport heterogeneous

* On pipelines * Various grades (C-Mn), with different mechanical behaviours
.\ * Different ages: 80 years to recent
* Importance of operating window: P, T
’ ° Effect of pressure level
* Not much on fatigue crack growth
° Visible on fracture resistance
° Mitigation strategies can exist
* Coatings
° Impurities

Hydrogen dissociates on metal surfaces, dissolves into the metal
lattice, and changes the mechanical response of the metal

opoomomoo
ALLALAAOD
22208852

55

Barthélémy, 1st ESSHS, 2006
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Nuclear
hydrogen
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Interest of hydrogen production using
nuclear energy

" To decarbonize the current hydrogen consumption of 97 million tonnes:

" would require 4 850 TWh of low-carbon electricity
" |n the future: > 400 million tonnes in 2050

" will require 20 000 TWh of low-carbon electricity -

W<usD2xg [MUSD 2-3%g MUSD 3-4ikg >USD4kg [ Viable medium-term (<2030)

= =» Need to have huge amounts of low carbon electricit wcomne: <7 L0 N RN - - HOOooo
g y USD 10/'MWh 61 - i R 6 @----

- BT

USD 30MWh 7.1 42 m@]n 25 HE 5 2 28 22 42 nu

USD 40/MWh 75 47 @@]@ 6.1 40 33 k 46 %

. USDSOMWh 80 52 42 | 87 @ 65 44 51 .:_;‘“ i 2o

" Nuclear electricity: T jL = i B [ (| 5 sl [ @-
® | ow-carbon content Losdfactor  10% 20% 30% 40% 50% | 10% 20% 30% 40% J0% | 10% 20% 30% 40% 50%

" Base load production (no fluctuation compared to renewable electricity sources)
=>» possibility to operate the electrolyser at high load factor = beneficial for ROI

" High power reactors: source of a lot of electricity at a same place, dispatchable
=» possibility to minimize the transport cost

® Nuclear heat available:

" |nterest for SOEL technology
= Also for thermochemical cycles...
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Interest of coupling nuclear energy S
and electrolysis

Steam methane reforming with CCUS - Gas priceatoousomwh ™ Potential for competitivity with fossile H2

6 - - - T S S D S T S T -

at long term
) " Interest of synergies between nuclear and
. renewable systems such as solar PV

=» leveraging nuclear steadiness and solar PV low-

3
ctcammatiane reto L. s cosorice BBy, COSt ElECriCIty, SUCh mlxe_d systems optimise both
- e = e - -I- l— hydrogen cost of production and delivery.
I . l Figure ES2: The levelised cost of hydrogen delivery (LCOHD)

Muclear - LTO Solar- ME Solar- NA  Wind Onshore  MNuclear- NB Solar-EU  Wind Offshore for different elect ‘L'itjl' Sources

Muclear - LTO Solar PV-NA  Wind Onshore  Mix - NudearME  Muclear - Solar PV - Solar PV - ME
(steady profiley (variable profiley (variable profiley  and Solar EU (steady pmﬂe] (variable pmﬁlp_; {international
{hybrid profile) transport)

Levelised cost of cydrogen (USDYkgH.)
Pt

[=]

Levelised cost of electrolyser M Levelised cost of electricity

£

Mote: LTO = Long-term operation; MA = North America: NB = Mew build; EU = European Union; ME = Middle East.

]

Source: OECD NEA report The Role of Nuclear Power in the Hydrogen Economy (2022)

=]

—

Levelised costof hydrogen delivery
(LCOHD) (USDYkgH,)

® Levelised cost of production m Levelised cost of storage, distribution and transport w International transport
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Interest of coupling nuclear energy

and electrolysis

Figure 2.2: Levelised cost of hydrogen for different nuclear configurations

Levelised cost of electrolyser
o Levelised cost of electricity

=4

]

on

=]
o
2 E*“‘
D2
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=3,

-

High CapEx Low CapEx
Light water reactor- NE  Mix - Nuclear NB and High temperature reactor
(PEM) solar EU (SOEC)
(PEM)

Mote: It is possible to operate a LWR-50EC system, although the overall system efficiency would be slightly lower than
with the HTR-SOEC configuration. PEM = proton exchange membrane; SOEC = solid oxide electrolyser cell; HTR =

high-temperature reactor: 5olar ELl = Solar European Union; NE = New build.

Source: OECD NEA report The Role of Nuclear Power in the Hydrogen Economy (2022)
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" [nterest of high temperature reactor
providing heat to SOEL technology which

presents a higher efficiency
=> 0.5-1.0 $/kg,, saved
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Interest of coupling nuclear energy

and electrolysis

Levelised costof storage, transport and

distribution (USD/kgH,)

Figure 2.6: Levelised cost of storage, transport and distribution
for different production profiles

0.8
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pipeling

Mix production profile
(509 nuclear, 50% variable)

0.3

02 pofurbished o PiPeline
0 pipeline

o

Steady production profile
(1009 nuclear)

-

Variable praduction profile
(100% variable)

B Hydrogen storage W Transport and distribution

At a given electrolyser scale, the larger volume
and continuous production of a nuclear based
hydrogen value chain allow for a cost-efficient
deployment of all infrastructures
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As a dispatchable large-scale solution,
nuclear power would enhance co-location
synergies with large-scale industrial
demand

minimising infrastructure costs for
hydrogen storage, transport and
distribution.

Infrastructure costs for a nuclear based
value chain ~ 0.16 $/kg,,, for a 500 MWe
system that answers a continuous demand.

# For variable production: value chain costs
are ~ 0.77 $/kg,,,.

=>» when value chain costs are added to H2
production costs for different options of
electricity generation, nuclear stands out
as a competitive solution.
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Ongoing studies for H2-NUC couplin

" Different types of reactors:

" Light Water Reactors (LWR)

" High-Temperature Gas Reactors (HTGR) : :
= Small Modular Reactors (SMR) " SMR coupling with SOEL

also studied

" LWR generally considered for PEMEL
" HTGR generally considered for SOEL

Steam
Conventional Heat Steam turbine Electricity SMR Unit(S)
nuclear reactor oY >
Lt 3
LWR H,0 —N:I VY v O HZ 16,500Nm /h v
250MWit SMWe 1, : 23% ¢ |
Steam n.:33% N :e3/ 38
generator : AWE, PEM f’ \\\
5.0kWh/Nm3#1
67
Gas turbi Pw r + Steam
Heat as turbine Electricity i ¢ S
HTGR > [af) "1 tH
250MWt 103.0MWe > I§,I H, 33,100Nm3/h
Ne : 47%%3 Steam i o
SOEC n,: 47%
H,O 3.1kWh/Nm3#2
Heat exchanger n. : Power generation efficiency
31.0MWt n,, : Hydrogen generation efficiency s CEA
ource:

HTGR can produce large-scale hydrogen production
due to high temperature heat supply

Source: N. Sakaba, WHEC2024
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5 _ Conclusion

55

SFEN-Grenoble INP, Grenoble, 15 Avril 2025 - Julie Mougin




Conclusion

Hydrogen : expected to play a key role in the future climate-neutral economy
° Enabling emission-free transport, heating & industrial processes, inter-seasonal energy storage
* |If produced with low-carbon electricity (and heat for HT technology) including nuclear energy
Share of hydrogen in EU’s energy mix is projected to grow from the current less than 2% to

13-14% by 2050

To emphasise its importance and facilitate the scaling up of H, applications, it is needed to:
* Scale up the different technology bricks on the whole value chain
° Improve its competitiveness against other energy carriers
* With support of research and innovation to further increase performance, durability and reliability
* For more mature technologies
° For breakthrough technologies
° From materials to systems
° Without forgetting other non technical aspects
° Regulation in an international harmonized way
°  Permitting
* Low carbon H, certification
° Political support:
° National and international development and deployment plans
° Financial support: European Hydrogen Bank, Inflation Reduction Act in the USA

* Use of resources:
* Critical raw materials, water

* Circular approach needed
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