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Fraunhofer Institute for Solar Energy Systems, Freiburg
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Fraunhofer as the Key Partner for Industry in the Innovation Process
Fraunhofer’s mission and role in the innovation system

€ 3.7 billion 74
research budget institutes and research units,
represented in every
Annual financial statements 2025 ﬂ German state
T -
31.000 15 International affiliates /
/ representative / EU offices
Employees O 00O
llm\v vlﬂ}v ‘ Active collaboration with
Joseph von Fraunhofer partners from around
(1787-1826) 90 countries

Rounded figures
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Germany has a Highly Diverse Research Landscape (>120.000 researchers)
Fraunhofer’s mission and role in the innovation system

Applied research and

Z Fraunhofer
@ : technology transfer
Higher . wermnour: Program-based research and research

education | GEMEINSCHAFT

institutions

infrastructure

Knowledge-driven and applied basic research

Training
and
research

Basic research
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"9l Science and Technology in Society forum BSim
= The 22™ Annual Meeting 2025 i

October 5, 6 and 7, 2025, Kyoto, Japan
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No one country or constituency alone can solve the issues of science and technology facing the humankind.

L]

g STS forum is a platform to form collaborative networks among global leaders in academia, industry and
government in order for us to build a better world together.
His Majesty the Emperor, Tenno Heika




Global Risk Report 2026 — World Economic Forum

1: Geopolitical instability dominates the global risk landscape.
Geopolitical confrontation ranks as top risk reflecting a rise in nationalism, weakening alliances, and escalating state-based conflicts.
Strategic Response: Strengthening geopolitical risk monitoring, diversifying regional dependencies, scenario plans for geopl. shocks.

2: Misinformation has become a structural threat to trust and stability.
Misinformation and disinformation appear in top risk rankings in all time horizons, one of the most persistent threats identified.
Strategic Response: Investing in communications governance, reputation resilience, and robust controls to mitigate misinformation.

3: Societal polarization threatens market stability and workforce cohesion.
Societal polarization is a top-five risk today and in the short term.
Strategic Response: Emphasizing inclusive leadership, strengthening people engagement, monitoring shifting stakeholder concerns.

4: Environmental risks will define the long-term risk horizon.
By 2036, environm. risks overwhelmingly dominate the top of the list — extreme weather, biodiversity loss, changes to Earth systems.
Strategic Response: Integrating environm. resilience into long-term strategy, climate adaptation, expanding natural-capital consider.

5: Technology risks — especially Al and cybersecurity — are rising sharply.
Cyber insecurity ranks among the top recurring risks across all horizons, and adverse Al outcomes emerge as a top long-term threat.
Strategic Response: Advancing cyber maturity, enterprise-wide Al governance, transp. and respons. use of emerging technologies.



Global risks ranked by severity, short term (2 years) and long term (10 years)

I
Risk Categories Short term (2 years) Long term (10 years)
I Economic 1. Geoeconomic confrontation s Extreme weather events
2. Misinformation and disinformation 2 Biodiversity loss and ecosystem collapse
I Environmental 3 Societal polarization 3. Critical change to Earth systems
4. Extreme weather events 4, Misinformation and disinformation
il Geopolitical | e
A a Agve e OU O e Ol A < Ol1ogie

o
D
®
0
y
®
O
o

50

6. Cyber insecurity 6. Natural resource shortages
I Societal
7 Inequality I Inequality
8. Erosion of human rights and/or of civic freedoms 8. Cyber insecurity
I Technological
9. Pollution 9. Societal polarization
10. Involuntary migration or displacement 10. Pollution
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Relative Share of Total Primary Energy Consumption by Source in %

100%
Traditional Bio
Era
1820 1840 1860 1880 1900 1920 1940 1960 1980 2000 2020
Source: Rystad Energy research and analysis, EnergyDemandCube
11 Energy Institute Statistical Review of World Energy 2025
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Relative Share of Total Primary Energy Consumption by Source in %

100%
Traditional Bio Next Energy
Era
1820 1840 1860 1830 1900 1920 1940 1960 1980 2000 2020 2040 2060 2080
Source: Rystad Energy research and analysis, EnergyDemandCube
12 Energy Institute Statistical Review of World Energy 2025 —
© Fraunhofer ISE % Fraunhofer

FHK-SK: ISE-INTERNAL
ISE



CO,-, Temperature-, and Sea Level Rise during the last 2025 years

Stefan Rahmsdorf, PIC
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Rapid Changes in the Atmosphere, Hydrosphere, Biosphere and Cryosphere
93% of the excess heat on earth has been absorbed by oceans, 6% by land mass / ice, 1% by atmosphere

Antarktic Circumpolar Current ACC
Atlantic meridional overturning circulation AMOC



ADIPEC: Energy. Intelligence. Impact.
CERAWeek: Convergence and Competition: Energy, Technology and Geopolitics

ADIPEC Focus Topic for 2025:

Energy addition instead of energy transition (240.000 Particip.)

2.250 companies, 1.800 speaker, 45 ministers, 35.000 deals, $46 bn

CERAWeek: Focus Topic for 2026

Convergence and Competition: Energy, Technology, Geopolitics

10.000 participants, 2200 C-suite participants, 600 ministers/gover.

Strong increase in global energy demand:

15

4x more electricity for data centers by 2035 (200 GW)
1.5 billion people moving to cities
Aircraft fleet will double (25,000 = 50,000)

Additional energy demand: space, water desalin.,DAC, etc.

Nuclear energy experiences a renaissance (SMRs)

-_‘L;,p'

ADIPEC

[ WEy <
“uw® ADIPEC rom'n

Dr. Sultan Al Jaber Daniel Yergin

ADIPEC CERAWeek
= UAE Minister of Industryand = Founder of CERAWeek,
Technology, = one of the world’s foremost
= ADNOC Managing Director authorities on global energy
= Group CEO |XRG markets, geopolitics, and
= Executive Chairman, Masdar international relations
Chairman
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US Data Center Power Demand by Grid Region
200 GW power demand expected in 2030

Gigawatts

45
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25
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Florida
= New York
= New England
California
m SPP
= MISO
m Southwest
m Northwest
Southeast
m Ercot
mPJM
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The Low-Emissions Share of Total Electricity Generation Investments (2015-2025)
More than 75% in many emerging market and developing economies

Low-emissions generation investment shares for selected regions, 2015-2026e

Aug 2022 L ‘ Jul 2025

Inflation Reduction Act One Big Beautiful Bill Act

2015
= $370 bn legislated '

for clean-energy tax 75% -
credits.

Most IRA climate incentives repealed;
tax-credit fragments survive in Republican

districts.
\ 2026

50% -

Climate Policy That Depends on a Single Coalition Won’t Survive a Transition
The IRA is being unwound by the same Congress that legislated it

25%

Many advanced economies have supassed a 90%-share of generation investment from low-emissions sources, but emerging
market and developing economies have had the fastest change in composition of investment in recent years

17
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The Low-emissions Share of Total Electricity Generation Investments (2015-2025)
More than 75% in many emerging market and developing economies

Low-emissions generation investment shares for selected regions, 2015-2026e

100% ..................................................................................................................................................................................................................................................................................
Europe - ¢ Latin ,
/—f ¢ America Afrlga
2015
N ¢ J\J
® @]

75% ................................................................................................................................................................................................................... 2
Australia South_east 4
and New Asia

\_ 2026e Zealand

50% .............................................................................................................................................................................................................................

® \J ®

25%

Many advanced economies have supassed a 90%-share of genearation investment from low-emissions sources, but
emerging market and developing economies have had the fastest change in composition of investment in recent years
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Historical Oil Prices (1946-2026)

Qil prices have surged by about 50%, topping more than $100/barrel following the US-Israel war on Iran

Three Schools of Thought

- This time is different

Cost Curves Crossed

Pivotal moment

Shocks will speed what was already underway.
- Same as 1973

Spikes drive drilling, not pivots

Shock will trigger more upstream Capex
Renewables will grow on a separate clock

- Policy is Destiny
The Curve is policy-set

IRA, RED Ill, EU Green Deal, CBAM drive transition

Oil shocks are the noise, not price ticks.

19
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The Previous Energy System
Primary Energy based on tradable and storable fossil energy carriers

Fossil Energies
(Coal, Oil Gas) Final use sectors
Fossil energy carriers dominant Buildings,

Renewable Mobility

Energies, Industry

Nuclear
Electricity

20
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The Energy System of the Future

The dominating Primary Energy will be Electricity from Renewable Sources and Hydrogen incl. Derivatives

Heat Storage,
Heat Networks

Heat

Electricity

Battery Electrolysis

Storage
Hydrogen |

Sustainable Fuels
Hydrogen

Transport and
Storage

Sustainable Chemistry

21
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Key Elements of a Future Energy System

Electrification will be dominating primary energyie
Strong increase of power demand worldwide

Renewable energies will dominate electricity generation
Sun and will be the most important sources

Flexibilization as the new paradigm
Growing demand of flexible power generation and usage

Additional renewable power generation technologies
Geothermal, solar thermal, biomass as carbon sink

Sustainable molecule as globally tradable energy carriers Hydrogen
and carbon as base molecules for fuels and chemicals

Resources as a geopolitical challenge
Necessity for closed material cycles

22
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Renewable Energies have a Cost Advantage Compared to Fossil Energies
Global average costs of electricity, 2010-2025

450

412

400 408 ™

350
300

250

2025 USD/MWh

200 208

150

114 ._‘\1\
100 .

41 46 a4 % o

33 34

* 33

@® CSP @ SolarPV @ Offshorewind @ Onshore wind @ Bioenergy @ Geothermal

@ Hydropower

2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023 2024 2025

Global average electricity costs for
renewable energies sank between 60
and 90%.

More than 90 % of the newly installed

renewable energy projects produce
electricity cheaper than newly
installed fossil alternatives (and much
cheaper than nuclear) in the
respective markets

23
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Source: IRENA (2026), Renewable Power Generation Costs in 2025, Figure S2, p. 15.
IRENA: Renewable power generation costs in 2025
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Electricity Generation Mix by Country

24
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Electricity Mix in Germany 2025

Germany’s net public electricity generation by source

Fossil Fuels: 38 % Renewable Energy: 62 %
y =

Renewable energy sources, which =
; )
Wind

accounted for 62% of total
electricity output

Others

CO; emissions from electricity
generation in Germany totaled

160 million tonnes in 2025 | i
58% lower than in 1990. A Fossil Gas 2 0 2 5 galar

440 TWh

Biomass §

Hydro Q

' Hard Coal

! Lignite
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The worldwide expansion of renewable energies is accelerating
In 2025 692 GW newly installed renewable production capacity

= 692 GW newly installed renewable capacity in 2025,
15,5 % more than in 2024.

= Solar-PV contributes more than 75%of overal expansion
(510 GW); Wind like 20 % (159 GW)

= Newly installed Batteries like 108 GW, 40% more than in
2024.

800 —Gw

B N

400

2004 - - . .

2018 2019 2020 2021 2022 2023 2024 2025

= Photovoltaik M =wind M = Andere Erneuerbare*

26 Quelle: IEA (2026), Global Energy Review 2026, S. 32.
Global Energy Review 2026 - I[EA

3%
Others
25%
0
Wind 47%
5 149 GW A
Global renewable power capacity olar
25%
Hydropower
Renewable power capacity by energy source in 2025
BB IRENA
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Key Elements of a Future Energy System

Sustainable molecule as globally tradable energy carriers Hydrogen
and carbon as base molecules for fuels and chemicals

Resources as a geopolitical challenge
Necessity for closed material cycles

27
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Sustainable Energy Carriers, Fuels and Base Molecules
The Promise: Power-to-X - H,-based Molecules for Mobility, Industry & Chemistry

Sustainable Feedstock

Wind power
[ %\

Solar power

;(1):- /
e —
TEA E—

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

Sustainable Feedstock

Wlnd power
Water electrolysis
NV
x Power b
@ Hydrogen
~—
Solar power , Efficient Conversion Advanced Products
- \(.)) Co-electrolysis
i \_ /ﬁ
s @ " > o @ ) Hydroge”:F Fuels and
TEA < - Power » ) Refineries 20| energy carrier
LCA T
Hydro power e L\cﬁmgg? Fuels
"r:\‘?i |ndustry Q f ) > Methanol, DME, OME, ga§oline,
Sk Yo M@ X\ H E > Fischer-Tropsch products, jet fuel
. ), H0 — | g Chemicals
Air I:(I :
Direct air Capture %)J Ammonia _ /| Solvents, polymers
. ~ "y Air separation unit synthesis / P—
—— < S o
b 7 Fertilizer and

\ PN o =0 NHa Ammonia / ﬁ\, ]
o (7 R =0 energy carrier
DD - Nitrogen \C —~

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

Sustainable Feedstock

Wlnd power
Water electrolysis
> )
\ rower Hﬁz Hydrogen
Solar power — Effici .
cient Conversion Advanced Products
( \(.),‘ Co-electrolysis
() —— /ﬁ
i @ we N @ Hydrogen, Fuels and
TEA | Power 3 kﬂ [H ') \_R’efineries {EEH energy carrier
LCA X
e pe Methano Fuels
'{!{ﬂ Industr Q KCOZ/CO synthesis > = Methanol, DME, OME, gasoline,
Sk ] ) o :
R el M"@ X\ H E > Fischer-Tropsch products, jet fuel
A / [E["'ﬁffg — | " o7 | Chemicals
" Direct air capture|., %)r Ammonia IZ(I_ ' Solvents, polymers
/:__.3\;_’“'-002 Air separation unit | synthesis / /; )

Fertilizer and

\ >/ K
1> Na - = NfNH : / .
o (0 N\ ? Ammonia EIEE© energy carrier

p
> 0 {
Air )k Nitrogen \\@/{;—’

b 4

r

Efficient and Safe
Transport Chain
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‘ ioHC 7 (LMeOH_' 4
N
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Visibility or Expectations

Gartner Hype Cycles in Energy Transformation

D. M. CHAPIN ETAL
SOLAR ENERSY COWYERTING APPARATUS

Peak of inflated
expectations

Filed Marsh 5, 1954

Low Carbon Commodities Photovoltaics
SAF, Ammonia, Methanol, QI{’\&. *

Al
atural

DAC, Carbon Technologies

ydrogen,
CCS

Plateaus of
productvity

SMR

(small modular reactor)

HYDROGEN ELECTRIFICATION

e.g. electric cars,

heat pumps

*

Innovation
Trigger Valley of disillusionment

FUSION

Time

31

Catalysis as one of the key
technologies of the energy system
transformation

Clarity, certainty, uptaker-
aggregation and leveling of playing
fields (fossil/non-fossil)

Infrastructure expansion,
repurposing and buildout of
pipelines and storage.
Derisking of investments

Global standards and mutually
recognized certification schemes

=> Digital Product Passports

Z Fraunhofer
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“The window to act is finite and shrinking”
Hydrogen can awaken the biggest economic opportunity of our lifetime (Hydrogen Council)

= Three approaches to tackle the climate crisis:
1) Fast technological advancements (energy converters, renewables, synthesis, storage, transport, utilization)
2) Political reframing (Net-Zero targets, carbon pricing, CBAM, subsidy schemes, climate policies,...)

3) Financial markets (maximizing impact, leveraging the effectiveness of climate policies)

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

= 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.

= [International collaboration in research, development and innovation is the base for a successful energy transition
32
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@ Ereiburg
6th Edition of the Freiburg Energy Talks Tgﬁggy
Key Take-Aways

Cross-sectoral collaboration is essential: science, industry, policy, and
capital market must closely work together

Energy Addition rather than transition: renewables grow, but fossil use
remains high due to increasing energy demand.

Cost reduction via scale: mass production, industrialization, and scalable
deployment are key to lowering costs. |

People, place, and policy design: social license, public acceptance, and
just transition strategies are critical for deployment.

Data, digitalization & Al as enablers: data-driven planning accelerates
system optimization (digital twins, secure data spaces,...)

Infrastructure and resilience: integrated planning for grids, storage, and |
demand-side flexibility needed for high renewable shares.

Pragmatic policy implementation: stable incentives, predictable rules,
and flexible deployment pathways outperform rigid sequencing.

33
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