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Nowadaysmankindis facingwo of the most difficultchallengem its life:

U globalwarmingandassociated@limatechanges

o T , -
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1. Introduction

Energy production 21st Century

A Majority from fossil fuel derivatives (carbon base)rrently, more than 80% of global primary energy
use is fossil based. Over the last decade, 85% of the increase in global use of energy was fossil base

A #/ production

Greenhouse gasses
A Effect

Trap IRradiation(heat)
A Emission ‘AE

Natural & human activity

Natural
Greenhouse Effect

More heat escapes

into space’
e
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L RCP8.5
100 i
=
The EUC o mmi s &owCarlios Roadmap(and the world E
climate contract) suggesta reduction of >80% of CO, Q -
emissionsy 2050 comparedto levelsat the beginningof the S,
215t century g 40+
3
2018: 37,1 GtCO , (www.globalcarbonproject.org) g 20 -
Transitionprocessrequires a new energysystemwithout C at 8 0 \éz_ ceeD
the end with radical technical solutions and infrastructure 50 | | | | »
iInvestments 1980 2000 2020 2040 2060 2080 2100

Global carbon dioxide emissions from human activity, compar
to four different possible futures as depicted in IPCC scenaric
Fuss et al. 2014

13 enov

Climate Action iIin the UNOs Sustaina
@ Limiting global warming to 1.5°@t{ps.//www.ipcc.ch/sr1%/
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Greenhouse gases. Reduce emissions to environment

;
;
;
;
;
;

Increasing Energy efficiency;

Carbon Capture, Utilizations and Storage

Low carbon processes

Net-negative global emission

Search for renewabl e energy <carrier: Hydr ogen, é

é .

European Green Deal: Set of policy initiatives by the European Commission with the overarching
aim of making Europe climate neutral in 2050.

0
0

0

Maxi mi se the deployment of renewables and the u
Increase renewable energy to at least 32% of the EU's final energy consumption by 2030
By 2050, more than 80% of electricity will be coming from renewable energy sources.

ARENHA Final Public Presentation
(Reproduction withopitiorpermissioof ARENHA jsrohibited). 2025/06/03 Pages



* X %

P 1. Introduction: challenges o

* 4 *

areNH-.a
Renewable energy is playing an important role in addressing some of the key challenges|facit

today's global society, such as the cost of energy, energy security and climate change.

Energy storage technologies U Sustainableenergy production can only work well
whenthe energystoragechallengeare solved

= Hydrog U Overcoming the inherent intermittency of
e renewableresourcesand increasingtheir share of
'l"”: generation capacity (i.e. integration of renewable
s Batteries energyin the grid).
- L U Other technologieshaveto be developedthat can
Lead-acid rage technologi respond to these needs,and their readinessfor
iy | OSSR gk (2 Mechanical marketdeploymenthasto be shown
=§'::;:’c';“emi°a' i New or improved materialsfor these technologies
e @ cectica must be developed in combination with new
Hoge Superconducting coil design/architecture (i.e. improvement  of
1 kWh I MWh 1 GWh | TWh cs;::‘(‘ﬁ; electrolysersé )
LYeet al . Reaction: 0Greend6 Ammoni-al4,P0A70 duct |EoCnO.nor‘nIC Cg/)l’snlpsetltN?neSS and envwonp”?‘?gtal
DOL: https://doi.org/10.1016/j.chempr.2017.10.016 aspectshaveto be consideredi. e recyc ling)
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U Batteriesmay not be the best solution to faceall energy

storageneedsdueto cost,safetyandenvironmentalssues
U Pumpedhydro andmethodssuchascompressedjasenergy
storage suffer from geological constraints to their
g R deployment
" U Non-battery-basedstoragetechnologysuchasPowerto-X
technologies (Powerto-Gas, -Chemicals, -Liquids) that
allows transforming renewable electricity into synthetic
gases (hydrogen, methane or other gases) and
Redox-flow chemicals/liquidsgan be suitable solutions for different
Lead-acid Storage technologies energystorageneeds

Energy storage technologies

1 year
1 month

1 week

1 day Batteries

1 hour

oy | PR g (3 Mechanical U The only sufficiently flexible mechanismallowing large
= z':c"f”l"e’“ma' quantitiesof energyto be stored over longtime periodsat
e - - any location is chemicalenergystorage via hydrogenor
100 ms — carbonrneutralderivatives
— — — wn  Storage U H, hasgainedconsiderableattention as an idealand clean
capaclly energycarrier:
LYeet al . Reaction: 0Greend Ammoni-al4,P0i70 duct i%Iﬁlgcogwallg)ggalt|p9pqugcgpc§)plywgtgrqssb)é-%rgdu_gt’ p712 |
DOI: https://doi.org/10.1016/j.chempr.2017.10.016 0 High efficienciedor energyconversionare achievedwhenit is

employedasfeedstockfor power production
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areNH.,a U The ARENHAproject aimsat usingammoniaasa greenhydrogencarrier andfor that purposeit
developsats mainactivitiesaroundthe powerto-ammoniato-usagevaluechain

U Innovativematerialsare developedand integratedinto groundbreakingsystemsenablingthe
flexible secureandprofitablestorageandutilizationof energyunderform of greenammonia

U ARENHAwill demonstratepowerto-ammoniato-usagdechnologieat TRL5

Diesel
Why ammonia as a ftarrier? e (Octoncs ————————————
Liquefied Petroleum Gas ----
) ool - ! ! ! [ [ |
Z Liquified Natural Gas
I N N

Methanol
I I

voltlrﬁgtric Toillaél(\)/gy Easy to Ammonia (liquid - 35°C)
lique o
energy density q fy Ammonia (liquid 25°C) Zero-carbon fuels

Hydrogen (liquid) ™ Carbon-based fuels
I Ju
@ Compressed Natural Gas
Hydrogen (700 bar) The volumetric energy
density of a range of
Easy to store  Carbon Hydrogen (350 bar) el o ytions J
and transport  free Li-Battery (NMC) | | | : pr - ,
0 1 2 3 4 5 6 7 8 9 10

Energy density (kwh/l)
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Powerto-ammoniato-usage value chain in ARENHA

NH DECOMPOSITO

et INTO PURE,H

STORAGE
PRODUCTI( s

AND FOR
MOBILITY

H |
Solid state

| storage NH

It

— )

High Temp

RENEWABLE , Advanced Enharfced I Advanced N
ENERGY Electrolysis HabeBosh Lo 1 |decompositiaf
|
| Liquid NH

storage }\I

& \o '+ A
NH, solid oxid

1 fuelcell

| p——
Z a o Ema .-

electrosynthesis

GREEN &
NH, - :
= e New materials Lab Scale Available
and/or processes facilities
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Powerto-ammoniato-usage value chain in ARENHA
1'
NH, DECOMPOSITO
NH H2) & : INTO PURE,H
STORAGE
PRODUCTI( -
Two 5 kWe 10 kgNHy/day 10 Nm*h of pure
stack module (<80 bar, <450C) : hydrogen (>99.99% AND FOR
‘\ ! Solid state NH MOBILITY
RENEWABLE High Temp Advanced NHeed I N
ENERGY electrolysis Synthesis lo 1 |decompositio
I Liquid NH i\l :%
storage I_élNHs -
o E E——— F"2AC ﬁ
' = P> 1 I NH, solid oxid
| I I fuelcell
1 |
1 |
I |
[ 1
electrosynthesis

GREEN &
NH, - :
PRODUCTIC New materials Lab Scale [] Prototype [] Avallable
and/or processes facilities
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U To assess the social acceptance, techno-economic-environmental feasibility, and replication
potential of the developed value chains (LCA, LCC, LCS).

e ) f |
; Transporto
Endof life ‘ @ LifeCycle

Cost

\ Analysis ,
a b B \
Distribution ’
J [ Production Disposal Operating
cost cost
—

Preventive
Maintenance
cost

on the market
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U Multidisciplinary and complementary team.

—4 elcogen

TU/e

VENTURES

U 11 partnersin 7 countries
0 Industrial oriented (45%)5 SME/IND + 6 RTO/HES |

U 3SME< 2 IND
/ Industries \
— _)S/Research institu%ns PROTON
Universit

tecnal:a e« VENTURES
TU /e e = elcogen
TS |

J & Hidrégeno .x.x. Ha SITE ;-i"‘"""‘-“
Al —— o
<< || Z Fraunhofer e .
o eNGie ‘tecnal:a
- j & Science & Technology | | o o3 e
k"-' Facilities Council / E—r E L L /\ N T |3 . eu ‘X'!’ H2SITE

A )
midrégeno
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a ydrogen p N Ammonia synthesis ~ Ammonia storage

= | | P ||
Process Control: Process Control: Process Control:
* Flexibility . * Flexibility * Flexibility
* H2 productivity and ; e * NH; productivity and * NH; productivity and
purity Catalysts purity purity
* Efficiency * Efficiency * Efficiency
» Safety » Safety T * Safety
Product Control & o Product Control & T—— Product Control &
Reciclability: Absorbents Reciclability: Reciclability:
* Cell materials * Catalysts Absorbents * Absorbents
SOEC.eRIIS and SOEC stack * Stacks & stack modules * Absorbents 7
stacks modules and BoP 0w é?ﬂ° L2 €a§ % é‘?‘A).i
‘ ’ ‘%@.‘,é Electrochemical cells ‘ ) \%-\7}@ ‘ ’ \?”‘-\7".&
= =
% Fraunhofer || =4 Fraunhofer || Fraunhofer | | | [ oo 1 €0 GRRMORes | | 0 CRRAONeDTY - -
IKTS pr— - P
= elcogen = elcogen DTU DTU P == =
= elcogen éIE}/ éH o @ UK Research - >
r— 4 o ntroNa > > and Innovation
. JL Hldrogeno) \ Hidrdgeno / L > B > ) % Y, § ) \_ )
g AN _/ Y,
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Prototype Process, Quality
manufacturing Control & Recyclability

Ammonia Decomposition

Material

development and
scale up

il

Catalysts

«—

'

2. Project overview: Approach

Raw materials

End of life Transport _oi
raw materials
Distribution .
; " Production

on the market

Process Control:

* H, productivity
and purity

* Efficiency

+ Safety

Product Control &

Reciclability:
* Catalysts

Ammonia usage
Benchmarking of
novel technologies

SOFC NH,

Life Cycle
Cost
Analysis

Centro Nacional del

Hidrégeno

System integration and

H, production

Demonstration

H,
production

System
Demonstration

* X %

*
* %

* 4 X

NH,
L synthesis

-

NH,

NH,

storage
o

-
H,
Lclecomposition

H, refueling
station

™

S

8 * Membranes - NH; Synthesis
Advanced Membrane Ow @% ; - NH; Storage [ N, generation ]
Membranes reactor ‘ a ‘?\;IP%? NH, combustion - NH; Decomposition Fuel cel
— ° =
Eusmmn, || ofSte HoSITE| | Il HRSITE = Fraunhofer Z Fraunhofer
L) TU/e IKTS . kTS
TU/e TU/e ‘ ._:l; UdelesearctI] STEL NTIS x.x S;SGI_;_E Icflr:tdm !\I‘acioﬂal el eNGie
and Innovation i DO iarogeno
tecnal:a || tecnal:a tecnal:a T " ¢ PROTON \_ :
s AR A ) ||\\__== VENTURES ) /
- N \C
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P 2. Project overview: Impact
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More efficiently and cheaper lotgrm energy Hydrogen carrier:
storage in form of green ammonia Mobility, transport and industry decarbonisatic

Increasing renewable shares in the grid with |a

scale energy storage.

Strategic European leadership in energy store

Decrease energy import dependency by usi
ammonia to diversify energy supply (i.g) Hom

third countries

Support to the clean energy transition
European Green Deal.

U Alternative energy import through renewable
electricity storageandlongdistancetransportation
U Secureandcleansupplyof renewableenergy

=)

U Low carbonsocietyusinghydrogen

‘ U Replacenatural gas,coal and oil in hardto-decarbonise
industriesandtransport sectors(i.e.; maritime)

U Reducinghe amountof CO, emissions
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A Sternsandmarketdrivers

Objective : Analysemarkets stakeholdersandtheir needs
A Current marketand Futuremarketwith new usages
A Expectedstakeholdersnarketsfor A R E N Htécirmlogies

700

600 |

500

400

300

200 F

Ammonia demand (Mt)

100 f

2020
2021
2022
2023
2024
2025
2026
2028
2029
2030
2032
2033
2034
2035
2036
2038
2039
2040
2041
2042
2043
2044

(K}
<
o
~N

2027
2031
2037
2046
2047

©® Fertiliser applications @ Other existing uses Shipping Hydrogen carrier @ Power generation (Japan)

Expected ammonia demand up to 2050 for the°1 G scenariolRENA, 2022

048

o~

(o)}
=4
o
o~

o
LN
o
o~

Key Insights from the market analysis:

ARenewable energy at hundreds of GWs per year sc

A Carbon price to incentivize investment

A Subsidies to mitigate investment risk

ARegulation to set timelineReFUELIMO example)

AEconomies of scale: Electrolysis sagdto reduce
costs

A Certification and compliance to mitigate competition

ARENHA Final Public Presentation
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Ammonia trade

@ Ammonia loading facilities ~® Ammonia unloading port facilities

Jim  astowosw R0 gims Solos esw
AnhydrouammoniaProductrade Exporterandimportersn 2023 | Ammonia shipping infrastructure in 2017 , including a heat map of liquid
SourceObservatorgf Economi€omplexity ammonia carriers and existing ammonia port fadiBesce: The Royal Society
Main Exporters: _ _ _ Existing ammonia
ATrinidad and Tobago (18.6%), Saudi Arabia (15.3%), Indonesia (10%) and Canada (8.8 trading infrastructure
Main Importers: can support low-
AUS (15.2%), India (13.6%), Morocco (9.75%), Turkey (4.81%) and China (3.51%) carbon ammonia

exports

ARENHA Final Public Presentation
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areNH.a Activity 1: Market analysis
Low carbon ammonia supply
U 485 Ammonia projects (Feb. 2025) from 102 (Dec. 2022) for a te@tal.2 millions tons (Mt)
u  43.5 Mt ammonia capacity could be operational by 28307 Mt low-carbon (~90%)
50
40
30 m Gas reformation P.Iant Type

m Water electrolysis M Gas reformation

1 Other

N
(@)
T

B water electrolysis
Other

Ammonia capacity
(million tons per year)

—
(]

Category

Q Low-emission

o

2023 2024 2025 2026 2027 2028 2029 2030 ., O Transitional

Operational, firm and mature loasbon ammonia projects.

¢
}\ AMMONIA ENERGY
4 L ASSOCIATION

\ | Source: Ammonia Energy Association )
Y Low-carbon ammoniaproject basedon naturalgas(blue) set to lead near
a7 term supplycomparedto electrolysisbased(green)ammoniaprojects
43.5 Mt 155 U High financingcost and low offtakers willingnessto pay is a barrier for
263 greenammoniaproject developments

Operational Need of affordable and cost-effective green ammonia production

Firm (under construction, FID) technologiedo move more projectstowards FinallnvestmentDecision(FID)
Mature (offtake/EPC selected /FEED)
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Activity 2: Value proposition
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Objective :
1. Show value of technologyfor energy storage
2. Demontrateuniqueness andmarket impact (benefitsandcompetitiveedge)

How :

1. Characterize KERs

2. Evaluatempacts on customers
3. Create avalue map

Exploitable Results:
Goal: Determineandcharacterizeghe IP that canbe exploited

& 21 exploitableresultsidentifiedandcharacterized
U 6 Key Exploitable Results (KER)
A linkedto the 3 prototypes
A usedfor the businessnodels
U 15 other exploitable results:
A linkedto the other work in ARENHA

ARENHA Final Public Presentation
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Activity 2: Value proposition
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Key Exploitable Results:

N© Exploitable Result Lead Partner

KER1 H, supply for ammonia applications ENGIE
Advanced Electrolyte Supported Cell SOEC electrolys

KER2 . IKTS
for renewable hydrogen production

KER3 Advanced Cathode Supportgd SOEC electrolyser for ELCOGEN
renewable hydrogen production

KERS5 Advanced ammonia synthesis unit PV

KERG Adyanced ammonia decomposition membrane reacto H2SITE
using DS Pdhased membranes

KER11 Software tools for membrane reactor design TUE

ARENHA Final Public Presentation
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A raNH A Activity 2: Value proposition

Value Map:

Goal: Elaboratea valuepropositioncanvagvaluemap)for the businessnodel

ARENHA Value Proposition

Reliable and
Storage of intermitent stable energy Decentralized
= = bl t Enhance company Improve cost-
1. Define customer profiles renewable pover supply.  eneroystorage imags and VElty Sifciancy
L as an energy
A Compatibility with ; -
Describe Jobs (need to get done), Exising Lower carbon e vension leatEr oy CeLnew
. . . infrastructure. . . lling otherwise P i
targets and . selling o Del liabl
pain points & desired outcomes. Gain Creators g atons Remancost  GAINScuraled power S e
Global market CEIEEIRTE .. power supply to
Advanced integration E M Global market Comply with e Economic Offering clients 1
ammonia synthesis integration environmental Carbon opportunity compe_znnve o
unit integrated with - ] credits pricing Optimize
solid-oxide Facilitate —— regulations e
5 deployment of exipility : o production
electrolyser renewables Co2 Gain intel-g"rgtt]izL of Maln(;aln and ‘
- 5 il moaernize
2. M ap Va| ue creation Products L/ Scalability reduction independence renewables \< deribution  CUstomer
V' | h ARENHA | t & Services U | Versality [ ® infrastructure . Job(8) Mabnallge and
Isualize how solution | a : v
- i Complexity and cost of . mmm  energy supply
. . . Illlll‘I Curtaiiment integrating new r::wiT:tTJg : === and demand
eases pains and delivers key benefits —_— ey varket technologies nto i M L
Advanced ammonia Use of existing infrastructures flexibility of using volatility existing systems ' h production
decomposition unit (Cost efficiency) standardized unit bevend Aging H'?h ‘;]09 alnd (environmental regulation
| | ependance infrastruct echnical d inabili |
I I S on natural n ras'ruc ure Cha"enges of and sustainability goal S)
Pain Relievers e ﬂnit gas Pains current enery
Com_patibility with O High cost of storage solution
variable energy Complexity in it .
3 V I d t f t resources Fast deployment on- energy g efectrlcﬂy I High cost of
a I a e I site maragerment vs fossi Regul gtow co2
0 [ compliance
H ’ Fast production of Technological BUEETE Variable
Use customer feedback to align your oot R Gl Standardized ol operaton
i o and market volatility Energy Unavailability uncompatibility
offer with real market needs Subsidies o Reay orsioage o
system unit sellitens

Power companies and Energy

as Service companies

Value Proposition Canvas of ARENHA products.
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Activity 4. Business Model and Go -to-Market Strategy
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Objective :

Maximizecommerciaimpactof ARENHAresults

How :

1. DevelopBusines$lan

2. Definea Go-to-Marketstrategy

Questions we ask:

1. How do we bestusethe p r o | exmoitablsresultsto build abusiness?

2. What isthe finalbusinessnodelselectedfor the commercialexploitationof the ARENHAresults?
3. How will the businesgjeneraterevenue? I_VT_I

4. What productsor serviceswill generaterevenue? (ch_)\

Business model :
U A final businessmodel (BM) was selectedbasedon market analysisand characterizationof the key exploitable

results(KER)
U ThefinalBMis Energystorage unit for power, energy serviceand oil & gascompaniesdividedin 2 subBM:

ABM1: Powerto ammonia
ABM2: Ammonia to power
U The BusinesdModel CanvagdBMC) approachwasadoptedto characterizethe entire businessincludingcustomers,

revenuescost structure andkey activities

ARENHA Final Public Presentation

(Reproduction withopitiorpermissioaf ARENHA jgrohibited). 2025/06/03 Page?4



* X %

N 3. Business case definition
Activity 4: Business Model and Go -to -Market Strategy
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Go-to-Market strategy (GTM) :

0 Commercializatiorand GTM strategyare crucialstepsin launchinga new product or serviceto the market
U GTM helpabusinessntroduceits offeringto potentialcustomersbuildbrandawarenessandgeneratesales
U Outlines how to leveragedirect or indirect marketing,salesJogisticsand distribution channelsto deliver
A R E N Hlateonsto targetcustomersaimingto maximizesalesefficiencyandprofitability
& The GTMstrategy for a startup differs significantly from that of an established company. For startups,, the
focus is on attracting early adopters rather than the broader market.

The GTM strategyincludes
U Productdescriptionandvalueproposition U Pricingstrategy
U Identificationof competitors A Pricingmodel

U Positioning

A Marketrole anddifferentiation A Pricingstructure

A Positioningandlongterm vision U Distribution channelsandsalesstrategy
" RIEL IR THgEMCE U Revenuerojectionsandmonetizationstrategy
u Teams

U TimelineandMilestonefor:
A Technologydevelopmentnddeployment

A Enteringmarket

ARENHA Final Public Presentation
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AraNY A Activity 4: Business Model and Go -to-Market Strategy

Approach for revenues projection :

1. Forecastammoniademandn Europe
2. Assumemarketpenetration Market Penetration(Assumption)
3. Determine Serviceabl&larket U 1%penetrationfrom 2035to 2039
4. Determinenumberof unitssold i 2%penetrationfrom 2040to 2044
5. Productioncostof 1 unit (60TPD)= X1 M i 3%penetrationin 2045
6. Salepriceof 1 unit=X2M70{
. . )
7. Revle:nute:prIOJeCtlon ctedfor 2035 = Revenues forecast for intgerated NH3 synthesis
0 Firstsalesare projectedfor 3 600 30
0 Projectionsspanfrom 2035to 2045 = 500 | e
(4V)
) 400 F 16 17 - 20
= 300 } 12 13 o - 15
N
~ 200 } L 10
< 100 } 44450 5
o Lo oo o LIULILLILLILILLIL,
dHH8H288888¢8888888¢88¢
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System requirements, design and modelling

Objectives

U Define the industrial requirements for green hydrogen production units based on Solid
Oxide Cell Electrolysis (SOEC) technology

U Systenmodelling, process design and simulation
U Modelling and simulation of the integrated PoseAmmonia solution

U Techneeconomic analysis and comparison with benchmark technoltmygssess
technology potential
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System requirements, design and modelling

Industrial requirements
U The process parameters for the ARENHA process have been defined,;

U Mass and energy balance of each individual process unit were conducted to define the
iInputs and outputs parameters of each process block.
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4. Green hydrogen production

System requirements, design and modelling

SOEC electrolysis modelling

U0 Review of SOEC model with various level of complexity (from OD to 2D);

* X %

*
*‘,i’

* 4 K

U ldentification of key experimental parameters required for lumped model definition;

U SOECOD stackmodeldeveloped/Aspen o
Custom Modeler) and validated with
experimental data from FhGIKTS and
Elcogen

> {inCanos]
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P 4. Green hydrogen production

areNH-.a

*
* p K

System requirements, design and modelling
SOEC electrolysis modelling

U Implementatiorof StackModelwith systembalanceof plantmodel (AspenPlus)
Developmentof adynamicstatemodelfor modularSolidOxide ElectrolysisSystemgMATLAB)
U Processsimulationwith intermittent power sources

N

a b
- _ v (b)
Renewable Power Availability [MW] 7
30| System Electrolysis Power [MW] g Operation
’ : : : 10
11
25 } i 1; Hot Stand-by
14
= 15
g 20 + 16 Maintenance
= 17
- 18
o
§ = ;3 Cold Stand by
21
10} 22
gi Trans, Hot to Cold Sb
25
St 26
27 Trans, Cold to Hot Sb
28
0 " . A N 29
0 50 100 150 200 250 50 100 150 200

Time [h] Time [h]
(a) Electrolyser Energy utilisation. (b) Electrolyser Modules operation.
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System requirements, design and modelling
SOEC electrolysis modelling

U Evaluationof SystemKey Performancelndicators and benchmarkingwith low-temperature electrolysis
technologiesAssessmentf the potential,the strengthsandthe weaknessesf the full-scaleplant

8 50

—

-

s

=

c 40

i

ey

(=1

E

2 30

c

o

Q

B

= 20

c

L

o

=

9 10

[=1

(7]

E

2 0

a No heat With Heat No heat With Heat Alkaline

integration Integration integration Integration
SOEC CSC SOEC ESC Low Temperature Electrolysis
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P 4. Green hydrogen production
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AralhNlLld Ao

System requirements, design and modelling

Conclusions

U Developmentof a model, validatedwith experimentaldata,for the estimation of Solid Oxide
Electrolysisystemsperation performancesandcosts

U Despite disadvantageselated to lower TRL and high temperature of operation, Solid Oxide
Electrolysistechnologyallows for higher efficiencyhydrogen production with the potential to
compete with Low-T electrolysistechnologiesgspeciallyfor e-fuels (i.e. ammonia)production
applications
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areNHsa SOEC development
Development of modified cathode supported cells for SOEC (  Elcogen)

U The stateof-the-art SOFC is not optimized for electrolysis operation at high current density.

U New materials and microstructural changes in the air active layer and fuel active layer have been explored
to optimise cell for SOEC mode.

U New SOECs has been manufactured incorporating all the findings and then assembled in stack to be tested
in a 5kW system for validation.

Air contact layer
LSC

Air active layer
LSC

Barrier layer
GDC

Electrolyte layer
¥SZ

Fuel active layer
NVYSZ

Fuel substrate layer
A'JD'YSZ

' ‘ I"I;

Fuel contact layer

‘ Sgwasase 20 pm*
i EHI = 1200 ¢

Schematic representation (left) and polished SESdatiosgright) of a StafeheArt Elcogen commercial cell.
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areNH.a SOEC development

* x Kk

Development of modified cathode supported cells for SOEC (  Elcogen)

U Development of nevElcogerSOEC cell designs: | Temperature: 700 °C —SoAcell 0% Uf
o New materials in the hydrogen electrode active layer. 9Ni:1Fe 0% Uf
o Changes to hydrogen electrode active layer microstructure 9Ni:1Fe 75% Uf
o New materials in the air electrode layer.

9YSZ:1GDC 0% Uf
9YSZ:1GDC 75% Uf
—Ni+Fe/YSZ+GDC 0% Uf

E —Ni+Fe/YSZ+GDC 75% Uf
U Results:
0 Modifications to hydrogen active layer with positive results
ANi-Fe/YSZ
ANi/YSZ-GDC e | | | |
ANi-Fe/YSZGDC 0 -0.5 -1 1.5 -2 2.5

j (Alcm?)
Single button cell performance test results at
and low fuel utilization

AThicker active layer
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areNH.a SOEC development

*
»* *

Development of modified cathode supported cells for SOEC (  Elcogen)

U Validation of new materials in single cell tests in a stack envirc s
' i —Ref
o0 The NiFe/YSZ active hydrogen electrode gave best results: so L
—Ni/8YSZ-GDC

e . 4 -
A Faster stabilization 1400 bl e

A Stabilized by the end of the 100®ur test. 1350 | NiFe/8YSZ-GDC

A Comparable performance with reference cells
0 Choice for the E1500 demo stack:

A Ni-Fe/YSZ hydrogen electrode active electrode

A Thicker hydrogen electrode active layer

Voltage / mV
Noo@
(4] o
o o

1200

1150

1100 ' : ' '
0 200 400 600 800 1000

Time / h
Short stack test results with the most potential cell
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areNH-a SOEC Elcogen protype

E1500 Stack module design, assembly and test

U Assembly of the &KW demo stack withElcogerstacks.
U Successfully integrated into module EByGIKTS
U Test at test rig ongoing

ElcogerSOEC stack
module

Demo stack during integration into the module
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P 4. Green hydrogen production

areNH.a SOEC Elcogen protype

*
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elcoStack E1500 module design, assembly and test

SOEC operation @ -500 mA/cm?,SU 75 %, 80 % H,O inH ,

U Power in reference poin®,= -4.6kW,, 7.8 13

. . . . 5;725 r 1.25 >
U Stable and even voltage distribution =, o
@®©
7.2 - 12 =
o >
> =
®© 6.9 - - 1.15 9
3 -300 mA/cm2, 68% d FU, -2579 W, T_ref=658 °C ®
A Successiul result -f% 66 |  55% H20in H2, 700°C inlet ., 8
o =-500 mA/cmz, 76% d FU, -4562 W, T_ref=674 °C S
63 |  65%H201in H2, 680°C inlet o5

' ®m-500 mA/cm?2, 75% d FU, -4599 W, T ref=669 °C '

. 78% H20 in H2, 680°C inlet .

Vvi V2 V3 V4 V5 V6 V7 V8 V9 V10
Package
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P 4. Green hydrogen production
areNH-a SOEC Elcogen protype
elcoStack E1500 module design, assembly and test
SOEC operation @ -500 mA/cm?,SU 75 %,80 % H,O InH ,
0.35

i Long term test for 330 h with minor degradation
of' P,/P,= 3 %/1000 h (@00 mA/cmz 330 h) ' 03

. . 7.6
U Stable operation possible

N
al
a

~
o
1

Voltage [V]
\I
I
a1
o
|_\
Voltage difference [V]

A Good test 74
7.35 - -0
7.3 - 0.05
7.25 - - -0.1
7.2 - - -0.15
1 2 3 4 5 6 7 8 9 10
Package
ARENH m0h m330h =qU

(Reproduction Withquluw PEHTNSSIVUL ARCINMA HUTIVILEU). mver v v vy
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P 4. Green hydrogen production

areNH.a SOEC development

Development of modified electrolyte supported cells for SOEC ( FhG-IKTS)

* 4 *

End plate BiP
Glass step

Bipolar plate

Protection layer
Cell with 10ScSZ Electrolyte

and contact layer on air side

Glas frame

Nickel mesh

Bottom plate BiP
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areNH.a SOEC development
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Development of modified electrolyte supported cells for SOEC ( FhG-IKTS)

Pl v" V.

1 | r:"
-

8

L7
AN

‘ Cell production

BiEO|aI’ Elate
Ele ktrolﬁe

Nickel mesh

Roboter assisted Joining and
stack assembly initializing

Glas production

» Continuous component inspection

» Stacks with |0-40 cells
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areNH,a SOEC development
Development of modified electrolyte supported cells for SOEC ( FNG-IKTS)

U Decreasing the area specific resistance of the cell (ASR) by around 32%
o Improving the electrodes:
A Anode
A Adhesion layer at the cathode

0 Decreasing the sintering temperature

0 Decreasing the substrate thickness

ASR (area specific resistance) of cell measured at 8GQ)H2:H20=1:1 without CCL
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MK355 Stack module design, assembly and test

U Assembly of the kW demo stack with IKTS stacks
U Assembly with no problems

U Test at test rig completed

CADstudyof IKTS SOEC
stackmodule
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areNH-a SOEC FhG-IKTS protype

*
* 4 *

MK355 Stack module design, assembly and test

. . : 6 1
— (o)
SOFC operation @35A, T=835AC,40 %H, In N, =7 4 % Ftj, 49.4 Ni/min gas, 150.7 Nl/min air, 1677 W,
58 1| T air_0=835 °C, @V=4.923V, |qV/|=0.058 V | 005
=, T _air_0=835 °C, @V=5.055V, |qV|=0.081 V 0.9 2}
L 9,F . . . Y% G
. L. 0 0 o) 8 0 % FYg, 46.3 NI/min gas, 150.7 NI/min air, 1659 W, =
U Variation of fuel flow from 60% to 80% % 52 || T air 0=835°C, @V=4.871 V., |q/|=0.06 V | S
S - 0,85 =
© 5 3
A Perfect result g g
[5) 4,8 7 B 0,8 ©
A Homogeneous gas supply T o
4,6 - Z
- 0,75
4,4 -
4,2 - 0,7

V2 V3 V4 V5 V6 V7 V8 V9 V10
Package
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P 4. Green hydrogen production

areNHsa SOEC FhG-IKTS protype
MK355 Stack module design, assembly and test

*
* %

SOEC operation in Co -electrolysis mode @ -50 A (part load)
U Gas composition: 10% 56 % HO, 10 % CO, 24% CO 9 15

0 H/C=2 with 20 % reducing gas 7 2 % FiJ, 36.1 Nlimin gas, 80.6 NI/min air, -3876 W, || '+
851 T air 0=764 °C, @V=7.561V, |p/|=0.25 V 14 o
A Comparable values for steam electrolysis % 3 1359
(i.e.: 80%HKD in 20 % H) g 13 2
575 - 1,25 %
g 7 115 g
6,5 - 11T

A SOEC prediction with 120 W/cell >7 kW possible - 1,05

A More than 25NI/min H, from MK355 SOEC prototype 6 - -1

V3 V4 V5 ‘ V7 V8 V9 V10
Package

Q Voltage measurement includes current plug
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Comparison of elcoStack E1500 to MK35x

SOEC operation @ -500 mA/cm?,SU 75 %,80 % H,OIinH ,

U Power ofelcoStackE1500 comparable

) _ -84 - -84
MK35x stack 60 cell with temperature difference 114 K :
-82 - - -82
U ElcoStackE1500 operated at maximum temperature g : 8Q3W
whereas MK355 has wide operation window S 80 - 787 W - 80
- 1772w
£ .78 - -78
< - x Y756 W
Z 76 114K - -76
v . 73.4W
S 74 - | - 74
S :
n ]
72 - - =72
- X elcoStack E1500
70 MKSS 1 70
650 700 750 800 850

Temperature in °C
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areNH.a SOEC development
Conclusion

* x Kk

\

~ Fraunhofer

IKTS

U Stack tests with new cells: increased max. current density @ mA/cm?

U Upto-120Wi/cell can be converted to H

u  -115W/cell @Tref=800 C,-700 mA/cm?hFU=75%

U  Wide temperature window 75860 C (Fuel: 80% kD in 20% H, Air: 30 NI/min)

U 2x30-cell MK35x stack module commissioned for BEmin H, production at CNH2 for Haber Bosch
= elcogen

Affordable green hydrogen

U  Single cell tests with experimental electrodes: Addition of iron to hydrogen electrode increased performance

U  Short stack test with multiple experimental cells showed that the addition of iron also decreased stabilization ,‘ i
time in the stack. "

U E1500 stack module assembled and commissioned at IKTS
U Constant operation at500 mA/cm? at IKTS
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5. Green nitrogen production

The concept 0 electrochemically splitAirto N , and O,:

Air N,
--———v >
SN ’\f )

dgk D O
. o.o ) '0..0

Porous electrode with electrocatalyst

Dense membrane

JL
@ 3 g;
B4 RO
e 'gs«

Porous electrode with electrocatalyst

Two types of electrochemical cells backbone been developed

Case study 1 Case stud 2

~300 pm

10 pm

~300 pm

CGO = CepyGd 10195 LSF = LayeSro4Fe03.5
LSCF = Lag gSrg 4C0g-Feq 5035
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5. Green nitrogen production

N2 purity / %

500

400

W
o
o

Cell voltage / mV

100+

200+

98.8 94.1 89.8 85.9 82.3

Air | Air
-=- 807.0°C
= 755.0°C

=% 703.0°C
- 652.0°C

04 02

* X %

Performance and durability of Case study 1 cell infiltrated with catalyst
79.0
250
700°C o
> 200 e» Cell voltage 95% Nzw
= o :
o 150 & : ' 96% N,
o h——_— -
S “w
< 100}, 3
= 90% N, y
O 50} P
0 500 1000 1500 2000 2500
0.0 -
Time / h

10 —08 06
Current density / A/cm?

U Low overpotential at 65800 °C and current density below 0.8A/ém
U Durable for high purity N production
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AN 5. Green nitrogen production A
AaraNH
Performance and durability of Case study 2 cell infiltrated with catalyst
N2 purity / %
90:.4 8'{.8 85T.4 83:.2 8'_Ir.0 79.0 350
L Air | Air
>00 -e-ggl,o:c 300 I 700°C
i m:la:g'g = 3 - e» Cell voltage
400 r 6= 652.0°C i A
E -§-503_0:c e, !
= 200 D & 200 |
S S :
E S 150
5 200 = :
o 3 100}
100} > 50 L 98%N,
O Ts o6 o4 =0z 00 00 200 200 600 800 1000 1200 1400 1600
Current density / A/fem? Time / h

U Low over potential over a wild operation temperature range
U Durable for high purity N production
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areNH.a

* 4 *

DFT study performed on VNOx for potential catalyst for NH ; electrosynthesis

Oxygen x (%) .

0 6.2512.,5 18.75 25 31.25 37.5 — 0.8 -
S 0 L.
- S 0.6 -
g 017 &= 04
T -0.2 8 ; 02 -
o T
E -0.3 4 U 0 I I T I | I 1
S N 0, | 0 625125 1875 25 3025 7.5
1 'qu‘ N z .
e
} 0.5 = 04
c O 0
S 06 4 g 06 Oxygen x (%)
Theoretical onset potential decrease with O The thermodynamic barrier to hMadsorption
concentration (overpotential increase) decrease with O concentration

U Transition metal nitrides are active for the,ieduction to NH, but deactivates over time.
U Active sites are thought to be close to surface O.
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Synthesis of VNOx materials

VNOx synthesizedand studied
with XRD, XPS to confirm the
phaseandsurfacestatus

2NH VO, + 2CO(NH ,), A 2VO, + 2CO, + 4H,0 + 3N, 2NH 5 + 2VO,A 2VNO+3H ,0

VN synthesis Batch 2 Results VN synthesis Batch 3 Results as Nls Survey
. 250000
\
—— Background 00 4
VOX precursor ckgroun
3000 —— No Background * 0 Backgroun 20090 o \-ﬂ
00 4
2000
2000 - g B 4 =
1000
_——.Mw&_—/* 1 e -
] 150081
— B2.1 1
10000 000 50000
N o
> 5000 N 0} 025 a0 E 0 1200 1000 8% 60 w0 200
g ! 5000 1 Bincing Energy ev nding Energy ev
- 1 I i \ 2
0 H o | — so000
— B2.2 ] — —
10000 8000 B83.2 N2 cooling 000 &2.1m
ooooo g2
30000 — B3.1
4000 4 | — —— B3.2 N2 Cooling
2 ! \
| A 2000 .. 8 oo
= ‘ 4 e /A
N o 20000 \
vaos W VO W o 13000
| ‘ | 15000 o000
| iy | | | w wos0 000
20 2 4 50 60 L 0 20 2 0 50 60 70 80 %
20 deg 26 deg Wio w33 wea w5 who w3 a0 wia e P . .
Binding Energy eV Bining Energy eV
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Electrochemical characterization with Rotating disc electrode experiment

-1.2 1
0.0
-1.4 1
-0.5 4
< < 189 Bubbling Ar | BubblingN, | Bubbling Ar
-1.04 = | 1
E Ar-bubbled electrolyte (before N, test) £ s | !
o N,-bubbled electrolyte e - |
S ) ] ! |
O 154 O |
Ar-bubbled electrolyte (after N, test) 20 _WW
-2.0 1 29 ! ‘
-2.5 ' T ' T ' T ' T ' ] -2.4 T T T T - T T T T ‘I T T T T
-1.0 -0.8 -0.6 -0.4 0.2 0.0 0 50 100 150 200 250 300 350
Potential vs. RHE / V Time /s

Electrolyte solution: 0.1M HCIQ 1600RPM, catalyst o0& pg/cmic

U No electroactivitieobserved for NH, synthesis, Hevolution dominate the reaction
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/.Advance ammonia synthesis loop: sorbent

Absorbent material selection and capacity optimization

* X %

*
% *

*
* 4 *

0.3 T T T T T T T O 03 T T v T T
MnCl, - silica (40-60) - s0 27%
o 2 o 0.25 g/
3 FeCl, - silica (40-60) o a1i04% e
Q .- 5 S ()
£ —— MgCl, - silica (40-60)| Mg - 0.21 g/g g - 3 53% |
o> 0.2- ] @
= —
:
(@) Mn - 0.20 g/g —y
> o 0.1 )
O - - o=
§ 0.1 S
& =
O € 00 -
Fe-0.16 g/g <
0'0 ] T T | v I * I ¥ 1 1 v:
0 50 100 150 200 0 40 80 120 160 200
Temperature, °C Temperature, 'C
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/.Advance ammonia synthesis loop: sorbent

Absorbent material stability upon sorption/desorption cycles

Ammonia / sorbent, g/ g

Ammonia / sorbent, g/ g

0,
sO — 27 %wt.
03 . . . .
0.2+
0.14
des1
—des2
0.04 ——des3
—— des4|
0 40 80 120 160 200
Temperature, °C
0,
s2 — 46 %wt.
03 : . . ,
0.2+
0.1+
0.0+
— dess
0 40 80 120 160 200

Temperature, °C

Ammonia / sorbent, g/ g

Ammonia / sorbent, g/ g

0
sl — 34 %wt.
Ol3 T T T T
0.2
0.1
-des1
0.0 4 ——des3
|—— desd
0 40 80 120 160 200
Temperature, °C
0,
s3 — 53 %wt.
0.3 . ‘ : .
0.2
0.1
0.0+
——des4|
0 40 80 120 160 200

Temperature, °C
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Absorbent material stability upon sorption/desorption cycles
Sg +MnCl, (34%wt.)

Before cycling After full cycling After partial cycling

H WD = 95mm I Probe= 150 pA Signal A =NTS BSD

FullcyclingMnCL Y Mn(NH,),ClL,Y MnCLé
PartialcyclingMnCL Y Mn(NH,)CLY Mn(NH,),CLY Mn(NH,),Cl.é
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