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The Paradigm Shifts
The Needs for Climate Change and Energy Security

= Global commitment to the defossilization of the global =~ ® Energy Security and Technology Sovereignity
energy system

= »Net-Zero Emissions Race« with Nationally Determined
Contributions (NDCs)
as a cornerstone of the Paris Agreement:

557 Germanya | ey
worldtop 5
energy
_ L importer

= Over 100 states in »Net-Zero Emissions Race«
in law
proposed legislation
in policy document
target under discussion

| Australiathe —

largest energy - )

= |PCC 4 April 2022:

world’s third
“Without immediate and deep emissions reductions exporter
across all sectors, limiting global warming to 1.5°C is gjgpa1 energy imports by country (PWhiyear) —— o~
beyond reach.” — e ot s 1 Sy s ~u.
|
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The Backbone of the Future Energy System: Renewable Energy
Global Wind and Photovoltaic Installations at 1.5 TW Total Capacity

3064 GW Global Renewable Capacity
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Wind
Photovoltaics
Hydro
Bioenergy

150
125
100
75
50

25

H= _

Capacity added in 2021

Renewable power capacity growth

GW
3,000

2,500

2,000

1,500

1,000

500

0

B Power Purchase Agreements
in Photovoltaics @ 1 ct/kWh

N
e B Power Purchase Agreements
— i I in Wind Onshore @ 2 ct/kWh

2016 2017 2018 2019 2020 2021

m Hydropower Solar mWind mBioenergy ™ Geothermal

®@ IRENA Z Fraunhofer

International Renewable Energy Agency ISE



Levelized Cost of Electricity by Wind and Photovoltaics from 2010 to 2020

-56%

Onshore Wind

Between 2010
and 2020,the
global weighted-
average LCOE for
offshore wind fell
56%, from USD
0.089/kWh to
USD 0.039/kWh.

© Dii Desert Energy
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Global weighted-average LCOE for

onshore wind, 2010-2020

Source: IRENA Renewable Cost Database

-85%

PV

Between 2010
and 2020,the
global weighted-
average LCOE for
PV fell 85%, from
USD 0.381/kWh
to USD
0.057/kWHh.
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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 Efficient Conversion Advanced Products

N o]0
Wind Power (@ 0 ‘ Water Electrolysis

= © @

M@n&u_

Industry + Biomass 1
[ :H'G'OH )
AANN ~ [l H_o
Hydro Power . e Methanol Synthesis
2
P N N —= | — =
—= § orcrrcue (4] No) — AMMONIA

Air Air Separation Unit Ammonia Synthesis
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Fuel and
Energy Carrier

Fuels

Methanol, DME,

OME, Gasoline,
Fischer-Tropsch Products,
Jet fuel

Chemicals
Solvents, Polymers

Fertilizer and
Energy Carrier

Fraunhofer

ISE



Promising Perspective for Methanol
Methanol as Feedstock for Chemical Industry and for all Modes of Transport (Otto & Diesel Engines)
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Methanol and Ammonia as Preferred Shipping Fuels
Maersk — Worlds Largest Integrated Logistics Company

Methanol and NH; will play an important role: Maersk backs plan to build EUFODE'S largest green
ammonia facility
= Maersk Sustainability Report 2020: 23 February 2021
»Continued research on priority future fuels (biodiesel, Sustainability Share

methanol, ligning fuels and ammonia) confirming that net-
zero technologies are available.

Maersk will not use transition fuels (such as LNG) but
leapfrog to fully net-zero fuels.«

= LNG as short-term solution; danger of stranded assets

= »... our first carbon neutral vessel on the water by 2023 ...
This vessel will be running on carbon neutral methanol ... We
consider green ammonia as a promising option for marine
fuels and a dual fuel engine for ammonia is under

development.«

[ ]
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Greenhouse Gas Emissions of Germany: History |||||.. fESrpﬁritanfrraatgen

B Waste+Other  m Agriculture ™ Transportation M Buildings ™ Industry B Energy sector

Historic data
° °
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Greenhouse gas emissions in
Mio t CO,-equivalent

Historic data and estimate of emissions data for the previous year 2021, German Environment Agency, 15.3.2022 ?
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Political Agenda of the Energy System Transformation in Germany
Legal Base of the Energy System Transformation in Germany

Targets of the European Green Deal
= Reducing the Net-Emissions to zero in the EU until 2050

= Fit for 55” legislative package

= Being the first climate-neutral continent in the world

The European
Green Deal

Seite 9 20.05.2022 @ Fraunhofer ISE

Targets of German Climate Protection Law (est. 01.08.2021)
= Reducing the Greenhouse Gas Emissions at least 65% by 2030

= Climate Neutrality until 2045

For the first time agreed upon by law

National and european climate targets

Annual control and obligation of readjustment

CO,-targets for all sectors (mobility, buildings, ...)

Climate neutrality of the Federal Administration

\
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Expertenrat
Greenhouse Gas Emissions of Germany: History and Targets Illlli- fur Klimafragen

10

B Waste+Other  m Agriculture ™ Transportation M Buildings ™ Industry B Energy sector
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Energy System Analysis - Results

Expansion of solar PV and wind energy converters
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Solar and Wind become the pillars for
the energy supply

=>» Flexibilization becomes key for
system integration

132
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https://www.ise.fraunhofer.de/de/veroeffentlichungen/studien/wege-zu-einem-klimaneutralen-energiesystem.html
https://energy-charts.info/
https://www.bundesregierung.de/breg-de/service/gesetzesvorhaben/koalitionsvertrag-2021-1990800
https://www.bmwi.de/Redaktion/DE/Pressemitteilungen/2022/01/20220111-habeck-legt-eroffnungsbilanz-klimaschutz-vor.html
https://www.netzausbau.de/SharedDocs/Downloads/DE/2037/SR/Szenariorahmen_2037_Entwurf.pdf?__blob=publicationFile

Energy System Analysis — Results

Final energy: Direct vs. indirect electrification

Green hydrogen and fuels are no

| o o
100 4 regret solutions for industry and
transport sectors
Electrical applications today
75 -
3 Electricity mainly in cars and
= buildings
> s .
an //'”/t Certalnt P o
°-’ H H - =< Sofe/ Ie‘_qab == :.-_.-—.fv-A
G 507 Energy ca.rr.ler Scenario _ S~ e\it”ﬁCagg,i - - - = | Competition between direct
7“:’ elecjcrICIty T Techn%logy MIX and indirect electrification, e.g.
= fossil fuels and feedstocks —  Electrification P&, for passenger cars and process
o B hydrogen + e-fuels Hydrogen Lol heat
S = heat networks - — E-Fuels PP T = .
5 | biomass - :  — I Hydrogen in industry,
c 25 Green hydrogen and e- aviation, shipping and road
L fuels in all scenarios
transport
0 -

2020 2025

Figure translated from: Ariadne Kurzdossier 2021: Durchstarten trotz Unsicherheit, 16.11.2021, https://ariadneprojekt.de/publikation/eckpunkte-einer-anpassungsfaehigen-wasserstoffstrategie/
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2030 2035 2040 2045
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https://ariadneprojekt.de/publikation/eckpunkte-einer-anpassungsfaehigen-wasserstoffstrategie/

Demand for Hydrogen and eFuels in Germany
Results Systems Analysis (Ariadne Project)

Demand for H, and eFuels in Ariadne-Scenarios

= Demand of hydrogen and eFuels ranges between
250 and 700 TWh in 2045 (share ranges between 9% and 34%
of final energy consumption) 6004 T o 40

Wasserstoft

= The scenario-analysis of Ariadne project illustrates: Anteil Wasserstoff + E-Fuels
Until 2030, the use of H2 and eFuels still limited 0 ERRASge TN L 30
Role of hydrogen and eFuels may vary heavily depending on g | | T P |
the future climate change strategy and the extend of
electrification measures.

%

3

= Minimun

T
aibsauapu

“No-regret”- Options for almost all scenarios are the energetic
and material use of H2 and eFuels in the industry (steel,
ammonia, petro-chemicals), aviation, shipping and trucks.

\
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Drivers for a Global Hydrogen Economy
40 National Strategy Papers, Roadmaps, R&D Programms and Vision Papers on Hydrogen

" Export

-Air Quality

-Prosperity, Growth
-Industry

-Air Quality
-CO2-Reduction
-Supply Security
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' -Environment
(Paris Agreement) I*I

= -Economy, Industry,

-Flexible Energy System

-Economy, Industry

tﬂ\ir Quality ——

Environment s

-Industry
-CO2-Neutrality
" -GHG-Reduction

"

-Economic Growth
-Export
- -Independence / Self
mmmm Sufficiency
I!— -Environment

-Supply Security in
isolated areas

e £=2

-Industry
-Export
-Green Mining

@ Fraunhofer ISE
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World Renewable Technical Potential

Annual Average Global Horizontal Irradiation (kWh/m?2) Annual Average Wind Speed at 100 Metres (m/s).

L—
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REPower EU
Joint European Action for More Affordable and Sustainable Energy

Hydrogen Accelerator, EC 8-3-2022

Russia Qatar Other USA Algeria Norway
453 % 49% 71% 66% 126% 236%

= The Commission will further develop the regulatory framework to promote a European market for hydrogen and
support the development of an integrated gas and hydrogen infrastructure, hydrogen storage facilities and port
infrastructure. New cross border infrastructure should be hydrogen compatible. The Commission will assess State aid
notification for hydrogen projects as a matter of priority. It commits to complete the assessment of the first Important
Projects of Common European Interest on hydrogen within 6 weeks from the submission by the participating Member
States of a complete notification. The shared aim should be to enable the assessment to be completed by summer.

= Additionally, the Commission will support pilot projects on renewable hydrogen production and transport in the EU
neighbourhood, starting with a Mediterranean Green Hydrogen Partnership. It will also work with partners to
conclude Green Hydrogen Partnerships and with the industry to establish a Global European Hydrogen Facility,
boosting Member States’ access to affordable renewable hydrogen.

\
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REPower EU

Joint European Action for More Affordable and Sustainable Energy

Hydrogen Accelerator,
EC 8-3-2022

»An additional 15 million

tonnes (mt) of renewable hydrogen
on top of the 5,6 mt foreseen under
the Fit for 55 can replace 25-

50 bcm per year of imported Russian
gas by 2030.

This would be made of additional 10
mt of imported hydrogen from
diverse sources and an additional 5
mt of hydrogen produced in
Europe«

Seite 17 20.05.2022 @ Fraunhofer ISE

2*10 million tons of
green hydrogen

2030

EU production
Offshore

Onshore wind
Solar PV

Import
Onshore wind

Solar PV

TOTAL

Renewable Resource

full
load

Capacity hours

GW

25

35

150

25

200

hr/yr
5.000
3.570

1.750

4.000

2.100

Electricity
Production
TWh
125
125

263

100

420

Electrolyser
Capacity
GW
25
25

100

20

150

>320

full load
hours
hr/yr
5.000
5.000

2.500

5.000

2.700

Hydrogen Production

Millionton  TWh,,,,

2,5 99
2,5 99

5 197

2 79

8 315
20 788

1
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Global map of natural gas transmission pipelines & IRENA

International Renewable Energy Agency

=
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Gas Infrastructure in Europe can be Reused for Hydrogen
Hydrogen and it’s Derivates from the MENA Region

Northern Sea = Dutch H2 Infrastructure in 2030

s Existing natural gas pipelines that can
be made available before 2030

mmmmm New pipelines required (no existing gas transport
pipeline available before 2030)

Natural gas pipeline - Gas (from Groningen)
Natural gas pipeline - High calorific gas

@ Industrial ‘hub’ or ‘alley

= Underground storage

Existing Natural Gas Pipelines

{ /
/

L—
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Offshore Wind Hydrogen Projects in Development

Need to be realized much faster

Seite 20

Aguaventus and Aquaductus (Germany)

= 10 GW offshore wind Hydrogen
= 1 million tons of hydrogen (= 5.000 full load hours)
= Fully Operational 2035
= RWE, Equinor, Orsted, Boskalis + others
= Pipeline: Gascade, Gasunie, RWE, Shell
= Pipeline:
Connect to hydrogen backbone + salt cavern storage

20.05.2022 @ Fraunhofer ISE

North H2 (Netherlands)

= 10 GW offshore wind Hydrogen
= 1 million tons of hydrogen (= 5.000 full load hours)
= 3-4 GW onshore electrolyser 2030 in Eemshaven
= 6-7 GW offshore electrolyser <2040
= Shell, Gasunie, Groningen Seaports, Equinor, RWE,...
= Pipeline:
Connect to Hydrogen backbone + salt cavern storage

Z Fraunhofer
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HyDeal — Solar PV to Hydrogen

Legend

Area to produce and inject H2 into the H2 pipeline

Non integrated areas

Target by 2030

Lacq: CCGT project Off-taker site

Non-assigned baseload off-take (Exact off-takers ani

orofiles TBD)
Ammonia production plants
Cement plant

Steel plant

67 GW Electrolysis Capacity

Thermal plant

Q
¢
95 GW Photovoltaic Capacity 8
Q
Q
Q

Fuel Cell hub (Exact location TBD)

Refineries

3.6 Mt H, @ 1.50 €/ kg

Lussagnet et Izaute: Possible Storage sites

Salt Cavity
Acquifer

Depleted field on/off shore

Potential Storage Locations (non exhaustive)
Potential greenfield H2 pipe based on current

NG grid

Potential brownfield H2 pipeline

Pipe segment distance in km (PRELIMINARY order o
maenityde)

Maximum Pipe Flow (t/h) estimates

Necessary pipe diameter (mm) for transport at ~70b
(PRELIMINARY order of magnitude)

Potential International connections

Seite 21 20.05.2022 @ Fraunhofer ISE

PV plants

Electrolysis

plants

Compression
(at injection

points)

PV Power Output 196 TWh
Plant capacities 131GW
PV surface 105 000 ha
Number of units ~ 88
Annual H2 prod 3,86MT
Plant capacities 85GW
Average load factor = 25%
Number of platforms ~ 850

o

B Ty

e Zone —-FRN |~
< ~600kT 3

Lo 3 ZONE — Germanﬁ

B RGO

~1.4Mt

—— gp—

Total compression
capacity= 1,214MW

Zone -FR SW [Mx

~330kT

Bey of 8iscoy

-

B o
" SARDINIA
Zone —Spain A
~710kT s e

Mediterranean Sea

*Estimated total 5,000km of H2 greenfield pipelines: to
develop (+2,500km of brownfield lines)
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GIS Analysis
Methodology

Power Buses
Power Lines

Transformers

Power Grid

Power Plants

Pipelines & Storages
Retrofitability

Compressors

Gas Grid

Producers
Consumers
LNG

Desalination Plants
Reservoirs and Lakes

Rivers

Water

Pipelines

Wastewater Plants

Seite 22 20.05.2022
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Economy, Ecology & Politics
Sales Markets, Staff Availability, Water

Scarcity, Natural Disaster Risk, ...

GIS-based
Location Analysis
and
Site Suitability Assessment

Q@

Renewable Energies
Production Time Series and Potentials

Renewable Energy Plants

Railways
Roads
Waterways
Ports

Airports

Industrial Areas
CO, Sources
Woaste Heat

Oxygen Consumers

Geological Storages
Elevation

Slope & Aspect
Land Use

Available Areas

Protected Areas

Z Fraunhofer
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CO, Sources
Classification and Availability of CO, point sources without fossil power production in Europe, GIS Analysis

|
* Direct Air Capture (DAC) Industrial Sector
@ Cement
@ Chemical industry
* Biogenic sources © Glass
© Iron and steel
2 Non-ferrous metals
. . . & Non-metallic mineral products
B!OmaSS ° BlomEthane @ Paper and printing
© Biogas - Bioethanol ® Refineries
Annual Emissions Industry Plant
. . . . . . . . 0 i 20 kt
* Point sources with significant process-related emissions - 20-50kt
= 50-100 kt
100 - 500 kt
- Lim "+ 500 - 1000 kt
€ «  Cement O 5T
©  Glass © Pulp and paper Power Sector
* Waste incineration 8 “AS T
Annaul Emissions Power Plant
- 0-20kt
* Point sources with other appropriate emission reduction strategies or Eg‘fgo"it
insignificant process-related emissions ~ 100 - 500 kt
/. 500 - 1000 kt
> 1000 kt
* lron and steel * Non-ferrous metals
* Chemical Industry *  Refineries
Created by: Lucas Edenhofer, Fraunhofer ISE
* Fossil power production is no sustainable carbon source © EPRTR
© Hotmaps -
—
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CO, Sources
Availability and Capture Costs

Availability of Point Sources EU 2017 Capture Cost 2020 [€/to,]

850

! Biogenic Point Sources ' Process-related Point Sources ™ Other Point Sources

——

800
750
700
% Current
150 EU-ETS
5 carbon
permit
100 - price
. -
50 - I
-
0

— +~ — —_ %] - w o (%]
K E e 2T E 25 5T EL LY YESESLS L gy
O & g ¢ = 2 5 & 5 % © £ € & > B2 L O © @
< E -4 8 ®© ® ©® o O £ © ® L 4
a v £ 3 a 2 £ £ O F g ¢ o E 5 O a o
g & @ O T ¢ @ £ @ g T 5 €E x § B T L 9
e £ o € £|ls Z € & Gle & of2| 0o 5 o 9O
& S @ EENONE L a2 o 8 0 I & D 2 s
= & o £ ¢ > o 9 ¢ & g o

o = < o © I o Q o
S o 2 = &£ O = T ©O ©
a £ w0 0 o & 9@ 3 1= =
%] o = (o o v =
c = > 3 o ©
3 = S 6 £

L o =
T ©
=2

European future CO, demand European future CO, demand DAC Biogenic Chemicals Iron and Refineries
for chemicals 255 Mt,/a 1! for fuels 415 Mt,,,/al!! Steel
Sources availability Sources capture costs Abbreviations
[1]: https://doi.org/10.1039/DOEE01530) [1]: W. Terlouw et al. (2019) CHP | Combined heat and power ?
Seite 24 20.05.2022 © Fraunhofer ISE [2]: EUETS FHG-SK: ISE-INTERNAL [2]: https://doi.org/10.1016/j.jclepro..2019.03.086 LT | Low temperature % Fra u n hofer

[3]: https://doi.org/10.3389/fenrg.2020.00175 HT | High temperature
[4]: https://doi.org/10.3389/fenrg.2021.738791 FCC | Fluid catalytic cracking ISE




MENA — Middle East and North Africa

Hydrogen cooperation potential
between MENA region and Germany

o Feduilhﬁm'%

for Economic Affairs. s "

and Climate Action aslhll a)ljg
| nerer o vence
|

Hydrogen cooperation potential

between Saudi Arabia and Gérmany
:
A joint study by the Saudi-German Energy Dialogue ’\ ~ N

,-u’

—
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MENA H? challenges

Source: Yunus Syed and Jan Fredesk Braun (2021



Production cost and long-distance import of Power-to-X:

Studies performed by Fraunhofer ISE - = N2 supply for ammonia synthesis with air separation unit
Central Technical Parameters = CO2 from point source (e.g. Waste-to-Energy)

= Transport of products with transport vessel to Brunsbdttel

Ammonia/ Methanol Synthesis

= Capacities determined by system optimization

= Technical parameters: Kinetic background for assumed
parameters based on own ASPEN simulation for
representative capacities

H2 Liquefaction

= Improvements in specific energy demand for lique-faction

. . 2020 2030 2050
from 8 kWh/kg in 2020 to 6 kWh/kg in 2050 . .
) ] ] H2 liquefaction 25 25 25 % of rated cap.
= Downstream processes running continuously; taking
specific part load operation into account AL <0 2 S 6ot e e
Methanol 80 25 20 % of rated cap.

\
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Project PtX GIZ: Supply Costs of PtX Energy Carriers
Near-Term Case Study for Saudi Arabia

Influence of CO, Capture
300
|
- —

% PV
Production in various s Wind

identified high-potential

N
Ul
(@)

hLHV]

# Electrolysis

. CO, via DAC or capture from
cement plant

. Current methanol price of
570 Euro/t corresponds to 103
Euro/MWh Neom Tabuk West East

m Mains Powver Supply**

H [nsurance

Personnel Costs

i
regions in Saudi Arabia % 200 - B - % é % % % m Water: Desalination
E . - % 7 % % %’ ? Compres.sor
: : > 7 / / 7 / m Intermediate Storage
. Costs incl. ship transport to g 100 % % % % % % % % /\% <<z # Liquifaction / Synthgesis
Germa.ny o % \ é \ % \\ \ \ \ § m Product Storage
: Scenarlc? based on ne?r-term - 50 § § § § § § § § >§ >\ i
i);%dl\u/lc\;t\l/or (I 2?2?;) V.VIth % Z % %{4 % é % Z 4 % #CO2 via DAC
el electrolyslis as 0 . — 8 CO2 via Point Source*
default value from GIZ % % % % % % E % % < & N2 via ASU
S e
g 5
5 =
:

m EPC* >

Preliminary Results — Project on behalf of GIZ GmbH —
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Project PtX GIZ: Supply Costs of PtX Energy Carriers
Near-Term Case Study for Saudi Arabia

| ]
Influence of Transport
300

% PV

Production in various

150 MWel electrolysis as
default value from GIZ

o

B CO2 via Point Source*

B N2 via ASU

. CO, via DAC or capture from
cement plant

. Current methanol price of
570 Euro/t corresponds to 103
Euro/MWh Neom Tabuk West East

m Mains Power Supply**

m [nsurance

—~ 250 - = ] xWind
identified high-potential E - - - - % Electrolysis
regions in Saudi Arabia % 200 ™~ [ ] i % % @ m Water: Desalination
E 150 % ﬂ % / % % %’ % Compre5fsor
. Costs incl. ship transport to % % % % % g % % /% % ///% ::;z:;z:::e/ z;:r:hgees )
Germa.ny % o <<2 § g § é § % § § § m Product Storage
g Scenarlc? based on ne?r-term o 50 § § § % % § % § § >\ \Transport
production (~2023) with % % % %{é % é % %ﬁ Z % C O vn DAC
Tz T Oz Tz g A
2 3
= =

Personnel Costs

MeOH (Cement) Y77, \NINE 1

mEPCH**

Preliminary Results — Project on behalf of GIZ GmbH —
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Green Ammonia Currently far Cheaper then Conventional Ammonia

Green ammonia in
MENA

from USD 350/ton
in Neom to
500-700 in
Morocco and 600-
800 in Egypt!

Seite 30 20.05.2022

@ Fraunhofer ISE

Western Europe Ammonia CFR Spo Index 1650.00

Price Chart 03/31/00 - 03/25/22 Period: 1W

W Start 175.00
W Low on 03/01/02 120.00

B Change 1475.00 (842.86%)

+200.00

W High on 03/25/22 1650.00
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Conclusions

The global trade of renewable energy based on hydrogen is beginning now

= EU and national 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

= Remove cost and regulatory barriers for production and deploy mechanisms to accelerate demand in hard-to-abate sectors
= Accelerate scale-up of electrolyzer manufacturing to drive the economics of scale
= The strict constraints of additionality and unavoidable carbon sources have to be loosened

= We need a mix of state funded H2 infrastructure and free market elements for private investments

Speed is crucial now - don’t waste time

International research cooperations and energy partnerships are a prerequisite for faster progress, long term
(trading) relationships an d a secure investment environment

= Fraunhofer
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