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The Fraunhofer Institute for Solar Energy Systems ISE
Performing research for the energy transition for over forty years

' Photovoltaics

Heat and Buildings

Power Solutions

Hydrogen Technologies
Fuel Cell
Sustainable Synthesis Products
Electrolysis and Hydrogen Infrastructure
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Business Area Hydrogen Technologies at Fraunhofer ISE
Defossilisation of transport, chemicals and process heat

llllllll

Fuel Cell Electrolysis and H, Infrastructure Sustainable Synthesis Products

Hydrogen production by water
electrolysis, hydrogen injection, Power-to-
X simulations and techno-economic
assessments, technical consulting

CQ o >150 15 MEUR/a >30 Years
Cr-\'—\ Employees Budget Experience in the field of hydrogen

and thermochemical processes

PEM fuel cell characterization, modelling, Development of catalysts and processes,

techno-economic and life cycle
assessments, technical consulting

and manufacturing,
Integration in mobility and drivetrains
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Where are the best locations for H; &
Are sunshine and wind enough?
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[1]: Global Solar Atlas 2.0, a free, web-based application is developed and operated by the company Solargis s.r.o. on behalf of the World Bank Group, utilizing Solargis data, with funding provided —
by the Energy Sector Management Assistance Program (ESMAP). For additional information: https:/globalsolaratlas.info % FI"a u n hOfer

[2]: Global Wind Atlas version 3.3, a free, web-based application developed, owned and operated by the Technical University of Denmark (DTU). The Global Wind Atlas version 3.3 is released in
partnership with the World Bank Group, utilizing data provided by Vortex, using funding provided by the ESMAP. For additional information: https:/globalwindatlas.info ISE
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Step | Step |l

GIS-based Site Suitability Assessment
Step I: Identification of optimal Renewables locations

Y

1.4 Site clusters & LCOE

» Clustering of areas with high

1.0 System boundary 1.1 Restriction areas 1.2 Suitability criteria
* RE technology and capacity » 25 - 33 restriction types per * > 7 suitability criteria per RE

1.3 Site suitability
* Suitability criteria weighting

+  Offshore wind: ... MW,
* Onshore wind: ... MW,
« Solar PV: ... MW,

« CSP: ... MW,

* RE 'fechnology selection

RE technology, including co-
location and co-usage
Restriction area density
Appropriate setback distances
Compliance with law
Protection of cultural &

technology

Reflecting solar and wind
resources

Further factors concerning
project feasibility and
technical / economic aspects

via the analytic hierarchy
process to establish criteria
relevance based on expert
input and scientific literature
Combination of restriction
areas with weighted

site suitability scores to host
the necessary renewable
capacity

* In-depth cluster assessment
with relevant KPIs

« Estimation of theoretical RE

* Spatial boundary
» Temporal boundary

iy

Offshore v:lind - Fixed

natural heritage suitability criteria to generate production potential and

the site suitability score LCOE

i

Offshore v:Iind - Floating

6

© Fraunhofer ISE Identification and evaluation of optimal renewable energy production sites for the % Fraunhofer
\/

SR R specified PtX supply chains with regard to economic competitiveness and project feasibility SE



GIS-based Site Suitability Assessment
Step IlI: Identification of optimal H, and PtX hub locations

2.0 System boundary
» Power-to-X pathways
» Hydrogen
*  Ammonia
*  Methanol, DME & eSAF
+ PtX production volume
+ Offtake
» Domestic offtake
+ International export
» Temporal boundary

@

Power-to-Hydrogen

o)

19
Power-to-SAF

7
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2.1 Suitability criteria

* 14 - 16 suitability criteria per
specified PtX supply chain

* Based on the identified
renewable energy clusters

* Reflecting economic
competitiveness, sustainability
and technical feasibility
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2.2 Site suitability

* Suitability criteria weighting
via the analytic hierarchy
process to establish criteria
relevance based on expert
knowledge

* Overlay of the individual
suitability criteria with regard
to their weighting to generate
the site suitability score
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Step |

2.3 Site evaluation
Identification of promising
PtX hub locations and
corresponding RE clusters
In-depth analysis of promising
PtX hubs with regard to
renewable energy clusters,
supply chain options,
additional infrastructure

demand & synergy potential

Identification and evaluation of optimal hydrogen and PtX hub locations with regard to
economic competitiveness and project feasibility

2.4 TEA-Parameters

Location-specific parameters
of the various supply chain
steps for subsequent techno-
economic assessment

Energy production time series
for the selected clusters based
on typical meteorological
years (TMY) in hourly
resolution

Power [GW)
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~ Possible system designs
* Optimal system designs
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SPONSORED BY THE

Results from HYreland R FijdR‘“fhtW
The Landmark Study for a large-scale Green H, and eFuels Production in Ireland

Research Goal

Assessment of green hydrogen and PtX production and export from Ireland to Germany,
focusing on techno-economic and ecological aspects within a cross-border value chain.

H d F t Paul Lennon (ESB), David Gill (German Ambassador to Ireland), Keelan
a r a C S Glennane (ESB) and Charlie Brophy (DECC); Source: RTE

= Project duration: 01.11.2024 - 31.10.2025 (12 months)
= Funding German Side: Federal Ministry of Education and Research - BMBF
= Management organization: Project Management Julich - PtJ

Project partners

Electricity Supply Board ESB (Keelan Glennane)

Fraunhofer Institute for Solar Energy Systems ISE (Christoph Hank)
International Energy Research Centre IERC (Padraig Lyons)
Associated Partners: Duisport, IHK Elbe-Weser, Wirtschaftsforderung Landkreis Stade, Wirtschaftsforderung Hansestadt Stade,
Department of the Environment, Climate and Communications DECC

9 ] Federal Ministry
f

H HYrel d > 1 o siucationh ?
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2 i Fraunhofer
Funded by the Federal Ministry of Education ISE
and Research (FKZ 03SF0788)



Results from HYreland Eﬁ v
%2 j_‘ft ars)

Restriction areas — RE o=

|
OREDP I IRL i IRL
n B N % n R-ON-ONT 3.3% - R-PV-ONT 1.4%
Offshore wind e Onshore wind ey Lo Photovoltaics wveny Lo
> -070 R-ON-TRL 9.0% R-PV-TRL 9.0%
end & C%}E R-OF-PIP [ 05% =g d R-ON-ROA Wso% Legend d R-PV-ROA W 9%
s i@ roraws 0.1% . - R-ON-RAI | 4% . oA R-PV-RAI | 4%
I Restricted @3 R-OF-SWS 0.0% I Restricted R-ON-AIR | 12% B Restricted / R-PV-AIR 0.1%
T - OVZ‘V R-ON-NAV | 0.8% ; R-PV-NAV | 0.0%
e R-ON-MIN 0.1% ) R-PV-SSZ 1.8%
< R-OF-PAF I 0.0% R-ON-MIS 0.1% d R-PV-MIN 0.1%
 R-OF-VER 5.9% R-ON-BUI R-PV-MIS 0.1%
<‘ R-OF-NAV 0.0% R-ON-WAS 1 3.2% R-PV-BUI I-s%
R-ON-COS 0.1% . g R-PV-WAS 3.2%
RHQIFDLE 0% R-ON-MUD 0.1% - % \'j R-PV-COS 0.1%
R-OF-CAB | 2.2% R-ON-SWA 0.0% Il / A R-PV-MUD 0.1%
R-OF-FIR B 73% R-ON-CUL I 61% P 1 R-PV-SWA 0.0%
R-OF-FIG s R-ON-FOR I.13.4% R-PV-CUL I.:m%
R-ON-PEA 6.6% R-PV-FOR 3.4%
FR{gECV%SS | Si% R-ON-RIV B 7.4% R-PV-PEA I 6.6%
A . 1% R-ON-LAK I 3.6% R-PV-RIV ‘ 0.6%
R-OF-MIS | 1.9% R-ON-MAR | 0.5% R-PV-LAK | 1.9%
R-OF-AES 0.1% R-ON-GRS | 13% R-PV-MAR 0.3%
o R-ON-IBA 0 8.2% R-PV-GRS | 13%
28}2::: l ;Zf R-ON-SAC Wls.0% R-PV-IBA 0 8.2%
-OF- -4% R-ON-SPA Ws7% R-PV-SAC Ws.0%
R-OF-SBD 0.0% R-ON-NHA | 1.4% R-PV-SPA Hs7%
,  R-OF-SBG I s0% R-ON-UNE | 12% R-PV-NHA | 1.4%
‘5 R-OF-IBA | 1e% R-ON-RWL | 08% R-PV-UNE | 1.2%
s ROF-SAC I 4V6‘; R-ON-WAW I 31% R-PV-RWL |I 0.8%
Sl A0 R-ON-ASM 0.0% R-PV-WAW 3.1%
R-OF-SPA I 7.4% R-ON-BFB 0.17% R-PV-BFB 0.2%
R-OF-RWL 0.0% R-ON-RFL | 229% R-PV-RFL | 229%
m R-ON-CFL | 0.59% RePV-CFL | 0459%
) Co-location /-usage -26% 5 zz::lccat;:n /-usage z:flt:ccat::n /-usage
@ } :20 " Non-restricted - @ ‘=5—_5|0 e Non-restricted | 15% @ :50 4 Non-restricted 0%
» Largest restrictions by special protection areas, > Largest restrictions by buildings and special > Largest restrictions by buildings, special areas of
busy fishing and vessel routes areas of conservation with co-location /-usage conservation and forests
> Restriction area concentration near coastline, on cultivated areas and forests > Non-restricted areas evenly distributed
especially in the east > Isolated non-restricted areas tends to be closer throughout the mainland with higher restriction
» DMAP A-D almost completely non-restricted to the coast concentration in the western coastal region
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Federal Ministry

> Clear focus on offshore wind for Power-to-X H. 2 vretand | hetened =
e . . ~ Fraunhofer
» Combination with ground-mounted solar photovoltaics Funded by the Federal Ministy of Educaton S

and Research (FKZ 03SF0788)



Results from HYreland
Suitability criteria — RE

(40 %)

Adequate (50 %)
1 suitable (60 %)

Legend
B Very poor (10 %)

Legend ! Z Legend
(I Very poor (10 %) : [ Very poor (10 %)

I 1 Favorable (70 %) . . \ X S
[ Highly suitable (80 %) [0 Highly suitable (80 %) [0 Highly suitable (80 %) . [0 Highly suitable (80 %)
B Excellent (90 %) . { | B Excellent (90 %) . I Excellent (90 %) 2 - { | Excellent (90 %) b { | I Excellent (90 %)
(B 1deal (100 %) ' (B Ideal (100 %) B 1deal (100 %) S f . [ 1deal (100 %) B 1deal (100 %)

Offshore wind - Fixed

* Most important criteria
regarding economic
performance & project
feasibility

« Differentiation between
foundation types — fixed &

floating 7 :
* Weighting by ESB experts @ oz om @ 'y o s om @

» Considered criteria: S P Sy P
1 Annual electricity production =

2 Power density at 150 m B (EEET {7 == : B (B
3 Power density variability '

4 Seabed depth

5 Seabed slope

6 Seabed composition

7 Suitable ports — Installation

8 Suitable ports — O&M -

9 Transmission lines = 220 kV

10 Significant wave height @ s s som @ L s e o s s @ e

1 1 * Federal Ministry
H{2)tvestana ® | 525 =

© Fraunhofer ISE 2

FHG-SK: ISE-PUBLIC ~ Fraunhofer
Funded by the Federal Ministry of Education ISE

and Research (FKZ 03SF0788)



KPIs

OFWC2

OFWC4

OFWC5

OFWC6

Area
Presence co-location /-usage
Installable capacity

site suitability score

Net AEP per turbine

Results from HYreland ===
Production clusters — RE

speed at 150 m

seabed depth

Dominant seabed composition
Distance suitable port
Distance HV-transmission line
significant wave height

LCOE in 2032

Identified renewable energy cluster

« Offshore wind — Fixed
* 6 large-scale clusters with = 1 GW

* Total cluster area of 1750 km2 in line with installation target for 2032 of 8 GW
 Reasonable fixed offshore wind cluster distribution along the coasts of Ireland
* Partially overlapping with Maritime Area Consents and SC-DMAP A

» Offshore wind — Floating

* 3 large-scale clusters with = 1 GW located relatively close to the coast

 Reasonable floating offshore wind cluster distribution along the western coast

e Onshore wind

« Limited potential for additional large-scale onshore wind clusters
* Isolated onshore wind clusters are mainly allocated along western coast, as well

as in the north and south of Ireland

* Ground-mounted solar PV

PV clusters are highly available, but relatively fragmented

PV clusters are allocated along southern coast, with isolated distributed suitable

areas in the east and center of Ireland

Legend

Offshore

[ Wind cluster - Fixed

I Wind distributed - Fixed
[0 Wind cluster - Floating
I Wind distributed - Floating

[} Maritime Area Consents

Onshore

I Wind cluster

Il Wind distributed
Photovoltaics cluster

[ Photovoltaics distributed

[ PV-Wind-hybrid cluster

@® Focus Areas

||
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© Fraunhofer ISE
FHG-SK: ISE-PUBLIC

» Compilation of KPIs for identified renewable energy clusters Hz@HYreland
» Input for H, and PtX hub location assessment

Federal Ministry
of Education
and Research

Funded by the Federal Ministry of Education
and Research (FKZ 03SF0788)
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Results from HYreland
Levelized cost of electricity — RE

Levelized cost of electricity — Offshore wind in 2032

* Spatially-resolved LCOE analysis 12%
for a 1 GW offshore wind park
with 15 MW turbines in 2032

» Component-based learning rates to
enable future cost projections

» LCOE affected by annual electricity
production, foundation type,
seabed depth, as well as the
distance to shore, installation &

OM ports

10%

8%

6%

Area share

4%

2%

0%
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Legend

LCOE in 2032 [€cents/KWh]
9,6

6,7
I Restricted

m Non-restricted
m Co-location /-usage
W Restricted

Legend
[ ] OFwC 1-6

< © [ ] oFwc7-9
r~ ot [] OREDP Assessment Zone
LCOE [€C€I’1t$/ kWh] {1 MAC Maritime Area Consents
i i SC-DMAPs A - D
Federal Ministry
N of Education
70
H2ZD HYreland and Research ?ﬁ Frau n hOfer

Funded by the Federal Ministry of Education ISE

and Research (FKZ 03SF0788)



Results from HYreland
Suitability criteria — Power-to-Hydrogen and Power-to-SAF

Power-to-Hydrogen el
1 Offshore wind clusters

2 Onshore wind clusters

© Focus Areas
I Very poor (10 %)

3 Ground-mounted PV clusters

4 HV-transmission lines
5 HV-substations

6 Electricity interconnectors
7 Water stress

8 Underground H, storage

Legend

© Focus Areas
I Very poor (10 %)
I Poor (20 %)
B Marginal (30 %)

9 Potential future H, pipelines

10 Railways

11 Seaports
12 Local H, offtake
13 Local O, offtake

Legend
© Focus Areas
I Very poor (10 %)

14 Local heat offtake

Federal Ministry
of Education
and Research

14 ®
© Fraunhofer ISE H@ HYreland

FHG-SK: ISE-PUBLIC

Funded by the Federal Ministry of Education
and Research (FKZ 03SF0788)



Results from HYreland

Site suitability and production clusters — Power-to-Hydrogen

Power-to-Hydrogen suitability in Ireland

 Focus on locations suitable for large-scale
hydrogen export via pipeline

 Clear identification of regions with a high

site suitability score
Greater Cork city area
South-east of Waterford county
North-east of Wicklow county
South of Dublin county
Central-north of County Limerick (Power-to-SAF)
Greater Moneypoint area (Power-to-Ammonia)

* |dentified Power-to-Hydrogen clusters are
located in proximity of fix-bottom offshore
wind clusters and SC-DMAPs

* Northern half of Ireland & south-western
part receive lower site suitability scores

 Detailed assessment of identified Power-to-
Hydrogen clusters

15

Criteria Weight
Offshore wind clusters -A)
Onshore wind clusters B 8%

Ground-mounted PV clusters - 15%

Legend

® Focus Areas

I Very poor (10 %)
I Poor (20 %) =)
[ Marginal (30 %)

[ Fair (40 %)

[ ] Adequate (50 %)

[ Suitable (60 %)

[] Favorable (70 %)

] Highly suitable (80 %)
Il Excellent (90 %)

[ Ideal (100 %)

SLIGO

HV-transmission lines l 3%
HV-substations [ | 4% Lo - U south of
Electricity interconnectors | 2% - ‘205??””0" LONGFORD Dublin
Water stress [ | 5% p” > MEATS county
WESTMEATH
Underground H, storage . 8% ?ﬁ/
GALWAY I
Potential future H, pipelines . 10% Central-north OFFALY e
Railways | 3% of County
Seaports [ | 6% Limerick LAois
Local H, offtake | 2% 55
CARLOW

Local O, offtake | 1% Gre.am@ , TRRGAR
Local heat offtake | 2%  Moneypoint LIMERICK : wexroro North-east

area "l“ % . of Wicklow

county
KERRY
-~ : 1 CORK
#, South-east of
= A Waterford county
. Greater Cork
. 0 25 50 km
city area —
B |G
@ HYreland and Research F
H ~ Fraunhofer

Funded by the Federal Ministry of Education ISE
and Research (FKZ 03SF0788)



Results from HYreland
Site selection — Greater Cork city area

Large-scale Power-to-X

Focus products: Hydrogen & SAF (MeOH, DME & NHj)

© Excellent access to renewable energy

Proximity to large-scale fixed and floating offshore wind
clusters, in addition to SC-DMAPs

Outstanding availability of future PV clusters
Reasonable distance to large-scale onshore wind clusters
© Access to potential future H, transmission pipeline
system & UHS in depleted gas fields
© Access to diverse port facilities & refinery infrastructure
© Potential for local hydrogen and SAF offtake
© Well-developed HV-transmission grid
Limited availability of industrial carbon point sources, but
proximity to medium-scale biogenic source
Water availability from upgraded water treatment plants,
treated wastewater and surface water
Limited potential options for heat & oxygen offtake
Moderate environmental sensitivity might impede the
production and export of specific PtX products (e.g. NH;)

> Excellent location for first-mover H, & SAF-projects
> Potential for H, scale-up & pipeline export

16

> ldentification of potential PtX supply chain options
» Compilation of site-specific techno-economic parameters

Dynamic hourly-resolved system optimization of the complete supply chain

P Within Ireland =<— Intl. Transport —><— Importing country —»
' Reqewqble Epergy Power-to-X Hub Transport Landing
(at identified sites)
J LI Long-distance
Electricity 30 : PtX Product transport by Liquid H,
via Wind Ef ey »  Electrolysis ° b YNHESS/ L ermediate e ocean-going  e—+ Ammonia \yj@
» Liquefaction H H i e
and PV t | storage ! vessels | Methanol =
T ‘\ ¥ ? ? : g = ||
. T : ! HlASESEN ! SAF
Power transmission — H, intexmediate || CO, viaDAC | iH€at : M‘j:=7 ' DME
via dedicated grid > ource storage or N, via ASU «.iiNtegration ! \‘
capacities (HVAC) (80 bar), (if required) \ |
[y . 'y “‘ |
Backup grid electricity ) Calculation of N\ N
(excluding water electrolysis) P

T waAcc variation (6-10%)
[ |System Engineering
[ Insurance
[ ISeaborne Transport
I PtX Product Storage
[ IN2: Air Separation Unit
[ 1co2: point Source
[ co2: Direct Air Capture
Il synthesis/Liquefaction

[ lInterm. H2 storage

[~ I Compressors

[ Desalination

I Electrolysis

[~ IBackup Power Generation
[ Transmission Line

I solar PV

Il Onshore Wind
300 .

--.__,| Gaseous green H,
costs ("at-Gate”)

*., Domestic PtX

\\‘ PtX supply costs
product costs

(incl. transport)

Power (GW)

Results from Colombia

= * Possible system designs
E 0 x Optimal system designs Optimum: meximum
< 180 T T ; ; t . . Pt¥ production quantity
@ 150 _ | I ,.
x = )
% é 170 1 Passible apstemn designs, * ® . -
" hut ineticien ¥

8 100 *E x Lt i CIERT = i P

w 160 * W -

x
50 e . . E
E 150F « = * * " - LR o Irmpessitsl salulicny
] Wy gad
’ L‘ Desirec but
ér’v 5 5 L:;CV é." én] 5? é’s Optimurn: mirimized 1 1 1 1 1 1 | | utopian soiutisn
5_' g.‘ Pt production cast 460 480 00 520 540 560 580 600 620
¥ £ PEX-Import (GWh=a™l]
J Federal Ministry
’ > I of Education
H2 HYreland and Research

Funded by the Federal Ministry of Education

and Research (FKZ 03SF0788)
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Recent Reports and upcoming Research
Click on publication to open

= Selected articles and upcoming reads from our latest research:

Power-to-X Colombia Power-to-MEDME (Chile) TrHyHub (Australia) HYreland (Ireland)

S ES H @ HYreland
7

'=Fraunhofer -

TO-MEDME

I Wind cluster - Fixed

I Wind distributed - Fixed
19 Wind cluster - Floating
I Wind distributed - Fioating

I Wind cluster
B Wind distributed
Photovoltaics cluster

19 Photovotaics distributed
1 PV-Wind-hybrid cluster
% Fraunhofer T - © Focus Areas

Legend
Wl 7 sete-ounea provery
Bl & oo pomivador
M Renewable energy clusters

T T T T
1053 EUR/tyu3 7500 EUR/ty; 7263 EURMy, 1208 EUR/yeon

Water infrastructure
© Wastewater treatment plant 200
Marine protection area
Transport infrastructure
Seaport
~ - Railway line
(N Power infrastructure

Transmission line

Ins. & Eng.
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© wasteto Energy
Industral Point Sources

LCoPtX (EUR/MWh )
=
&
T

Industry infrastructure

() Underground H2 storage: 50 -

Ol pipeines
= Operating
| === Proposed

© incustial potsorce

(©) Biogenic point source

NH3 as H2 carrier, MeOH

tecﬁnology available development needed

18
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https://www.ise.fraunhofer.de/en/publications/studies/power-to-x-colombia.html
https://www.ise.fraunhofer.de/de/forschungsprojekte/Power-to-medme-fue.html
https://www.ise.fraunhofer.de/en/research-projects/Power-to-medme.html
https://www.ise.fraunhofer.de/en/research-projects/hyreland.html
https://www.ise.fraunhofer.de/en/research-projects/hyreland.html
https://www.sciencedirect.com/science/article/pii/S036031992501804X?dgcid=rss_sd_all
https://www.ise.fraunhofer.de/en/research-projects/TrHyhub.html
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Christoph Hank

christoph.hank@ise.fraunhofer.de

Head of Team System Analysis and
Assessment

Lucas Edenhofer
Lucas.edenhofer@ise.fraunhofer.de

Team System Analysis and Assessment

Marius Holst

marius.holst@ise.fraunhofer.de

Head of Group Hydrogen Infrastructur
and Technical System Analysis

Robert Szolak

Robert.szolak@ise.fraunhofer.de

Holistic Analysis of Regional
and Global Hydrogen Supply

Chains

We carry out techno-economic analyses for Power-to-X production sites
and evaluate the value chain for hydrogen and its derivatives from

production to storage, transportation, and use.

Ny

Head of Department Sustainable
Synthesis Products

Fraunhofer Institute for Solar Energy Systems ISE, 79110 Freiburg, Germany, www.ise.fraunhofer.de


mailto:marius.holst@ise.fraunhofer.de
https://www.linkedin.com/in/marius-holst/
https://www.linkedin.com/in/christoph-hank-dr-ing-57ba72a8/
mailto:christoph.hank@ise.fraunhofer.de
mailto:marius.holst@ise.fraunhofer.de
https://www.linkedin.com/in/lucas-edenhofer-b244981b4/?originalSubdomain=de
mailto:robert.szolak@ise.fraunhofer.de
https://www.linkedin.com/in/robert-szolak-3679b374?originalSubdomain=de
https://www.ise.fraunhofer.de/en/business-areas/hydrogen-technologies/electrolysis-and-hydrogen-infrastructure/techno-economic-analysis-of-hydrogen-supply-chains.html
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