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PROJECT SUMMARY

This report is part of the deliverables from the project "GreenHyScale" which has reéenddg
FNRY (GKS 9dzNRLISIY !'yA2yQa | 2NAT 2y Hnun NBaSINOK
101036935.

Hydrogen is crucial for overcoming anthropogenic €@issions and transitioning to a renewable
energy system, that is why hydrogen is included in the Europeantésngdecarbonisation strategy.
However, the technology is only available today at the MMV scale and requires upscaling to be
competitive.In addition, the EU offshore renewable energy strategy stresses the need for offshore
hydrogen production alongside onshore production.

The overall objective of GreenHyScale is thus to pave the way for thedeatge deployment of
electrolysis both orshore and offshore in line with both EU strategies. GreenHyScale will demonstrate

a minimum of 100 MW of green electrolysis based on a novel #kiWielectrolyser platform operated

in a unigue hosting environment at GreenLab Skive (GLABS), and capable&afios across Europe

with the associated economic growth and job creation. The project will show the benefits of green
electrolysis, in a replicable business model, accelerating the new green economy throughout Europe
and worldwide.

Moreover, as the tik between offshore wind and electrolysis is unavoidable due to electrical
transmission grid limitations, offshore electrolysis being necessary to achieve the EU offshore
renewable energy strategy. This is necessary as it is impossible to build largd eviadgand solar

farms on land due to social acceptance and other issues. Thus, an upgradgaesghre 7.5 MW
electrolysis module for offshore use will be developed and tested at GLABS. The GreenHyScale project
will form new, complete European green welchains that support the transition to a renewable
energy system by overcoming both technical upscaling and commercialization barriers, paving the way
towards GWscale electrolyser plants.

More information on the project can be found bitps://www.greenhyscale.eu
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OBJECTIVAND EXECUTIVE SUMMAR

Work Package 1 (WP1xperience from hydrogen demonstration projects and requirements for
upscalingconsists of four tasks and will have falgliverables and two milestones. The experiences,
upscaling challenges and hydrogen applications overview will provide guidelines for the development
of the 100 MW green hydrogen demonstration plant and its operation. The main objectives are the
following: (i) Reviewing experience and lessons learned from selected electrolyser plants and from the
partners of GreenHyScale; (ii) Defining requirements for the 100 MW electrolyser demonstration plant;
(iii) Identifying new hydrogen customers and preparationtef bfftake plan for the demonstration;

(iv) Addressing applications for grid balancing services. WP1 provides important inputs to all the
technical work packages (W/R2P6) and links activities with the replicability and exploitation work
package (WP8), Iting more the G\Ascale deployment in Europe.

The first task in WP1 is: TakK.:Experience and lessons learned from selected renewpatweered
electrolyser plants in Europe. The gathered experiences and the guidelines obtained from Task 1.1 will
be highlighted in this deliverable report D1.1, and thain aspects will be presented to all partners to
ensure that every participant has these guidelines in mind. These findings will be used in Task 1.2 to
define the requirements for the demonstration project. As partners consider the GreenHyScale project
as a step towards GW scale infrastructure, this deliverable report D1.1: Experiences from major
renewabléhydrogen demonstration plants in and outside Eurqpevides the requirements needed

for upscaling from earlier, smaller demonstrators to the 100 Mé¢tolyser systendemonstration.

More specifically, D1.1 delivers a comprehensive review and analysis ofkddM/ reaiworld
renewablebased electrolyser projects based on publicly accessible literandé¢he experiences from

the GreenHyScale project piaers. The study investigates P@ast and ongoing relevant high impact
demonstration projects as well as one feasibility study for a<&¥le electrolyser plant.

This D1.1 consists of the main report with six chapters and two appendixes. The mainfirepprt
presentsa reviewbased investigation of 24 M\Atale renewabldased electrolyser demonstration
plants and two feasibility studies developed in Europe and outside Europe. Among the 24
demonstration projects, nine projects demonstrate the use ahaspheric Alkaline (AEL), eight
projects utilize proton exchange membrane (PEM), six projects installed pressurized Alkaline (PAE),
and one project uses both AEL and PEM in order to understand and compare the two technologies.

Secondly, the reviewing oli¢ technicaleconomic performance of electrolyser systems and

NEySél of SkStSGiNRf@asSNI LINe2SOGa Ozyaraida 2F SEIF YA
normal capacity, operational performance parameters, development costs and CAPEX/OPEX of the
hydrogen systems/plants.hE key learnings can be summarized as follows.

A MW-scale renewablelectrolyser projects have been implemented differently in terms of
technology selection (i.e. AEL and PEM), hydrogen application, design and operational principles,
etc.;

A Publicly accessible guidelines and best practices concerning design, development and operation
of MW-scale renewabldased electrolyser plants are not available at the moment;

A Costs of renewabkaydrogen projects are decreasing due to scalingatéfevhich improves the
costeffectiveness of electrolyser technologies;
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A Hydrogen use is diversifying, largeale industryoriented applications are starting to emerge;
A Electrolysers are capable of offering grid service, if designed for that purpose;

A Valorization of electrolyser bgroducts remains challenging;
A

Regulations, Codes, and Standards Related to Hydrogen handling are important for the industry,
although none of the projects reported any safety issues;

A Commercialization was challenging bef@@20, and is beginning to take place now;

All stakeholders need to work together as early as possible in order to deliver a successful
commercialscale renewablelectrolyser solution.

Thirdly, vhen the 100 MW system operates at full capacity, its hydrqgeduction is about 2000 kg/h

and the operational safety must be carefully investigatédle development of the 100 MW green
hydrogen plant can learn from existing lessons (e.gnajor incident categories of hydrogen in section
4.1) to avoid repeatingistakes. It also faces new challenges and needs to learn by doing aatbere
limited installations and operational experiences available of large electrolyser modules/sy$tans.
installation oflarge electrolyser modules/systems need many permissidtisthe potential safety
issues related to the new interconnections (e.g. electricity, clean and discharge water, heat, products,
communicationetc.) between aspects of the new 100 MW green hydrogen plant need permissions
and the approval processes mighé time consuming. Since the 100 MW green hydrogen plant
involves many emerging technologieswitl employ many custom designs that are expensive and have
high failure risks.Furthermore, there are also limited FMEA (failure mode and effects analysis)

and experiences available to take advantagelbie standardization of interactions, installations and
tests is urgently required.

Fourthly, GreenHyScalaims at closing these gaps allowiggeen hydrogen plants to become a

preferred sustainable birsess solution without needingiovernment support. This will happen

through the scaling up of green hydrogen production from existing ssoale demonstrators to a 100

MW plant. The commercialization involves multiple dimensions that must be accounteddiaiding

policy, societal, financial, technological and supply chains Btis report has summarized the
collaborative effort withTask 1.3: Identifying new hydrogen customers and preparation of the offtake

plan for the demonstratiomnd Task 5:2Bushess plan, hydrogen effike and financing A case study

shows that thdevelized cost ofiydrogen (LCOH) can be redu@e@ wmT1:2 6 FNB Y wiedy G2 n
the offshore hydrogen production plant is scaled up from 2 GW to 4 GW under the case study
assumptbns.

Finally,two Appendixes provide therpject with information of 26 selected MVgcale electrolyser
projects, and European targets about hydrogen production from renewable electricity sources for
energy storage and grid balancing
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1.INTRODUCTION

The reportaims to conduct reviewbasedinvestigationof MW-scale renewabldased electrolyser
plants developed worldwide, w.r.t. technieatonomic performance. Key knowledge and experience
gained from various project stages, i.e. desigayalopment, commissioning and operation, are
included in the investigation for the purpose of supporting related activities of GreenHyScale

Work Package 1 (WPI1Experience from hydrogen demonstration projects and requirements for
upscalingconsists of dur tasks and will have four deliverables and two milestones. The experiences,
upscaling challenges and hydrogen applications overview will provide guidelines for the 100 MW green
hydrogen demonstration plant and its preparation. The main objectives aréotlowing: (i) Reviewing
experiences and lessons learned from selected electrolyser plants; (ii) Providing both technical and
economical requirements regarding the whole hydrogen production plant; (iii) Identifying large new
hydrogen applications includy offshore users; (iv) Addressing new hydrogen applications for grid
balancing services. WP1 will provide important inputs to all the technical work packagesNW®&)2

and will have linked activities with the replicability and exploitation work packadg8jWooking more

at the GWscale deployment in Europe.

The first task in WP1 i$askl.1:Experience and lessons learned from selected renewptweered
electrolyser plants in and outside Europe for benchmark creafitve. gathered experiences and the
guidelines obtained from Task 1.1 will be highlighted in this deliverable rdpbri.and the main
aspects will be presented to all partners to ensure that every participant have these guidelines in mind.
These findings will be used in Task 1.2 to defirerdguirements for the project demonstration. As
partners consider the GreenHyScale project as a step towards the GW scale, this deliverable report
D1.1: Experience from majorenewabléhydrogen demonstration plants in and outside Europe
provides theexperiences learned and the requirements needed for upscaling to the 100 MW
electrolyser systentdemonstration. More specifically, D1.1 delivers a comprehensive review and
analysis of MWscale realvorld renewablebased electrolyser projects based on pulgliaccessible
literature and the experiences from the GreenHyScale project partners. The study investigates twenty
four past and ongoing relevardemonstrations as well as one feasibility study for a-&Ale
electrolyser plant.

The reportis structuredas follows,

1 Chapter 2 presents aief introduction of the projects thatdve been reviewed,

1 Chapter 3 presents thorough analysis of techreconomic performance of theeviewed
electrolyser technologieand renewableslectrolyser projed,

1 Chapter 4 presntssafety and challenges related handling hydrogen at laicgde

Chapter 5 presents commercialization aspects of laage green hydrogen plants,

1 Chapter 6 encapsulates key learnings from and experiences of the reviewed projects and gives
recommendaionsto future actions

1 Appendix 1 presents detailed information of each project that has been reviewed,

1 Appendix 2 presentsechno-economic targets abat hydrogen production from rezwable
electricity for energy storage and grid balancing, which aratitied by FCHJU.

=
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2.REVIEWING RENEWABIYBDROGEN PROJECTS

The report has conducted a revidvased investigation of MWdcale renewabldased electrolyser
plants developed in Europe and outside Europe, w.r.t. techigicahomic performance. Key
knowledge and experience gained from various project stages, i.e.grjeslevelopment,
commissioning, and operation, are included in the investigation for the purpose of supporting the
related activities of GreenHyScale.

To meet this objective, 25 renewabtmsed hydrogen projects have been identified and analyzed by
the GeenHyScale consortium. According to the hydrogen project database published*ptheEé
were 986 projectsthat have been conducted or initiated worldwide until October 2021. In order to
identify relevant projects, the GreenHyScale consortium has appitie following three criteria to
identify relevant project activities.

1 Electrolyser is larger than or equal to 1 MW;
9 Electrolyser is driven by renewable;
1 Project status is decommissioned, demo or operational.

The initial selection has identified 35 prdjgcof which only seven projects are included in the analysis.
This is due to the majority being nguublicly funded projects and providing insufficient publicly
accessible information. In order to deliver a comprehensive analysis, the consortium hafiddent
another 19 projects. In all, the studied projects consist of 24 past/ongoing demonstration projects, and
2 recently completed feasibility studies. Geographically, the majority of the psogre located in
Europe. Fouflagship projects have beenddtified to represent China, Japan, Australia, and Canada
respectively. Table 1 presents a list of the 26 studied-Btale electrolyser projects that also includes
GreenHyScale. Appendix 1 gives key facts of each project.

All the demonstration activitieseported the use of renewables to produce hydrogen via the process
of electrolysis. The produced hydrogen is then used for different applications, including methanation,
mobility, industrial processes related to refinery and steel production, blendingtimtmatural gas

grid and reelectrification through stationary fuel cells, etc. Among the 24 demonstration projects,
there are 9 projects that demonstrate the use of atmospheric Alkaline (AEL), 8 projects that select
proton exchange membrane (PEMpmjects select pressurized Alkaline (PA&Nd 1 project chooses

to demonstrate the use of both AEL and PEM in order to understand the two technologies at the same
time.

The majority of the demonstrations use a combination of an electricity grid and neeutigble
renewable (VRE) plants to provide electricity to the electrolysers. Several demonstrations use green
certificates and power purchase agreement (PPA) to clarify the origin of electricity. A few
demonstrations connect the electrolysers directly he tVRE, which gives an onsite/behihé-meter
configuration.

1 https://www.iea.org/data-and-statistics/dataproduct/hydrogenprojectsdatabase

2The H2 discharge pressure for AEL, PEM and PAE are atmospheric, up to 3%ipatoad@bar respectively.
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GW electrolyser plant in the northern Netherlands for 2020 and 2030, using PEM and AEtivedgpec
By involving this project in the analysis, we aim to achieve a clear view of scaling effects.

The GreenHyScale consortium has used a mixture of knowledge and communication channels for
collecting relevant information of the 26 reviewed activitiésgl. techneeconomic performance,
learning knowledge and experience. These include unclassified project deliverables, presentations
presented by a project consortium/partner, news articles, interviews, and scientific articles, etc.
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Tablel: A brief overview the 26omprehensively studied M\cale electrolyer projects

Name
RH2-WKA (DE)

Audi e-gas (DE)
WindGas Falkenhagen (DE)
Energiepark Mainz(DE)
P2G-BIOCAT (DK)
Jupiter1000 (FR)

Markham Energy Storage, Ontario (CA)

PTG-BW (DE)
Hybalance (DK)

Heibei Guyuan Wind-Hydrogen (CN)

Store&Go Falkenhagen(DE)
FH2R (JP)

H2FUTURE (AT)
DemodGrid (AT)
REFHYNE(DE)

Haeolus (NO)

HyP SA (AU)

GigaWatt Electrolyser (NL)-2020*
GigaWatt Electrolyser (NL)-2030*
LHYFE Bouin (FR)
Greenlab PtX (DK)
Diewels (NL)

H2RES (DK)

REFHYNE Il (DE)
GreenHyScale (DK)
GREENH2ATLANTIC (PT)

Start Stop
Q4-2009 Q3-2014
Q2-2011 Q3-2014
Q3-2012 Q3-2014
Q3-2013 Q3-2017
Q2-2014 Q2-2017
Q4-2014 Q1-2023
Q1-2015 present
Q3-2015 Q4-2019
Q4-2015 Q3-2020
Q4-2015 present
Q1-2016 Q1-2020
Q3-2016 Q1-2023
Q1-2017 Q4-2021
Q1-2017 Q3-2023
Q1-2018 Q4-2022
Q1-2018 Q4-2023
Q1-2018 present
Q4-2018 Q4-2021
Q4-2018 Q4-2021
Q3-2019 present
Q1-2020 Q1-2025
Q1-2020 Q4-2025
Q1-2020 Q4-2023
Q4-2021 Q3-2026
Q4-2021 Q3-2026
Q4-2021 Q4-2027

Power source
Wind
Grid & wind
Grid & wind
Grid & wind
Grid
Grid & wind
Grid
Hydro Power Plant
Grid
Grid & wind
Grid & wind
Grid & PV
Grid &VRE
Grid & hydro power
Grid & VRE
Wind

Grid (green certificate)

Grid & wind
Grid & wind
Wind
Grid & wind & PV

Grid & variable renewables

Grid & wind
Grid (PPA)
Grid & wind & PV
N/A

Electrolyser Type

AEL
AEL
AEL
PEM
AEL

AEL & PEM

PEM
AEL
PEM

AEL (incl. AMW PAE)

AEL
AEL
PEM
PAE
PEM
PEM
PEM
AEL/PEM
AEL/PEM
AEL
PAE
PAE
PAE
PEM
PAE
PAE

* indicate the project is a feasibility studytherwise isdemonstration.

D1.1
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Use of Hydroge (and by-products)
FCCHP
Methanation & mobility
Gas grid
Gas grid, industry & mobility
Biomethanation to gas distribution grid
Methanation to gas grid
Gas grid
Trailers to HRS
Industry & HRS
Industrial process and mobility
Methanation to gas grid
hydrogen delivery to HRS & FCCHP
Steel plant
heating bakery plant & mobility
Refinery plant
Maritime & land mobility
Gas grid & hydrogen delivery to industry
Industry
Industry
Mobility, research center & industry
Methanol synthesis & mobility
Methanation & hydrogen delivery
Mobility
Refinery plant
Industrial and mobility
Chemical industry and gas grid
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3. TECHNE&ECONOMIC PEPRMANCE OF THE
ELECTROLYSER SYSTEMD RENREWBLE
ELECTROLYSER PRGJECT

31. 9] 9/ ¢ wh [LEGTRIJCONSUMPTIGN NOMINAL CAPACITY

Figurelillustrates the electricity consumption at a nominal capacity of the electrolysers applied to the
26 projects, wherein the-axis is the project start year. Arrow points are used to indichéevalues
estimated by the GW feasibility study. The values are further compared with the corresponding targets
defined by FCHJU for 2020 and 2030 respectiialyAppendix 2) By 2020, within the selected
demonstration projects, only PAE has met the 50Kyharget. Today, this number has been further
reduced to 49kWh/kg, which is getting closer to the 2030 target of 48kWh/kg.
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Figurel: Electricity consumption @ Nominal capacifgrow points are values reported by the GW
feasibility study)

3.2. OPERATIONNPERFORMANCGARAMETER

51 dF F@FrAtlroAtAdGe NBEFGSR 2 GKS StSOUNRfE&aSNEQ

MW-scale.Among theinvestigated 24 demonstrations projeainly 7projects haveaeported certain
operatioral parameters WindGas Falkenhagen (DE) reported that its 1.8MW AEL was qualified for the
secondary frequency control reserve in Germany without providing detailed opeshpanameters.
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It is therefore not included inTable 2 that presents a brief outlook of theollected operation
parameters.

Table2: Operatioral parameters of the electrolysers

Electr Start-up Respose
Elect. Ny from cold- | timein hot | Operation Ramp
Name Start capacity .
type standby conditions range rate
(MW)
(s) (s)
Energiepark Q3 i PP
Mainz(DE) 2013 PEM 3.75 <10 0-16096 N/A
Markham Energy
Storage, Ontario | Q1- PEM 2.5 - << - 0-80%/s
(CA) 2015
PTGBW (DE) 2%?5 AEL 1 <300 - 20-100% | » H J¥
Hybalance (DK) Q4 PEM 1.25 <10 <2
2015 '
H2FUTURE (AT) 2%1'7 PEM 6 <60 : 20100% | 10%/s
Haeolus (NO) 2%1-8 PEM 2.5 1200 30 12-130% -
GREENH2ATLANT Q4 i i 0 +3%I/¢
PT) 2021 PAE 100 20-100% 16%/s

*+/- indicates ramp up/down

Compared with the key performance indicators defi by FCH JU (as in Appendixall electrolysers

have met the expected performance levels by 2020. When comparing the performance between PEM
and AEL/PAE, although it has been notably highlighted thdeulbiibility is more often associated

with PEM, advanced AEL can have the same flexibility in terms of ramping and load following,
particularly when they are built with the purpose of good dynamics and flexfhilltyis is further
supported by the facthat renewableelectrolyser projects developed after 2020 often aim to use the
St SOGNRteaSNEQ FftSEAOAfAGE (2 LINRPJARS O NAR2dza 1 A
revenue stream.

3.3. CGOSTOF DEVELOPING ANBPERATING REWABLHELECTROLYSER
PROJEGT

The main problem with cost estimation for renewalglkectrolyser projects are the availability of data,
given its confidentiahature, and the retention otompetitive advantagdn this report, wepresentan
overview of theper MW cost forelectrolyserappliedin the reviewed renewabl@lectrolyser projects,

as shownin Figure2, the result of which is the project total budget died by the total installed
capacity of electrolyser. For a demonstration project that handles the electrolyser only, the per MW
cost is the sum of CAPEX and OPEX over the project period. It is therefore an indicator for estimating
the least cost of devefning and operating eenewableelectrolyserproject.

3 Maximum load can last up to 15 mins, then needs to be reduced due to cooling.
4v dzl £ @ DNA R{ = 5A8dlydigdrEchithniefid&tions and padiap at the Europeandelel Wdzf @ H A H O ®
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differ from each other in project location and duration, overall installed capacity, operational duration,

etc. Further, each project has different b elements, such as costs of R&D and installation, costs of land

use and infrastructure development, costspaErmission and operational costs, etc. For instance, the

Guyuan winehydrogen project in China has the highest per MW cost value because its budget covers

the cost of developing a 200MW onshore wind farm; similarly, the other two-¢xigh projects also

include the costs of developing and deploying additional relevant technologies, such as CO2 capture

and methanation for Juipter1000 and a 20MW solar farm.

Among the projects conducted before 2020, the MW cost of the Markham project has the lowest value,

iS® | NRPdzyR M®dp aeka2d Ly (GKAA LINR2SO0Z || Hdpa? Y;
Canada for demonstrating both grid regulation services and hydrogen blending into the natural gas

grid. Given that the project had a relatively short operatibperiod during the first 5 years, the budget

was primarily used to cover the related capital expenditures. The value is relatively close to the 2017
aaras 2F GKS /1t9- 2F t9ax A®PSd mMdPH aeka2T GKSNH
correspanding total installed cost (TRC)n this report, we follow the recommended structure of TIC

that is defined in the GigaWatt Eletrolyser feasibility study. It includes direct costs (i.e. all costs related

to electrolyser supply), indirect costs (i.e. expenses for engineering, manageowrgiruction

supervision, etc.), indirect owner costs (i.e. costs carried by the owner such as energy consumption

and land lease during construction) and contingencies (e.g. costs applied to cover risks like delay and
unknown scope).

In 2021, three 100MWenewableelectrolyser projects, namely REFHYNE I, GREENH2ATALANTIC and
GreenHyScale started to drive down the per MW cost towards a much lower level. The REFHYNE Il
project, which will deploy a 100MW PEM next to a refinery plant, aims to deliver a\peelsttrolyser

Oz2al @rtdsS 2F modndp aeka2d ¢KS DwIObIlH! ¢! [ beL/ I
by a 100MW PAE for the chemical industry and mobility, aims to deliver a per MW electrolyser cost

G tdzS 2F ndtT aeckaz? @ ¢HsEappyNBRB ahdl @sé¢ tetpfodued dydrdgenK ¢ A f
to meet the local hydrogen demand in an industrial symbiosisnet, aims to deliver the lowest per MW

St SOGUNRf&@asSNI Ozald @I ftdzS G ndpo aekaz2 @

Table3 shows a comparison between the per MW cost of the three 100MW projects and theddtate

art TICs estimated by the GigaWatt Eletrolyser feasibility study for both PEM and AEL based on a
comprehensive literature reviewl he per MW costs of the three 1200MW projects are already close to

or even lower than reported TICs. This can be due to a mixture of reasons such as national and
international hydrogen strategies, public and private capital influx, and rapid developnfent o
technologies along the hydrogen supply chain, all of which have happened within the last couple of
years. Both the projeed  a SR LISNJ a2 02ada FyR ¢L/ & FNBE KAIKSN
the CAPEX refers to equipment cost only.

5 Gigawatt green hydrogen plant: staté-the-art design and total installed capital costs, 1SPdtpber 26th,
2020
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Figure2: Per MWcost of electrolyser forenewableelectrolyser demonstration projects

Table3: Comparehe per MW costs of the three 100MW projects with the TIC values reported by the
GigaWatt Eletrolysefieasibility studyand the FCHJU CAPEX targets

Per MW cost TIC_2020 FCHJU_2020 TIC_2030| FCHJU_203

(@€ K a)? (a e ka)? @aeka) |[(aeka?i (ae kK a)?

REFHYNE II 1.49 (PEM) 1.8 (PEM) 0.9 (PEM) (g.lf—:gl?/l) 0.5 (PEM)
GREENH2ATALANT| 0.77 (PAE) 1.4 (AEL) 0.6 (AEL) | 0.73 (AEL) 0.4 (AEL)
GreenHyScale 0.53 (PAE) 1.4 (AEL) 0.6 (AEL) | 0.73 (AEL) 0.4 (AEL)

3.4. OPERATIONLCOSTOF ELECTROLYSBNRPRODUCTION COSTS OF

HYDROGEN

The operational costs of electrolyser projects consist of two parts: fixed cost and variable cost.

Together with TIC, the two cost factors will decide the production costs of hydrogen.

Because all completed demonstration projects operate at limited hauitis a variable load pattern
over a fixed project duration, e.g. often less than 4000 operational hours owgearoroject period,
it is challenging to get a whole picture of the operational economy.

Among the surveyed projects, only Hybalance reported a fixed cost of around 2% of its total hardware

cost based on its operational experience. The rest applies a value ranggofi2related economic
analysis.

The electricity cost plays a major parwviariable cost, which strongly influences the production cost of
hydrogen. For a renewableectrolyser project, the cost of electricity is dependent on its configuration

and operational strategy. For instance, the electricity cost is the marginal cose ofRE when the

electrolyser uses only excessive VRE production; when the electricity is supplied by a dedicated VRE
plant, the electricity cost is often based on a PPA; when the electricity is supplied by the grid, the
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electricity cost is subject to thelectricity spot price. Among the surveyed projects, many have done
various kinds of economic analysis and sensitivity analysis for various demo sites, periods, VRE and
electrolyser technologies, and methods of electricity supply. Corresponding resulises@nted in
Appendix 1 for the studied projectsigure3 presents a general analysis performed by the IRENA. It
illustrates how the reduction of eleaityser CAPEX and electricity price can help to achieve the goal of
achieving a competitive hydrogen production cost at different operating hours.

Hyrogen production cost (USD/kg)
Hyrogen production cost (USD/kg)

| 974 1947 292 3894 4867 5840 6814 s a760 1 a74 1047 2921 3894 4867 5840 6814 787 8760
Operating hours Operatina hours

Electrolyser system cost (USD 770/kW) + fixed costs I Clectrolyser system cost (200 USD/kW) + fixed costs
I Electrolyser system cost (USD 500/kW) + fixed costs I Clectricity price: USD 10/MWh
B Ciectrolyser system cost (USD 200/kW) + fixed costs I Clectricity price: USD 20/MWh
B  CElectricity price (20 USD/MWh) Electricity price: USD 40/MWh

+_ __, Bluehydrogen cost range . _ __ 4 Bluehydrogen cost range

Figure3: Hydrogen production cost as a function of investment, electrjmiige and operating hours

Source: IREA G.H.C.R. (2020). Scaling up Electrolysers to Meet tR€ Lbmate Goal. International
Renewable Energy Agency, Abu Dhabi.
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4. HYDROGEN SAFETY
4.1. REVIEWING CATEGORIESYDROGEN INCIDENTS

| & RNE2 3 S fjfafaabiliyAaddow minimum ignition energy compared to other fuels. In confined
areas, hydrogen leaks can cause asphyxiation and explosivity when ighiteth its small molecular
size, hydrogen can be absorbed by some containment matekidlech canreduce their structural
integrity (embrittlement) and result in higphressure metal pipeline cracks.

Among categories of hydrogaémcidents,10 major incident categorigédentified byH2tools.org based
on its Lessons Learned Databaselisted below.

a) Pressure relief device incidents

b) Hydrogen cylinder incidents

¢) Piping incidents

d) Liquid hydrogen incidents

e) Hydrogen instrument incidents

f) Hydrogen truck incidents

g) Hydrogen compressor incidents

h) System desigrgperation and maintenancecidents
i) Laboratoryinciderts

j) Fueling stationncidents

Figure4 presens results of a hydrogen incident investigation stuthat analyzed120 hydrogen
incidentsin 19992019.According to the analysis, laboratories are the most accigeone location,
accounting for 38.3% of incidents; followed by hydrogen fueling stations and hydread
commercial facilities, accounting for 10.6% and 9.0% respecti@eysesbehind these incidents
include equipment failure, human error, design flaws diguipment wise, the failure rate for
piping/fitting/valves, storage devices, vehicles and fueling systems are much higher than other types
of equipment.Human error manifests mainly ascorrect disassembly, assembly, movement, and
replacement due to unconscious or unintentional mistakes. Design flaws can materialize in many
forms, such as sensor false alarms, and short lives and early retirement of equigmeohsequence,
41.83%of the hydrogen incidents lead to property loss and damage, 10.27% of the incidents result in
human injuries and.32% of the incidents result in fatalitin comparison to the rates of injury and
fatality for natural gas related incidents, i.e., 10.87% &®b% respectivelythe fatality rate of
hydrogen inaents was twice that of natural gas incidents.
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7.98% 7.98%

10.64%

15.51%

32.28%

Piping/Fittings'Valves Hydrogen Storage Equipment
power Pi Vehicle & Fuelin Safe s
owe
ot Chemical Plant Ven ion § ment
acility Refinery Pre Rel ces r Systems
Production Facility Heating Equipment Electrical Equipment

(a) Incident location (b) Incident equipment

8.62%

1207% 8.19%

31.18%

517%

474%

431%
3.45%
3.45%

35.78%

Faquipm: Human Frros

Design Failure to Follow Standard Operating Procedurcs
Ina < Incamplete Operating and Maintenance Procedurcs
Deficiency in Procedures Abnormal Operations

Inadequate Venting Design Inadequate Equipment

(¢) Probable causes (d) Damage and injuries

Figure4: Statistics on hydrogen incidents

{ 2dzNOSY | Fy3a: Cd2dzry> SiG I & ¢&statsrs BydrogendiffisiorRan@ ISy &
RSG2y I GA2Y LINRPISaadéd LYGSNYylFrGA2y Il f-3M8BdzZNyFE 2F | @RN

Among the demonstration projects that have been investigatetthis report no incidents have been
reported. Because the majority of the projecms totest and demonstrateprototyped solutions
equipment malfunction probably camot be avoided. For instanceBIOCAT project has reported
unanticipated shutdown of electrolysers due to signal integration and ndedects in temperature
controls or valveswhich affected both commissioning and operation.

This fact of zeréncidents can be due to that alectrolyser projects need to comply with relevant
local and/or internationakegulations, codes, and standar(RCS), as well as safety measures etc.,
during the entire project lifecyclerailing to meet RCS can result in significant delay of permission
collection and/or termination of the project even from a very early stage. However, it should also be
noted that,today, the majority of the renewablelectrolyser projects consider local RCS and risks only.
Further, codes and standards affecting hydrogen applications are often industry specific. According to
HydrogenToofs there exists more than 400 codes and starus related to hydrogen applications,
which are developed and published by 48 bodies from different regions. Accordingly, projects
developed and operated in different locations for different hydrogen applications may follow different
RCS and implement thfent safety measures.

6 https://h2tools.org/
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4.2. CHALLENGES OF 100 GREEN HYDROGEN DHEBITRATION PLANT

Development of the 100 MW green hydrogen plant requires learnings from th@djor incident
categories of hydrogen in section 4.1. It faces new challenges and needs to learn by doing.

When the 100 MW system operates at full capacity, its hydrogen production is about 2000 kg/h. The
hydrogenrefuelling stationexplosion in Norway ir2019 was related to a capacity of 1 kg/h of
hydroger. The safety of such higlolume hydrogen production infrastructure should be carefully
investigated.

There are limited installations and operational experiences of large electrolyser modules/systams.
installations oflarge electrolyser modules/systems need many permissions. All the safety related to
the new interconnections (e.g. electricity, clean and discharge water, heat, products, communications
etc) between the new 100 MW green hydrogen plaeed permissions and the approval processes
might be time consuming. Since the 100 MW green hydrogen plant involves many emerging
technologies itwill employ many custom designs that are expensive and have high failure risks.
Furthermore, there are alsbimited FMEA (failure mode and effects analysis) tests and experiences
available . The standardization of interactions, installations and tests is urgently required.

The 100 MW demonstration plant will operate using tigh, fluctuatingelectricity from enewables.

The electrical power from a wind farm hiigher fluctuating characteristics than the wind speed since

it depends on the third power of the wind speddoreover, the safe operations of large electrolyser
modules/system@perating under conditiogincluding start/shut down and no wind for short and long
period.¢ KS LI NIYSNRa Ayadltflr A2y akoshowthdtifdtbniinuiggy | f
updating of the hydrogen safety training program is crucial for the safe operation of lgmpignts.

" Nel investigation into explosion &jarbo hydrogen statim
https://www.sciencedirect.com/science/article/pii/S1464285919302809
8 H2_ Utsira.pdf (newenergysystems.no)
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5.COMMERCIALIATION ®HE GREEN HYDROGEN
PLANT

With huge government investments into the emerging green hydrogen projects, there are large gaps
between the hydrogen project initiatives and actual hydrogen project implementations. GreenHyScale
aims at closing these gaps allowiggeen hydrogen plants tdbecome the preferred sustainable
business solutions without needimgpvernmentsupport by scaling up green hydrogen production to

a 100 MW plant.Very few R&D efforts have been dedicated towards the commercialization of the
green hydrogen plant since megrch institutions often have difficulties accessing the practical
experiences and data from both the emerging green hydrogen plants and the commercialization
involving multidimensions including policy, society, financial, technology and supply chains etc

This section will summarize the collaborative effort witisk 1.3: Identifying new hydrogen customers
and preparation of the offtake plan for the demonstratiamd Task 5.2Task 5.2: Business plan,

hydrogen offtake and financing A case study of thepst reduction potential of scaling up from 2 GW
to 4 GW is performed.

5.1. COMMERCIALIATIONTME 100 MW GREEN RIGEN PLANT

Task 1.1 has a collaborative effort witask 1.3: Identifying new hydrogen customers and preparation
of the offtake plan for thelemonstrationand Task 5.2Fask 5.2: Business plan, hydrogentakie and
financing

The aim of Task 1.3 led by Equinor is to enable the best market opportunities for GreenHyScale and
for the green hydrogen production plant in GLABS in general. theeigh the project has already
received the support from several potential offtakers, first and foremost EFUEL and QUANT, but also
supporting entities outside the consortium, it is necessary for the-teng operation and impact of

the plant to select andecure the most relevant customers.

Task 5.2: Business plan, hydrogentakie and financing is led by LHYFE. The key aim of the first 20
months of the project is to consolidate the business model for the site, to develop the hydrogen offtake
and to struture the financing of the minimum 100 MW plant. The objective is to have the plant
operating for 20 years including one sta@placement after 10 years.

The target of subtask 5.2.1: Hydrogen offtake isn@ximizethe hydrogen offtake. Several potential
offtake clients such as EFUEL and QUANT are already in discussions with GLABS and LHYFE to locate
production at this site or to upscale their capacity and hydrogen demand. As of today, a first green
methanol production will be operational in Q4 2021 witte need for around 1115 tons of green
hydrogen per year. The potential for green methanol productiossib@ is many times bigger and will

be upscaled when more renewable hydrogen becomes available. As a result of the first methanol
production at GLABSnafftake contract was signed for supply of 50 million liters of green methanol
between Relntegrate and CircleK, and there is demand for more. Other specific sectors such as green
ammonia production and renewable hydrogen for the maritime sector and niwpl{lHFUEL) are
already under discussions. The activities conducted in this Task will be in strong interaction with T1.3,
where hydrogen market and offtake opportunities for the GLABS site demonstration and beyond are
studied.
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5.2. POTENTIAL ECONOMHEDIBFITOF SCALINGP EFFEST

This section presents a summary of the case study of the cost reduction potential of scaling up from 2
GW to 4 GW green hydrogen production offshore. The simplification assumptions afel/éteed
cost of hydrogerfLCOH) calculatianethodology are given in referente

To identify the potential economic benefits of LGHP and OWF segdingsults of the base case A

and A3 of 2 GW OWF with 2 GW versus 4 GW OWF are listed in Table 4. As shown in Table 4, the
electricity generation W be doubled annually from 195 TWH to 390 TWH whilel¢kelized cost of
electricity (LCOHE} reduced from 80.3 to 78 MWh due to the scalingip effects of thedoubling of

installed offshore transmission infrastructureK® [/ hl A& NBRdAzZOSR o0& wMT:
following the LCOE reduction. Further R&D of the economic benefits of suoplieffects are
recommended.

Table4: A comparison of the scalgp effect from 2 GW to 4 GW

Hz Electricity 2 GW case 4 GW case

price | price . .

e/kg | eMwh Es)sdeu;?jsz No H gaés\(/av: K production: S;sdeuciz)sne. No H AszZ;s\sz. kK production:
NPV M IRR %| NPVa € IRR % | NPVae|lIRR % | NPVae|lIRR %

2 -2473 1.0 -6951 -1.7 -4469 1.3 -10704 | -5.3

4 80/40 -2473 1.0 -1954 2.3 -4469 13 -710 4.5

6 -2473 1.0 3042 8.7 -4469 1.3 9283 11.2

Electricity (TWH) | 195 195 390 390

Electricity to grid 195 155 98 0

LCOE/MWh 80.3 72.0 78.4 72.0

H2 MT 0 4009.5 0 8019.0

LCOH/Kkg N/A 4.8 N/A 4.1

With huge government investments into the emerging green hydrogen projects, there are large gaps
between the hydrogen project initiatives and actual hydrogen project implementations. GreenHyScale
aims at closing these gaps allowiggeen hydrogen pints to become the preferred sustainable
business solutions without neediggpvernmentsupport by scaling up green hydrogen production to

a 100 MW plant.Very few R&D efforts have been dedicated towards the commercialization of the
green hydrogen plant since research institutions often have difficulties accessing the practical

% Wei He etal 2022 J. Phys.: Conf. Ser. 1618 042037
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experiences and data from both the emerging green hydrogen plants and the comlizaitton
involving multidimensions including policy, society, financial, technology and supply chains etc.

This section will summarize the collaborative effort witisk 1.3: Identifying new hydrogen customers
and preparation of the offtake plan for ¢hdemonstrationand Task 5.2Task 5.2: Business plan,
hydrogen offtake and financing A case study of the cost reduction potential of scaling up from 2 GW
to 4 GW is performed.
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6.LEARNINGS AND RECENMATIONS
6.1. KEY LEARNINGS FRG# REVIEWED HYDROBEOJECTS

Renewableelectrolyserbasedgreen energy solutionwill undoubtedlyplay an extremely important

NREfS Ay (2RIF@ |yR TFdzidzZNBEQa adzaill Asgdaléeint&ratoyd NBe a
VRE and delivery of renable hydrogen to thethard to abate& sectors which carbe directly

electrified. However, designing, developingnd implementing renewablelectrolyser systems are

rather sophisticated the success of which requires dedicated effamt sharing, learningand
collaboration.

MmN

To establish an understanding of the statiethe-art of related technologies and engineering practices,
the selected 26 former and ongoing renewaklectrolyser demonstration projects have been
reviewed. The facts and links to each project are given in Appendix ltesmtgho-economic
performanceanalysis are given in Chapter 3. The key learning points are summarized as follows.

Guidelines and best practices with publicly accessible details ariesing: Due to the technical

novelty, complexity, and crosfisciplinary nature, until now, there are no guidelines for
calculating/estimating various cost items related to renewadliectrolyser projects and for guiding

the system design, construction, édroperation. The majority of past projects experienced various
kinds of unexpected issues related to engineering, economics, social acceptance, etc. Reported
examples include agreement breach during land leasing, delay in permission acquisition, logistics
delays,careless design and integration mistakes, underestimation of the level of complexity, etc. To
address these challenges, several project consortia suggest engaging all relevant stakeholders as early
as possibleA few also indicated the importance that all involved partners need to have a much higher
economical risk willingness during the phase of learipgloing.

Source of electricity:When the electrolysers are connected to the main grid, green/generation
certification are needed to document that the source of electricity is renewable. IrPITHEBW, a
hydropower plant directly powers the electrolyser, making it easier to document the source of
electricity. For projects which use excessive WRower the dectrolyser plants, there is a risk that
the electrolyser plant may have low operational hours due to the availability of renewable power.

Harmonics When Electrolyser is connected to the grid, projects like Hybalance and HyPSA reported
that harmonics cou be observed at the point of connection. This can be due to a mixture of the
St SOGUNRfeaAra adl o01Qa y2yftAYSEFENAGE OKFNFOUGSNRAGAC
project HyPSA, this problem was addressed by installing a dedicatedhia filter.

Use of hydrogenDue to there being no established hydrogen market, all the demonstration projects
used the produced hydrogen to meet some dedicated applications, ranging from hydrogen blending
into the natural gas grid to mobiligriented hydrogen fueling. It has been observed that there is a
growing interest in using hydrogen for industrial and chemical processes, such as refinery and steel
production, as well as for producing liquid fuels. Therefore, green hydrogen is usedasithairect
replacement of the grey hydrogen or as a new solution to some-t@abate sectors, such as aviation

and maritime.

Use of electrolyser byroducts: For lowtemperature electrolysers, the byroducts include
recoverable heat and oxygen. Harnessiaste heat of electrolysers often requires an additional heat
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recovery system, and/or temperature boosting because tihgerational temperature of low
temperature electrolysers, approx. 65°C, is not very high. Among the reviewed projedys,

Demo4Grid hasa concrete plan for integrating waste heat into the hydrogen value chain. In
55Y2nDNARZ | o®dHa? t!9 ¢l & AyadltftSR ySEG G2 | 1
St SOGNRteaSNRa ¢l aidsS KSHG gAfft 0S5 HAbUMS BiNbel SR Ay
further deployed. In other projects, different options have also been investigated. For instance, in
BIOCAT where the electrolysetasated at a sewage treatment plant, it was diagnosed that the heat

might be used to préneat sludge bfore digestion and thereby substitute a different heat source. In

Haeolus, the possibilities of using waste heat for greenhouses and district heating in Berlevag are
currently being investigated.

Regarding Oxygen, although it is widely used in the pheeutical industry and other industries, it

will require that the oxygen is bottled and transported to the right location. This is often not the case
where the renewableslectrolysers are deployed. Until now, the majority of projects clairtes
demand forclean oxygen is too limited to make it suitable for the capture and marketing of the oxygen.
In Haeolus, there is an ongoing investigation of using oxygepdiod oxygenationin Aquaculture
plants and chemical feedstock for the production of hydrogen peroxide. BIOCAT conducted the
economic feasibility of using oxygen wmaste water treatment plants, which requires further
investigation of the technical feasibility. REFHYMNiglitates its objective of valorizing the oxygen in
refineries, without disclosing any details.

PYOAE Y263 O f 2 N iptodudtrgmaigsthalengh® i N2 f e aSNERQ 0@

Electricity marketdriven operation When the electricity is bought from the etecity spot market, it

is possible for the electrolyser to buy electricity at low or even negative prices during certain operating
hours. To enable this type of markdtiven operation scheme, it requires flexible operation of the
electrolyser plant and lectricity price forecast. Among the project reviewed, several have
demonstrated the corresponding techrezonomic feasibility of such an operational scheme. It is also
suggested to have properly sized compressor and storage capacities in order to etti@afiegible
operation of the electrolyser without stopping the H2 supply.

Grid services:For electrolysers, it is important to have the ability to provide grid services, including
but not limited to power balancing. This is because it offers electradyae additional revenue stream

that helps to reduce the cost of hydrogen production; it facilitates lesgge integration of VRE into

the power system; it stabilizes the electricity grid. The last two points are particularly relevant for
isolated powersystems (like an island) for future power systems, wherein balancing resources are
scarce, and electrolysers become a noticeable load in the power system. Further, it will become
increasingly relevant in continental systems as RES penetration keeps ingresisce frequency
control services will be increasingly needed to counteract the decreasing inertia also in continental
grids.

Table5 presents an overview gfrojects among the reviewed, that have demonstrated or plan to
demonstrate using electrolysers forffdirent types of grid services.
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Table5: An overview of projects using electrolysers for grid services

Electrolyser Type Grid Service Type Status

WindGas Falkenhagen (DE) AEL Secongg:]);rl;rle quency Qualified

Markham Energy Storage, Ontar Frequency regulation o

(gi\) 9 PEM q ser\Xc éog Qualified

Hybalance (DK) PEM FCR Qualified
H2FUTURE (AT) PEM FCR Planed
DemoA4Grid (AT) PAE FCR/aFRR Planed
REFHYNE(DE) PEM FCR/aFRR Planed
Haeolus (NO) PEM All types of reserves Planed
Greenlab PtX (DK) PAE FCR/aFRR/mMFRR Planed
GreenHyScale (DK) PAE FCR/aFRR/mFRR Planed

Until now, electrolysers have shown their technical capabilities to provide all types of balancing
services, including frequency containment reserves (FCR), automatic frequency restoration reserve
(aFRR), manual frequency restoration reserve (MFRR) afateepeserve (RR), provided they are
equipped with appropriate controlling technology. Currently, electrolysers do not play a tangible role
AY 3INAR &aSNIBAOS YIN)lISGazr 46KAOK Aa RdzS (2 YINJS
still small ompared to the demand for grid services.

Economically, many projects have performed economic analysis for using electrolysers to provide grid
services. In general, grid services that require faster activation typically offer higher revenues. Because
the price of balancing services is affected by many factors, such as market design principles, liquidity
and competition, reatime generation, consumption, and power system status, etc., it is often difficult

to predict bidding behavior and subsequently aantioutcomes for the balancing service providers.
Because of uncertainties, several projects suggested that before using electrolysers to provide grid
services, it is necessary to have transparent/affirmed price signals and/or intelligent operation
algorithms for revenue stacking and avoiding any economic loss due to load factor reduction.

Alternatively, emerging local flexibility markets run by distribution system operators DSOs and internal
balancing services required by portfolio owners or local enesygyem operators started to emerge.
This may attract electrolysers to offer the corresponding services to the new group of service
requesters.

Regulations, codes, and standardglost of the completed projects do not seem to experience any
severe issuesuding site preparation and operation. Several projects, such as Demo4Grid and H2RES,
have published comprehensive studies concerning relevant permits, environmental approval, and
safety codes, etc. IMarkham Energy Storage, 25MW PEM was even installéd a residential
neighborhood with full approval for operation by the multiple certification bodies that have
jurisdiction. Stillsafety and risks related regulations and codes may vary from one location to another.
This requires project developers émgage relevant stakeholders as early as possible and continuous
effort on RCS harmonization at both national and international levels.

n Canada, fast frequency response providers must respond within 0.2 seconds (or 12 cycles) when the grid
d23a0SyYyQa FTNBI|jdzSyde KAaAGa popdpl 1T G2 oNARYy3I AG o6F O] dzJ G2
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Scaling effectsElectrolyser is still a relatively expensive technology, which to some degree influences
the productioncost of hydrogen. Today, both the global manufacturing capacity of electrolysers and
the production capacity of individual electrolyser plants is quickly increasing. This reureasit
manufacturing cost for electrolysers and enables electrolysersay g more vital role in commercial

and industrial applications. What has also been recognized is the scaling effects de@apulyfor
overall renewableslectrolyser project costs, wherein laue costs, permit cost and infrastructure
cost, etc., are ataken into account. This has been well demonstrated by the hundreds osbilé
activities.

Potential towards commercializationAmong the studied demonstration projects, very few managed

to continue operation before 2020 after the demonstration was pbteted. This implies the cost of
hydrogen produced through electrolysis and the costs for related technologies remain challenging. This
further affected business cases for related hydrocarbon derivatives like methane.

At the moment of reporting, the EU,34, China, Japan, India, South Korea, etc., have established a
role for hydrogen in their longerm national energy strategies. Meanwhile, there are quite a few
public-private partnerships have been formed worldwide aiming to speed up technology develdépmen
scaleup technology impacts, and tgut new business opportunities.

Renewableclectrolyserbased green energy solutions withdoubtedlyplay an extremely important
NREfS Ay (2RIFe& | yR ¥FdzidzZNBQa adz il Agdalarie§ratiGnoS NH &
VRE and delivery of renewable hydrogen to tiiard to abate sectors which can be directly
electrified. However, designing, developing, and implementing renewalklgrolyser systems are
rather difficult; the success of which requires dmated effort in sharing, learning, and collaboration.

6.2. RECOMMENDATIONS

There are many large gaps between the learnings from the reviewed hydrogen projects and the
requirements of developing a 100 MW green hydrogen demonstration plant in GreenHyScale.
Upscaling green hydrogen production involves many emerging technologies argatmmological
barriers.

The hydrogen safety remains the highest priority of all projects. Chapter 4 has reviewed the 10 major
categories of hydrogen incident®evelopment éthe 100 MW green hydrogen plant can learn from
these 10major incident categories. It has new challenges and needs to learn by ddihg.
standardization of the interfaces to simply the installation permissions and the costs are highly
recommended. Fuhtermore, the 100 MW demonstration plant will operate using ltiigh, fluctuating
electricity from renewables and deal with the operational conditimmduding start/shut down and no

wind for short and long periods.

Commercialization of the green hydrogplant is crucial tdecoming a sustainable business solution
without needinggovernmentsupports. One case study shows tteOH is reduced by 17% (from 4.8
2 n &by sealing 1 dhe green hydrogen production capacity from 2 GW to 4 GW though there
are many simplifications that have been introducé&drther investigations are recommended.

In conclusion, renewablelectrolyser systems/plants involving both emerging technologies and
business solutions can be identified as a promising option for fditiitaenewable integration and
delivering costompetitive green hydrogen and its derivatives to society. The majority of the ongoing
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activities are learning by deployment. Due to the rapid development of technology and market, there
are very few best prdices that offer detailed and easyccessible experiences and knowledge. The
transfer of previous and current related knowledge and experiences towards breakthrough
technologies and viable commercial applications is essential to reach the goals of &-cléuttl
Europe.
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APPENDIX-IPRAQECT INFORMATION

Appendix 1providesfacts and links to each of the 26 renewable/hydrogen projects that have been

investigated in Task 1.1 of GreenHyScale. A list of the project names is diabiein

info./objectives

Order 1

Name RH2WKA

Location Grapzow, Germany

Duration 10/01/2009- 07/31/2015

Type Demonstration and innovation

General Develop and demonstrate a wind farm as an adjustable power plant thre

hydrogenbased energy storage amegenerative technologies.

Electrolyser (and
other facilities)

11 MW Alkalineelectrolysis fromHydrogenics210 Nm3/h hydrogen productior
60.7% efficiency (HHV)

9 hydrogen compressor 310 bar

1 hydrogen storage approx. 3,300 Nm3 (300 kg)

Power source

9 28wind turbines (up to 7.5MW/WTG)

Hydrogen (& by
product) use

9 Regeneration of electricity and heat through 2 combined heat and power p
(160 kWel+90 kWel, 400 kwth), 33.2% electrical efficiency

Construction

approx. 12 months from shell constructionttial operation

Operation

unknown

Economy

4.5M EUR for R&D + capitahknowr)

Key
learnings/results

9 Development of an intelligent control software between wind turbines and |
storage circle

9 Development of a modular hydrogen power reconversion imR50 kW class

9 Development of a measuring awdntrol software for thehydrogen system

9 Development of an energy siage system that produces no 20

1 Integration of a sustainable energy storage system into an already existing e
supply structure baston fossil energy sources

1 Direct storage of wind power without using the power grid

Others
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—

1 https://www.rh2-wka.de/projekt.html

Ref T WeiRe M, Stolten D, Grub€&. Projekt RHRVKA Making Wind Energy a Stec
Power Source[C]//Proceedings of the World Hydrogen Energy Conference,
2010. 2010.
Order 2
Name Audi egas
Location Werlte, Germany
Duration 2011-2014
Type Commercial
D1.1 www.greenhyscale.eu
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General
info./objectives

Develop and demonstrateyasthetic methane production through the methanation
hydrogen produced by electrolysis using renewable electricity.

Electrolyser
(and other
facilities)

Alkalineelectrolysis plants of 3 XMWel,from McPhy, which produces up to 1,3(
Nm3 of hydrogen per hour

Power source

Grid connected (partly by nearby witarbines 4x3.6MW)

Hydrogen (& by
product) use

1 Synthetic methane injected into natural gas grid.
1 Sirce 2019, a hydrogen refueling statisras developed.

Construction

July 201iMay 2013

Operation

Begins in 2013

Economy

several tens of millions of euros

Key
learnings/result
s

9 Assumingpperating time of 4,000 fullbad hours, almost 1,000 tons of methane ¢
produced per year

1 Qualificationfor secondary control reserve

9 CO2 comes from an adjacent biogas plant

1 Waste heat integrated intan adjacenbiogas plant as process energy.

9 Non-profitable.

11D

Chemical synthesis
In the Ary arvd CO

Production process e-diesel

Planning of Audi e~diesel plant in Laufendurg
1347

1. Renewable electricity
"ty GLERed

Farmewsiie oo

COOwer

o
s

Others
co,A
Qe ° Inha-trmur’o tot'flp‘llbllﬂ
Ref 1 https://www.audi-technologyportal.de/en/mobility-for-the-future/audi-future-
lab-mobility en/audie-gas en
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Order

Name

Location

3

WindGag-alkenhagen

Falkenhagen, Germany

Duration

August 2012; July 2014

Type

Demonstration

General
info./objectives

9 Demonstration othe Powerto-Gas process chain,
9 Optimize operational concept (fluctuating poweorn wind vs. changing gas feec
1 Gain experience in technology and gost

9 Feed H2 into the higpressure transmissionatural grid pipeline at 55bar,

Electrolyser (and
other facilities)

16 Alkaline electrolysis (HySTA®B®, 31kW each, 60NM3/h, 10barwith all
peripheralsin 20F) suppliedby Hydrogenics
9 A 40 Ft container including 2 compressors to compress the hydrogen to 55be

Power source

Local vind (unknown capacity

Hydrogen use

T H2 fed via a 1.6 km hydrogen pipeline into the gas gtié5baroperated by
ONTRAS®astransport GmbH.

learnings/results

Construction August 2012August 2013
Operation August 2013July 2014
Economy Unknown
1 More than 2 mill. KWh green hydrogen have been produced and injected int|
grid up to July 2014
Key 9 More than 7000 operatingours with more than 500 starts and stops

9 No PtG specific shutdowns have been detected during operdiiegradation was
not detectable.
9 The technology fulfilled the requirements of the iB@an secondary balancin
market.

Others

—— The figure illustrates the
= electrolyer following well €
A : ‘ﬂ control reference w.r.t the
‘ German secondar)

frequency control service.

—Sollwert Pel [MW]

Leistung [11W]
e s

N L
ot pa ] Lol i

I R R I R R R R SR R
S o ; & @ o F S
R A R R R R
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91 Thomas D. Alkaline vs PEM electrolysers: lessons learnt from Falkenhagt
WindGas Hamburg[J]. URL

Ref . . .
http://www . hydrogendays.cz/2016/admin/scrigfsource/presentations/PLY
200%% 20Denis% 20Thomas_HDs2016.qadtess date, 2018: G8L.
Order 4
Name Energiepark Mainz
Location Mainz Germany
Duration 20132017 (researclproject) and 2017(commercial operation by Linde)
Type Research and commercial
9 Connection to 10 MW winglarm and local Network (20 kV)
9 Develop an energy storage plant in order to provide grid services (bala
General mechanisns toavoid grid bottlenecks)

info./objectives

Electrolyser
(and other
facilities)

Power source

Hydrogen (& by
product) use

Construction
Operation
Economy
Key

learnings/result
s

D1.1

1 Injection in local gas grid and multse railer-filling
1 New conditioning concedgionic wet gas compressor)
9 Demonstrating safe handling of hydrogen and create awareness in public, po

9 three SILYZER 200 PEM supplied by Siemens Energy, total rated power &
(6MW temporary max), stamip from coldstandby less than 10 seconds, rat
production 20kg/h, overall efficiency 5%

1 a two-stage ionic compressor 350kW,112kg/h 15/250bar, and hyehiogforage
26MWh/780kg

1 Trailerfilling 200bar, 306600kg storage capacity

10MW local wind and external grid

9 Green hydrogen to gas grid
1 Deliver to surrounding industries
1 Regional fueling station

unknown

unknown

MT YA £Furkliggy~5e% (BMWi)

1 Technology has been successfully demonstrated.

9 When operating at temporal peak, conversion efficiency of app6a¥s, h is
reduced to 59%, which can run bhinutes. After this period, the load must b
reduced due to cooling
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- Normal operation between 01.09 and 23.10.2015 Sggk';‘:)el;:gufj
= Electricity supply through EPEX Spotmarket e, m%
(during the week 8:00 -18:00) 1000 o]
= Approx. 700 MWh electricity consummed
= Approx. 40 Trailer filled s0] . !
i 100 ! H2-Produktion L
-~ Expected dynamic and power consums is achieved 4 0‘,‘*‘ g g7y e 5
— !5 13.08.2015 13.08.2015 13.08.2015 13,

-~ No critical breakdown

+ 60 €/MWh
g 50 €/MWh 2
g 40 €/MWh E
) 30 €/MWh
20 €/MWh
EPEXSPOT
Power . . Difference I .
- Trailer filling Hz iy Utilization Operating
Month consumption H;-storage H; [Nm?]
[MWh] H; [tons] tkal [MWh] factorys, hours
September 432.5 6.51 +10.1 72,526 256.9 59.4% 146 h

Betriebsdaten der Elektrolyse und Praqualifikation fiir Regelenergie

Oth ] Prﬁq ua"fi kation fur MRL und SRL —(otal pover cuns!Jmplic.m target power :on.sumption—p-cwev consumption skid 1
ers beim Ubertragungsnetzbetreiber P SKid 2e==p; ' skid 3==p
(Amprion) erfolg reich Qlemperalune electrolysis -
ahgeschlossen 500 .
= Einsatz in der neg. MRL und SRL 4000 L—-J-m*-——sw““-—‘-—-‘—‘“.—-—_:‘—“‘-w*ﬁ 80
erfolgreich absolviert Z 3500 05
. . £ 3000 0 85
= Die Elektrolyseskits kénnen £ o w 2o
innerhalb von 15 sec auf eine g 2000 o BB
Dauerlast von 4 MW hochfahren % 1500 ; w 55
* Der H2-Betriebsdruck kann bis zu §1uoa /' 20
60min gehalten werden, um 500 10
mdgliche Wasserstoff-verluste zu of v T - - - Py > =0
begrenzen § 08 &8 ¢ § &8 & 8 &8
Quelle: Hoehschule RheinMain, Martin Kopp 19" October 2016
Ref 1 https://www.energieparkmainz.de/
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