Wasserstoff -Energietrager der Energiewende
“Stand und Ausblick der Elektrolysetechnologie”

Prof. Dr. Christopher Hebling
 Fraunhofer Institute for Solar Energy Systems, |

W | * — A " 3. Nationales Wirtschaftsforum Wasserstoff
' | ~ Hamburg, 7.5.24




Global Direct Primary Energy Consumption
Using stored fossile energy carriers has created a carbon leakage from the geosphere to atmosphere

= Energy consumption is on an all e i
times-high Wind
140,000 TWh ::(Ci;e(g)rt wer
- 13,5 % Renewables -
- 86,5 % Fossil (and Nuclear) Energy ~ oo0m
100,000 TWh
80,000 TWh Oil
Promise of Salvation:
60,000 TWh

= Green hydrogen and the
Biosphere as a CO, source R
can close the carbon leakage

Coal

20,000 TWh

Traditional
biomass

0TWh . ‘
1800 1850 1900 1950 2000 2022

Znergy Institute Statistical Review of World Energy (2023); Vaclav Smil (2017) — Our World In Data.org/energy
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Global Average Land-sea Temperature Anomaly

GLOBAL SURFACE AIR TEMPERATURE « JULY

Y PROGRAMME OF
| THE EUROPEAN UNION ( opermicus  ESECMWF

Global average land-sea temperature anomaly relative to the
1961-1990 average temperature.

Mean

1850 1880 1900 1920 1940 1960 1980 2000 2024

Data source: Met Office Hadley Centre (2023) OurWorldInData.org/co2-and-greenhouse-gas-emissions | CC BY

Note: The gray lines represent the upper and lower bounds of the 95% confidence intervals.
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Extreme Weather Conditions as Early Warning Systems

Tipping elements at risk

CANADA

Wildfires across Canada burned more than 45.7 million acres, shattering a record (2.6 times
over) for the most acres burned in Canadian and North American history. These fires caused
widespread air quality deterioration across much of Canada and the U.S.

NORTH AMERICA
2023 was North America’s warmest
year on record.
CALIFORNIA
Nine back-to-back atmospheric rivers pummeled
California in Jan 2023, which brought a total of
32 trillion gallons of rain and snow to the\state

EASTERN NORTH PACIFIC \\
HURRICANE SEASON

Above-average activity: 17 storms, @

including 10 hurricanes

Show captionv

°

weather

ATLANTIC HURRICANE
SEASON

Above-average activity: 20 storms,
including seven hurricanes

AFRICA
2023 was Africa’s warmest
year on record.

Australia’s highest temperature in 2023

49.5°C

Roebourne Airport (WA)
on December 31

HAWAII

On Aug 8, winds from Hurricane Dora
exacerbated a wildfire on the island of
Maui in Hawaii that destroyed the historic
town of Lahaina and became the deadliest
wildfire in the U.S. in over a century.

SOUTH AMERICA

HURRICANE OTIS

On Oct 25, Hurricane Otis made landfall as a
Category 5 hurricane near Acapulco on Mexico’s
southern Pacific coast after increasing wind
speed by 115 mph within 24 hours and bringing
catastrophic damage to a city of nearly one
million people.

typhoons

GLOBAL OCEAN

record warm.

Temperature Anomaly (°C)
| [

20 10 00 10

NASA Clocks July 2023 as Hottest
Month on Record Ever Since 1880

4

ANTARCTIC SEA ICE EXTENT

~0

South America had its warmest
O’year on record.
GLOBAL TROPICAL CYCLONES

Above-average activity: 78 storms,
including 45 hurricanes/cyclones/

For nine consecutive months (Apr-Dec),
global ocean surface temperatures were

ARCTIC SEA ICE EXTENT

The 2023 Arctic maximum and minimum extents were third- and sixth-

smallest on record, respectively.

EUROPE
Europe had its second-
warmest year on record.

ASIA

year on record.

CYCLONE DANIEL

On Sep 10, Storm Daniel brought strong
winds and an unprecedented amount of
rain to eastern Libya, which caused massive
destruction—dams burst across many towns
and led to the death of more than 10,000
people, making it the deadliest and
costliest tropical cyclone of 2023.

NORTH INDIAN
OCEAN CYCLONE
SEASON
Above-average activity:
eight storms, including
four cyclones

CYCLONE SEASON*
Above-average activity:

nine storms, including seven
cyclones

May 14.

AUSTRALIA CYCLONE SEASON*

Above-average activity: nine storms,
including five cyclones

The Antarctic had record-low annual maximum and minimum sea ice extents during 2023.

2023 was Asia’s second-warmest

TROPICAL CYCLONE MOCHA

Cyclone Mocha was the North Indian Ocean’s first
named storm of 2023, and made a devastating
SOUTH INDIAN OCEAN landfall as a Category 4 cyclone in Myanmar on

Hurricane Otis 205 mphmax

WESTERN NORTH PACIFIC
TYPHOON SEASON
Below-average activity: 17 storms,
including 12 typhoons

SUPER TYPHOON MAWAR
Super Typhoon Mawar passed
within 100 miles of Guam in the
Western Pacific on May 24 as a
Category 4 storm. Mawar resulted
in heavy rainfall and widespread
power outages on Guam.

Sliding Thwaites Glacier

OCEANIA
Oceania had its 10th-
warmest year on record.

SOUTHWEST PACIFIC
CYCLONE SEASON*
Below-average activity:

six storms, including three
cyclones
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Extreme Weather Conditions as Early Warning Systems
Canadian Wildfires in 2023 accounted for 23% of global accumulated wildfire CO2 emissions

Wild Fires in Canada 2023 2023 S U M M E R M | N I M U M Hurricane Qtis 205 mph'max

Russia

Show captionv
median extent

(1981-2010)

weather. 5
Australia’s highest temperature in 2023

49.5°C

Roebourne Airport (WA)
on December 31

Alaska

Canada

June hottest Month on Record

Steffen et al. (2018). Trajectories of the Earth System in the Anthropocene. Proceedings of the National Academy of Sciences, 115(33), 8252-8259.
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Seaice concentration (percent)




Extreme Weather Conditions as Early Warning Systems
Arctic sea ice coverage in summer 2023 was the lowest ever

Hurricane Otis 205 mph max

S e N

Wild Fires in Canada 2023

hwaites Glacier
> Y S = SNASATJIm Yungal

The Pressure to act is rising

Seaice concentration (percent)

Feb Mar Apr ‘ —jm

Hottest Month on Record Since 1880

6  Steffenetal. (2018). Trajectories of the Earth System in the Anthropocene. Proceedings of the National Academy of Sciences, 115(33), 8252-8259.
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The Backbone of the Future Energy System: Renewable Energy
Global Wind and Photovoltaic Installations at like 3 TW Total Capacity Today

325 GW new renewable capacity in 2022
= 473 GW new renewable capacity in 2023

= 3870 GW Total installed renewable capacity

= Power Purchase Agreements
in Photovoltaics @ 1 ct/kWh

= Power Purchase Agreements
in Wind Onshore @ 2 ct/kWh

Spurce: IRENA, 2023, http://resourceirena.irena.org/gateway/dashboard/
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Development of future energy system
Example PV — PV installations and growth toward 75 TW by 2050

109 CammmmmEET (o] PV growth in 2004 1GW/yr
Leemt PV growth in 2010 1GW/m
30 o PV growth in 2015 1GW/w
o PV growth in 2023 1GW/d
E" 10 0’
- o’
= o* PV growth in 2030 1GW/2h ?
:'5 3 0’ pgEEEEEEEEEEEEEEEEERE- o
S o* 0"
S o’ o’
= 1 o
— *
3 R = 25% production rate growth over the
S 03 3 = == Cumulative installation —modeled next 7 years and then reducing slowly to
Cumulative installation — historical teadviciams
0.1 = = = Annual installation — modeled Stealvgy
Annual installation — historical = Replacement needs are included by
simple subtraction of installations 25
OO 10 2020 2030 2040 2050 2060 years before the MOEEE.

Baegel, N. et al.: Photovoltaics at multi-terawatt scale: Waiting is not an option, Science, Apr 2023, Vol 380, Issue 6640, pp. 39-42, DOI: 10.1126/science.adf6957
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Energy System Transformation Total net electricity generation in Germany
in Germany

Renewables

2000~

Fossils

9
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The Future Energy System
Dominant Primary Energy will be Electricity from Renewables as well as Hydrogeg

Heat

Other types of storage

electricity storage

Renewable -
energies Electricity

End-Use Sectors

Solar el Electrolyser Buildi NgS
Wind — Mobility

Industry

Hydro Hydrogen :
e
HEIMESE Green fuels
Others Hydrogen
Transport &
storage

Green chemical feedstock

10
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Sustainable Energy Carriers, Fuels and Base Molecules
The Promise: Power-to-X - H,-based Molecules for Mobility, Industry & Chemistry

Techno-
Economic-
Analysis

Life-Cycle-
Assessment

11

—\\ind power

Water electrolysis

%‘3%

Solar power

Power

Power

Hydrogen

w\/a 12F /

\ )/’; Co-electrolysis

N

—a Hydro power

Industry
and biomass

CO,/CO

: Efficient Conversion

e ' N
Efficient and Safe
Transport Chain

2 \AMA’

Hydrogen

Methanol
synthesis

Refineries ‘é@

i
Hea

Alr separation unit

HCO

Ammonia
synthesis

Ammonia

| AL, T
71;:’\@\» - 'DI‘-)—OZ’ Nitrogen A@:}

!

F::! LOHC FI MeOH

Advanced Products

Fuels and
energy carrier

Fuels
Methanol, DME, OME, gasoline,
Fischer-Tropsch products, jet fuel

Chemicals

Solvents, polymers

Fertilizer and
energy carrier
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Global Green Hydrogen Outlook
Hydrogen Demand for Climate Neutrality in 2050

= End Uses of clean H, and its derivatives

° Heavy road transport

CH20H

Chemicals

Fertilizers @
Iron and steel °

High temperature
heating (inc.
cement and

recycling)

My

CH20H

Shipping

e Aviation

Energy
storage

Green hydrogen:

Network stability

12

Source: Deloitte. analysis based International Energy Agency (IEA)16, International Renewable Energy Agency
(IRENA)17-and-Hydrogen4EU.18

o T mm = —

Uncertainties about the
limits of electrification,

costs and quantities of

hydrogen and e-fuels

@gmng the path to net zero ,
Oelotte’s 2021 ghobal groen hydrogen outiook N e e e e e e e o, e e e e e o 7
= Priority Settings for H,-applications across the energy system
N Maturity of hydrogen solutions
(compared with other decarbonisation solutions) é
Chemicals
and refineries
&EE= ““E‘*"'
/ - International
{ shipping
Short-hauj
auiatior| - H B Long-haul
Regiorlal @ fE\7 aviation 2%
s 1 i lure
Urb!m vehicles é)z_a O storage
! —1
I Short-term O = |
| storage |
\ /
N e e A e e e e e 7’
Mid
ﬁ temperature
J:E Residential heating
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b

Distributed applications

Centralised applications
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> 50 National Roadmaps, Strategy Papers, R&D Programms on Hydrogen

2017 - 2019 2020 2021 2022 2023
EU Finnland NLIJar:gzzg Luxemburg Oman
Japan Jul 2020 Nov 2020  semmm Sep 2021 Stdafrika - okt 2022 Argentinien
Dez 2017 &5 — mmm  POlEN - Feb2022 Sep 2023
Deutschland e r— L, h 2
@ : ; >— - MmN |n Vorbereitung
Jun 2020 Frankreich | Kanada |'Schechien = Indien °
” — W (Auswahl):
Jul 2021 : : ( )
Sudkorea 4o M| Sep2020 |Dez 2020 Belgium Kroatien | Jan2023
g 'eA:: 2020 Rl 14 | Okt 2021 e | iy Jui2023 BB Romanen
@ ' i =
9 b= A Bl B Ageren
1 | i T - i i ' A= === Uruguay
am o= |E | = w2 EHa™
Norwegen | Portugal _ |Kolumbien |Dénemark v | Tirkei | Panama I l Ifand
Australien 45990 Slowakei Dez 2021 Am Namibia
Nov 2019 ai Jul 2020 Chile Sep 2021 €z China  |Noy 2022 [Yan 2023| Jul 2023
Jun 2021 Mér 2022
Frankreich _ Nov 2020 . - —_— =
Jun 2018 Spanien ralns B o USA
(H--Entwicklungsplan) Jul 2020 — Vereinigtes Marokko — CostaRica Jun 2023
Russland Okt 2020 Kénigreich ~ Nov 2021 Osterreich Dez2022 ~Un
(H-Aktionsplan) Aug 2021 Jun 2022

\A‘/érld Energy Council — Germany, www. weltenergierat.de
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> 50 National Roadmaps, Strategy Papers, R&D Programs on Hydrogen

HYDROGEN
ROADMAP

EURQRE

- [ '
-
s egy:

Ready for the
Future i

In preparation . Frodoion o
. No strategy
14 —
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Strong Momentum Globally on Announcements
Perspective on hydrogen market development (IEA Global Hydrogen Review, 09/23)

The number of announced projects for low-emission hydrogen
production is rapidly expanding

Less than 10% of projects have seen FID state, China accounts
for more than 40% of the electrolysis projects that have
reached FID globally.

Carbon Contracts for Difference, trackable, tradeable,
transparent and trustworthy guarantees of origin

The potential production by 2030 from announced projects to
date is 50% larger than IEA’s Review 2022.

Annual H2-production could reach 38 Mt in 2030.

27 Mt based on electrolysis and low-emission electricity and 11
Mt on fossil fuels with CCUS.

By the end of 2023, China’s installed electrolyser capacity
reaches 1.2 GW - 50% of global capacity. (10% in 2020)

@Bbal Hydrogen Review — International Energy Agency 2023

g B °
oo &W’u
@ o =l e o
iy og,
ima
o0 o
a "g
2]
L]
o[ ]
2
B B

CCUS projects

Electrolyser projects

Capacity (kt H,/yr)

A Early stage I Early stage 15500
Feasibillity study Feasibillity study o 250
FID/under construction FID/under construction = 500
i ) o 1000 »
Operational Operational 0] 5000 A
[]15000 A
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Proton exchange membrane water electrolysis (PEMWE/PEMEL)
Main cell components and state of the art materials

Membrane as solid electrolyte

Perfluorosulfonic acid (PFSA) ionomer

Typical thickness: 100 — 180 mm
Electrodes for OER and HER

Membrane

_"‘\

Y
|

IRV Y/ A2 >7)
W P L AL AL R

Flow Field Plate

AN: (supported) Ir or IrOx: ~2.0 mg/cm?
CAT: supported Pt/C: ~ 0.5 - 1.0 mg/cm?

NN

V
S

)

v

Porous transport layers

i

Sintered Ti fibers/particles: 0.5 - 1.0 mm
Carbon paper (only at cathode)

gy S ey M ~

Bipolar plate (with flow field structures)

(Au or Pt coated) Ti sheet: 0.2 - 1.0 mm

Cross section of a PEM electrolysis cell

16
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Current State of Water Electrolysis Industry
Different electrolysis technologies exist but technology readiness levels vary.

Low Temperature (Water) Electrolysis High Temperature (Steam) Electrolysis

CoSOEL

e

H,0/C0,

H,/CO

= Fraunhofer

17
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Current State of Water Electrolysis Industry
Dramatic increase in manufacturing capacities until 2030 - Green hydrogen is entering hockey stick territory

—
2022 2023

i . , Sungrow, 0.1 NEL, 0.1 Sungrow, 0.1 - NEL, 0.1
Market trends until mid 2020’s PERIC, 0.1\ | - Others, 0.1 ' SPIC,0.1 -\ | Others,02 [ ppy
Siemens Energy, 0.3 |\ : Siemens PERIC, 0.1\ \ | |

Energy, —.
13 CaVYO'.?;.:9?

= Takeover of small technology companies by
financially strong players (nearly) completed

Longi, 1.5

John
Cockerill,

= Extension of necessary production capacities

and establishment of resilient supply chains

Total by
2023:
31.1GW

= Global additions reach small GW range
with 2 GW in 2022 - 240 GW in 2030 Other non-Chi

= Realization of large-scale EL plants up

to 100 MW with focus on AEL and PEMEL McPhy. 0.1 = Other non-Chinese,

i ) Kylin Tech, 0.3 s 1.0 / NEGugf;Hee, 1.0

European pain points G N sorisi, 02— SinoHl;Eﬁergy .
: Systems, 0.1/ // " | Qingging Songsong, 0.3 ~ / /| Vil X & =
= Cost pressure from Chinese manufacturers Kohodo H2. 0.2~/ SinoHy | GuotuHee McPhy, 03~ // guopy | |\~ Sunfire, 05
sunfire, 02/ E"e9. [ 05 Kylin Tech, 0.3 -/ (Shengging), | -~ Kohodo H2, 0.5
inui ' i 05 , | b

= Continuing delays to green hydrogen projects by NEL. 05 Green Hydrogen | 05 | L cpy 2 05

Systems, 0.4 Reliance Industries, 0.5

Source: Company filings, industry sources, BloombergNEF. Note: The values refer to year-end capacities.

policy hold-ups (unclear legal framework)

B®wombergNEF (2022-11): A Breakneck Growth Pivot Nears for Green Hydrogen, https://about.bnef.com/blog/a-breakneck-growth-pivot-nears-for-green-hydrogen/
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Current State of Water Electrolysis Industry

Europe: Policy support will play a crucial role to scale green hydrogen up to 2030.

European hydrogen strategies focuses on the production of green H, through water
electrolysis coupled with renewable electricity.

European Union by country European Union by status
Country 1007 Status 100
i B Denmark i Il Concept
1> I France 15 [ Feasibility study
M Germany 75 - . MFD . 757
= B Netherlands S 2 B Under construction =
S Spain ©] S Operational o
> 1.0 ¥ Rest European Union > > 1.0 7 [ Decommissioned >
g S 50 - [ S 50
© @© @ @
(o} o Q [o}
[ © © ©
&) @] o @]
_ 0.5
0.5 o5 o5
ol ik B dl
0 - —=-=====-. 0 == I 0 0 =l ——
T T T T T T T 1 I I I I T T T 1
2000 2005 2010 2015 2020 2023 2023 2030 2000 2005 2010 2015 2020 2023 2023 2030
Year Year Year Year
Historical development and future announcements of electrolysis projects according to IEA data base
@denweller, A., Ueckerdt, F., Nemet, G.F. et al. Probabilistic feasibility space of scaling up green hydrogen supply. Nat Energy 7, 854—865 (2022). https://doi.org/10.1038/s41560-022-01097-4
f f ( ) // / /
1
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Current State of Water Electrolysis Industry
Upscaling and commercialization of PEM electrolyzers is ongoing but not an easy way.

Cummins (US) — HyLIZER series h-tec Systems (DE) — Series S450 Siemens Energy (DE) —Silyzer 300

= 30 barg(Dp) = Upto 30 barg(DP) .Mﬂ ' = 24 modules in a full
= 450 cm? R s

array with 17.5 MW =22
= E1500 stack ‘ |
= ~ 100 kW | |
Hydrogen is now. - ‘

= Upto 2.5 MW
.. H-TEC

Elogen (FR) — E series

NEL (NO) — M series
= 30 bar, /9 bar, (DP)

= Atmospheric (!)

SIEMENS
CNEercy

.
Vi

ITM Power (UK) — MEP2.0

= 3 stacksina

= 30 bar, (DP) 2 MW EL skid
= from 50 kW up
= 1,580 cm? = Pneumatic ‘quick’
" 1.25 MW elogen clamping
Empowering a sustainable world g | 30 ba rg (DP)
nel: -

Q) ITM POWER

Energy Storage | Clean Fuel

=» Exemplary naming of some manufacturers, not a complete overview!

Biture credits: NEL ASA, cummins Inc., elogen SAS, h-tec Systems GmbH, ITM Power Ltd., Siemens Energy AG
=
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Current State of Water Electrolysis Industry
Dramatic increase in manufacturing capacities until 2030

Market trends until mid 2020’s 80 1 Under evaluation
= Realization of large-scale EL plantsupto 100 70 4 m North America 11 11
MW
60 {1 M Europe
Valley of tears --> learning curves & funding
50 - m Asia
Focus on AEL and PEMEL
= Global additions reach small GW range 40 -
2 GW in 2022 - 240 GW in 2030 30 -
20 A
10 A
0 A 2 e

2020 2021 2022 2023 2024 2025 2026 2027 2028 2029 2030

Electrolyzer supplier’s manufacturing capacity
In gigawatts (GW), announced annual manufacturing capacity by region

Beference: RystadEnergy (2023-01-13): Energy Transition Report Hydrogen Market Update, The hydrogen economy in 2023
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Current State of Water Electrolysis Industry
Planned and Installed Electrolyzer Capacity in the U.S.

Total 3.7 GW in Electrolyzer Capacity: Five-fold increase since 2022!

Ferndale, WA ..

Deuglas Caunty, WA

Moses Lake, WA
Southwest, WA -.

LaSalle, IL ' Flksama,
Larambe County, WY @, 5
. . @ Niagara Falls, NY Over 1 GW

Champaign, Urbana, IL (9

Delta, UT Denver, o New Albarry, OH
Kansas City, MO (0
Fueblo County, CO .
A @ . 100 MW — 1 GW
Fresne, CA . Dwrham, MO
ca P Palm Springs, CA Amarille, TX ‘ South Harrison, NC
Ontario, T Bo ings, CA -
ric .‘ rrega Springs .Tmngcmnm“ @ Tuscaloass, AL &  1MW-55 MW
Yuma, AZ
Lubkbock Courity, TH
'. AZ Danaldsonville, LA ‘ Kingsland, GA Includes Polymer Electrolyte
. ® Membrane [PEM), Solid Oxide
o , FL
D o P
Corpus Christi, TX . Chieech L Installations over 1MW

as of May 2023

Arona, V. (2023), DOE Hydrogen Program Record 23003, June 2023, https://www.energy.gov/eere/fuelcells/articles/electrolyzer-installations-united-states
—
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Development Targets for LT Water Electrolysis
European Strategic Research and Innovation Agenda 2021 — 2027

= Target KPI values for PEM
water electrolysis defined by
Hydrogen Europe and HE

Research

= Technological develop-ment
will be evolutionary, not

for Horizon Europe
(9th EU Framework
Program for Research and

Innovation)

All KPIs should be

achieved at the same time

disruptive

23

Slide 23

2023-12-06

KPI

Electricity consumption

@ nominal capacity

Capital cost
O&M cost
Hot idle ramp time
Cold start ramp time
Degradation

Current density

Use of critical raw
materials as catalysts

Unit

kWh/kg

€/(kg/d)
€/kW

€/(kg/d)/y
sec
sec
%/1,000h
A/cm?

mg/W

SoA 2020
AEL PEMEL
50 55
1,250 2,100
600 900
50 41
60 2
3,600 30
0.12 0.19
0.6 2.2
0.6 2.5

Partnership
Targets 2024 Targets 2030
AEL PEMEL | AEL PEMEL
49 52 48 48
1,000 1,550 800 1,000
480 700 400 500
43 30 35 21
30 1 10 1
900 10 300 10
0.11 0.15 0.10 0.12
0.7 2.4 1.0 3.0
0.3 1.25 0.0 0.25
—
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Development Targets for LT Water Electrolysis
Goals of the US American The Hydrogen and Fuel Cell Technologies Office

= Technical targets for LT No. KPI Unit SoA 2022 Targets 2026 Ultimate Targets
water electrolysis accord-ing System AEL PEMEL AEL PEMEL AEL PEMEL
to the Multi-Year Research,
Development, and Sy @E:zﬁ‘i’niflf'geggt kWh/kg 55 55 52 51 48 46
Demonstration Plan ——
- S Capital t kw 500 1,000 250 250 150 150
= All performance, durability, g D B >/
be met simultaneously Stack
= QOverall central goal of low- St Cell performance A/lcm@V |[05@19 |20@19 | 10@18 3.0@1.8|20@1.7|3.0@1.6
cost hydrogen production St Electrical efficiency kWh/kg 51 51 48 48 45 43
$2/kg H2 by 2026 and St Av. degradation rate %/1,000h 0.17 0.25 0.13 0.13 0.13 0.13
ota content mg/cm : : :
1/kg H2 by 2031 St Total PGM fem? B 3.0 3 0.5 B 0.125
(both electrodes) (g/kW) (0.8) (0.1) (0.03)

Electricity < $0.03/kWh

24
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Development Targets for LT Water Electrolysis
Comparison of the EU SRIA targets with US DOE goals: Who is more ambitious?

Ambition mapping No. KPI Unit SoA 2022 Targets 2026 Ultimate Targets
= Europe is more ambitious System

Energy Efficiency

Sy @ nominal capacity Sinjle
= Parity between EU and US
Sy Capital cost S/kwW
Sy H, production cost S/kg >2.00 > 3,00 2.00 2.00 1.00 1.00
= US is more ambitious Stack
St Cell performance AlcmZ@ V 20@1.9
= USis much more ambitious St Electrical efficiency kWh/kg 51 51 48 48 45 43
St Av. degradation rate %/1,000h

Total PGM content mg/cm?

St Vosiih dlimesies) (/kW)

Water Electrolyzer Technical Targets from the Hydrogen and Fuel Cell Technologies Office
https://www.energy.gov/eere/fuelcells/hydrogen-production-related-links#targets

25
1
Sideas 7 nnnes Z Fraunhoft?siE'



Summary, Statements & Conclusion (l)
The market launch of electrolysis will not fail because of the technology.

Water electrolysis is on its way to becoming a gigawatt industry. All companies are currently massively
expanding their manufacturing capacities.

There is no real technical showstopper visible until 2030+ (materials, scale-up, lifetime, costs). Technologies
can complement each other. But learning curve still has to be overcome.

Current hurdles for electrolysers: no investment security, supply chain bottlenecks, shortage of skilled
workers, lack of standardization and norming

However, a successful market ramp-up will only work with suitable boundary conditions (availability of RE
and market framework incl. business models for green hydrogen).

VVVYVY'
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Summary, Statements & Conclusion (1)

= There is a dual structure of local electrons and remote derivatives of hydrogen in world markets

= Circularity becomes key

= Different cultures, markets and industry sectors have different challenges and needs and thus, react differently
= Behavioral changes and societal norms contribute more than technical efficiency
= Put the people into the center of the energy system transformation

= The best innovations, processes and technologies are meaningless when we don‘t understand how they affect the life
of human being and how we communicate, accompany and control these changes best

= A global sustainability assessment is needed which acknowledges the planetary boundaries

= |nternational politics must develop clear pathes and targets for GHG neutrality and set-up an effective regulatory
framework (taxes, levies, incentives, etc.) to achieve the targets.
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Thank you for your attention!

Prof. Dr. Christopher Hebling
christopher.hebling@ise.fraunhofer.de



International Initiatives

Greater coherence by means of global activities is needed to increase impact
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- N,:. IEA Technology Collaboration Programme
— :§ %® Advanced Fuel Cells
IAHE, 1974 AFC TCP, 1990

Objective: Dissemination Objective: Collaboration on R&D
Activities: WHEC, IJHE Activities: Tasks
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IPHE, 2003
Objective: RCS

Hydrogen TCP, 1977
Objective: Collaboration on R&D

Activities: Tasks
carbon footprint
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International
Energy Agency

International Renewable Energy Agency
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Activities: Certification, LCA,
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CLEAN HYDROGEN MISSION

MI, 2015 (COP21, Paris)
Obijective: reach GW
Activities: Hydrogen Valleys +
Gas Grid WG
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Hydrogen
Council

Hydrogen Council, 2017

(Davos)
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@ Hydrogen TCP

Objective: Mobilize CEOs
Activities: Reports, Hydrogen
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AN INITIATIVE OF THE CLEAN ENERGY MINISTERIAL

CEM H2l, 2019 (CEM 10)
Objective: Collaboration on
policies, programs, projects
Activities: WGs
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CLEAN
MI ¥ HYDROGEN
MI 2.0, 2021-2022
Objective: 2USD/kg green H,
by 2030
Activity: Hydrogen Valleys
(100 by 2030)
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Research and Development 20
for Clean Energy Technologies

Founded in 2019 by
Prime Minister Abe
in Japan, fostering
International
Collaboration of leading
Research Institutions of
the G20 countries
Partnerships between
industry, academia and
politics

Activity: Annual
conference and leaders
meeting
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Global risks landscape
Overlaps of Economic, Societal, Geopolitical, Environmental and Technological Crises

—
Intrastate violence .

Natural resource shortages Erosion of human rights

Censorship and surveillance

= The Top Global Risks in 2024/25
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IEA - Global Hydrogen Review 2023, incl. Clean Hydrogen Ministerial and Hydrogen
Initiative (An Initiative of the Clean Hydrogen Ministerial)

= Demand remains concentrated in traditional uses in refining and the chemical industry and mostly met by hydrogen produced from
unabated fossil fuels

= To meet climate ambitions, there is an urgent need to switch hydrogen use in existing applications to low-emission hydrogen and to
expand use to new applications in heavy industry or long-distance transport.

= 2020 China accounted for less than 10% of global electrolyser capacity, in 2022 installed capacity in China grew to more than 200 MW,
representing 30% of global capacity, end of 2023, China’s installed electrolyser capacity is expected to reach 1.2 GW — 50% of global
capacity

= Equipment and financial costs are increasing, putting projects at risk and reducing the impact of government support for deployment.
Inflation is increasing capital and financial costs, threatening the bankability of projects across the entire hydrogen value chain, which
are capital intensive

= Governments have started to make funding available to support the first large-scale projects, but slow implementation of support
schemes is delaying investment decisions. North America and Europe have taken the lead in implementing initiatives to encourage low-
emission hydrogen production

= Electrolyser manufacturers have announced ambitious expansion plans. Around 14 GW of manufacturing capacity are available today,
half of which is in China. Electrolyser production in 2022 is estimated to be just over 1 GW. Manufacturers have announced plans for
further expansion, aiming to reach 155 GW/year of manufacturing capacity by 2030

= Hydrogen demand reached a historical high in 2022, but it remains concentrated in traditional applications. Global hydrogen use
reached 95 Mt in 2022, a nearly 3% increase year-on-year, with strong growth in all major consuming regions except Europe
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