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PROJECT SUMMARY
This report is part of the deliverables from the project "GreenHyScale" which has received funding
from the European Union’s Horizon 2020 research and innovation program under grant agreement No
101036935.
Hydrogen is crucial for overcoming anthropogenic CO2 emissions and transitioning to a renewable
energy system, that is why hydrogen is included in the European long-term decarbonisation strategy.
However, the technology is only available today at the multi-MW 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 the large-scale deployment of
electrolysis both on-shore and off-shore in line with both EU strategies. GreenHyScale will demonstrate
a minimum of 100 MW of green electrolysis based on a novel multi-MW electrolyser platform operated
in a unique hosting environment at GreenLab Skive (GLABS), and capable of replication 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 link 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 large enough wind and solar
farms on land due to social acceptance and other issues. Thus, an upgraded high-pressure 7.5 MW
electrolysis module for offshore use will be developed and tested at GLABS. The GreenHyScale project
will form new, complete European green value chains that support the transition to a renewable
energy system by overcoming both technical upscaling and commercialization barriers, paving the way
towards GW-scale electrolyser plants.
More information on the project can be found at https://www.greenhyscale.eu.
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OBJECTIVE AND EXECUTIVE SUMMARY
Work Package 1 (WP1): Experience from hydrogen demonstration projects and requirements for
upscaling consists of four tasks and will have four deliverables 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 preparation of the offtake plan for the demonstration;
(iv) Addressing applications for grid balancing services. WP1 provides important inputs to all the
technical work packages (WP2-WP6) and links activities with the replicability and exploitation work
package (WP8), looking more the GW-scale deployment in Europe.
The first task in WP1 is: Task 1.1: Experience and lessons learned from selected renewable-powered
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 the main 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
renewable/hydrogen demonstration plants in and outside Europe provides the requirements needed
for upscaling from earlier, smaller demonstrators to the 100 MW electrolyser system demonstration.
More specifically, D1.1 delivers a comprehensive review and analysis of MW-scale real-world
renewable-based electrolyser projects based on publicly accessible literature and the experiences from
the GreenHyScale project partners. The study investigates 26 past and ongoing relevant high impact
demonstration projects as well as one feasibility study for a GW-scale electrolyser plant.
This D1.1 consists of the main report with six chapters and two appendixes. The main report firstly
presents a review-based investigation of 24 MW-scale renewable-based electrolyser demonstration
plants and two feasibility studies developed in Europe and outside Europe. Among the 24
demonstration projects, nine projects demonstrate the use of atmospheric 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 of the technical-economic performance of electrolyser systems and
renewable/eletrolyser projects consists of examining the eletrolysers’ electricity consumption at
normal capacity, operational performance parameters, development costs and CAPEX/OPEX of the
hydrogen systems/plants. The key learnings can be summarized as follows.


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



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



Costs of renewable-hydrogen projects are decreasing due to scaling effects which improves the
cost-effectiveness of electrolyser technologies;
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Hydrogen use is diversifying, large-scale industry-oriented applications are starting to emerge;



Electrolysers are capable of offering grid service, if designed for that purpose;



Valorization of electrolyser by-products remains challenging;



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



Commercialization was challenging before 2020, and is beginning to take place now;



All stakeholders need to work together as early as possible in order to deliver a successful
commercial-scale renewable-electrolyser solution.

Thirdly, when the 100 MW system operates at full capacity, its hydrogen production is about 2000 kg/h
and the operational safety must be carefully investigated. The development of the 100 MW green
hydrogen plant can learn from existing lessons (e.g. 10 major incident categories of hydrogen in section
4.1) to avoid repeating mistakes. It also faces new challenges and needs to learn by doing as there are
limited installations and operational experiences available of large electrolyser modules/systems. The
installation of large electrolyser modules/systems need many permissions. All the potential safety
issues related to the new interconnections (e.g. electricity, clean and discharge water, heat, products,
communications etc.) between aspects of the new 100 MW green hydrogen plant need permissions
and the approval processes might be time consuming. Since the 100 MW green hydrogen plant
involves many emerging technologies, it will employ many custom designs that are expensive and have
high failure risks. Furthermore, there are also limited FMEA (failure mode and effects analysis) tests
and experiences available to take advantage of. The standardization of interactions, installations and
tests is urgently required.
Fourthly, GreenHyScale aims at closing these gaps allowing green hydrogen plants to become a
preferred sustainable business solution without needing government support. This will happen
through the scaling up of green hydrogen production from existing small-scale demonstrators to a 100
MW plant. The commercialization involves multiple dimensions that must be accounted for including
policy, societal, financial, technological and supply chains etc. This report has summarized the
collaborative effort with Task 1.3: Identifying new hydrogen customers and preparation of the offtake
plan for the demonstration and Task 5.2: Business plan, hydrogen off-take and financing. A case study
shows that the levelized cost of hydrogen (LCOH) can be reduced by 17% (from 4.8 to 4.1 €/kg) when
the offshore hydrogen production plant is scaled up from 2 GW to 4 GW under the case study
assumptions.
Finally, two Appendixes provide the project with information of 26 selected MW-scale 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 report aims to conduct a review-based investigation of MW-scale renewable-based electrolyser
plants developed worldwide, w.r.t. technical-economic performance. Key knowledge and experience
gained from various project stages, i.e. design, development, commissioning and operation, are
included in the investigation for the purpose of supporting related activities of GreenHyScale.
Work Package 1 (WP1): Experience from hydrogen demonstration projects and requirements for
upscaling consists of four 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 are the following: (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 including offshore users; (iv) Addressing new hydrogen applications for grid
balancing services. WP1 will provide important inputs to all the technical work packages (WP2-WP6)
and will have linked activities with the replicability and exploitation work package (WP8), looking more
at the GW-scale deployment in Europe.
The first task in WP1 is: Task 1.1: Experience and lessons learned from selected renewable-powered
electrolyser plants in and outside Europe for benchmark creation. The gathered experiences and the
guidelines obtained from Task 1.1 will be highlighted in this deliverable report D1.1. 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 define the requirements for the project demonstration. As
partners consider the GreenHyScale project as a step towards the GW scale, this deliverable report
D1.1: Experience from major renewable/hydrogen demonstration plants in and outside Europe
provides the experiences learned and the requirements needed for upscaling to the 100 MW
electrolyser system demonstration. More specifically, D1.1 delivers a comprehensive review and
analysis of MW-scale real-world renewable-based electrolyser projects based on publicly accessible
literature and the experiences from the GreenHyScale project partners. The study investigates twentyfour past and ongoing relevant demonstrations as well as one feasibility study for a GW-scale
electrolyser plant.
The report is structured as follows,








D1.1

Chapter 2 presents a brief introduction of the projects that have been reviewed,
Chapter 3 presents a thorough analysis of techno-economic performance of the reviewed
electrolyser technologies and renewable-electrolyser projects,
Chapter 4 presents safety and challenges related handling hydrogen at large-scale,
Chapter 5 presents commercialization aspects of large-scale green hydrogen plants,
Chapter 6 encapsulates key learnings from and experiences of the reviewed projects and gives
recommendations to future actions,
Appendix 1 presents detailed information of each project that has been reviewed,
Appendix 2 presents techno-economic targets about hydrogen production from renewable
electricity for energy storage and grid balancing, which are identified by FCHJU.
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2. REVIEWING RENEWABLE/HYDROGEN PROJECTS
The report has conducted a review-based investigation of MW-scale renewable-based electrolyser
plants developed in Europe and outside Europe, w.r.t. technical-economic performance. Key
knowledge and experience gained from various project stages, i.e., design, development,
commissioning, and operation, are included in the investigation for the purpose of supporting the
related activities of GreenHyScale.
To meet this objective, 25 renewable-based hydrogen projects have been identified and analyzed by
the GreenHyScale consortium. According to the hydrogen project database published by IEA1, there
were 986 projects, that have been conducted or initiated worldwide until October 2021. In order to
identify relevant projects, the GreenHyScale consortium has applied the following three criteria to
identify relevant project activities.




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

The initial selection has identified 35 projects, of which only seven projects are included in the analysis.
This is due to the majority being non-publicly funded projects and providing insufficient publicly
accessible information. In order to deliver a comprehensive analysis, the consortium has identified
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 projects are located in
Europe. Four flagship projects have been identified to represent China, Japan, Australia, and Canada
respectively. Table 1 presents a list of the 26 studied MW-scale electrolyser projects that also includes
GreenHyScale. Appendix 1 gives key facts of each project.
All the demonstration activities reported 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, blending into the natural gas
grid and re-electrification 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 (PEM), 6 projects select pressurized Alkaline (PAE)2, and 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 nearby variable
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 to the VRE, which gives an onsite/behind-the-meter
configuration.

1

https://www.iea.org/data-and-statistics/data-product/hydrogen-projects-database

2

The H2 discharge pressure for AEL, PEM and PAE are atmospheric, up to 35bar and up to 30bar respectively.

D1.1
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The “GigaWatt Eletrolyser” project delivered two comprehensive feasibility analyses for developing a
GW electrolyser plant in the northern Netherlands for 2020 and 2030, using PEM and AEL respectively.
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 activities, incl. techno-economic performance,
learning knowledge and experience. These include unclassified project deliverables, presentations
presented by a project consortium/partner, news articles, interviews, and scientific articles, etc.

Table 1: A brief overview the 26 comprehensively studied MW-scale electrolyer projects

* indicate the project is a feasibility study, otherwise is demonstration.

D1.1
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3. TECHNO-ECONOMIC PERFORMANCE OF THE
ELECTROLYSER SYSTEM AND RENREWBLEELECTROLYSER PROJECTS
3.1.

ELECTROLYSERS’ ELECTRICITY CONSUMPTION AT NOMINAL CAPACITY

El. Consumption @ Nominal Capacity (kWh/kg)

Figure 1 illustrates the electricity consumption at a nominal capacity of the electrolysers applied to the
26 projects, wherein the x-axis is the project start year. Arrow points are used to indicate the values
estimated by the GW feasibility study. The values are further compared with the corresponding targets
defined by FCHJU for 2020 and 2030 respectively (in Appendix 2). By 2020, within the selected
demonstration projects, only PAE has met the 50kWh/kg target. Today, this number has been further
reduced to 49kWh/kg, which is getting closer to the 2030 target of 48kWh/kg.

AEL
PEM
PAE
AEL_target
PEM_target

60
58
56
54
52
50
48
2014

2016

2018

2020

2022

2024

2026

2028

2030

2032

Year of project start

Figure 1: Electricity consumption @ Nominal capacity (arrow points are values reported by the GW
feasibility study)

3.2.

OPERATIONAL PERFORMANCE PARAMETER

Data availability related to the electrolysers’ operation performance is very poor, particularly for the
MW-scale. Among the investigated 24 demonstrations project, only 7 projects have reported certain
operational parameters. WindGas Falkenhagen (DE) reported that its 1.8MW AEL was qualified for the
secondary frequency control reserve in Germany without providing detailed operational parameters.

D1.1
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It is therefore not included in Table 2 that presents a brief outlook of the collected operation
parameters.
Table 2: Operational parameters of the electrolysers
Electr.
capacity
(MW)

Start-up
from coldstandby
(s)

Respose
time in hot
conditions
(s)

Operation
range

Ramp
rate

Name

Start

Electr.
type

Energiepark
Mainz(DE)
Markham Energy
Storage, Ontario
(CA)

Q32013

PEM

3.75

<10

-

0-160%3

N/A

PEM

2.5

-

<2

-

0-80%/s

AEL

1

<300

-

20-100%

≥ 20%/s

PEM

1.25

<10

<2

PEM

6

<60

-

20-100%

10%/s

PEM

2.5

1200

30

12-130%

-

PAE

100

-

-

20-100%

+3%/s*
-16%/s

PTG-BW (DE)
Hybalance (DK)
H2FUTURE (AT)
Haeolus (NO)
GREENH2ATLANTIC
(PT)

Q12015
Q32015
Q42015
Q12017
Q12018
Q42021

*+/- indicates ramp up/down

Compared with the key performance indicators defined by FCH JU (as in Appendix 2), all electrolysers
have met the expected performance levels by 2020. When comparing the performance between PEM
and AEL/PAE, although it has been notably highlighted that while flexibility 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 flexibility 4. This is further
supported by the fact that renewable-electrolyser projects developed after 2020 often aim to use the
electrolysers’ flexibility to provide various kinds of balancing services in order to create an additional
revenue stream.

3.3.

COST OF DEVELOPING AND OPERATING RENEWABLE-ELECTROLYSER
PROJECTS

The main problem with cost estimation for renewable-electrolyser projects are the availability of data,
given its confidential nature, and the retention of competitive advantage. In this report, we present an
overview of the per MW cost for electrolyser applied in the reviewed renewable-electrolyser projects,
as shown in Figure 2, the result of which is the project total budget divided 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 developing and operating a renewable-electrolyser project.

3

Maximum load can last up to 15 mins, then needs to be reduced due to cooling.

4

QualyGridS, Deliverable D6.5 “Analysis, recommendations and roadmap at the European level”, July 2020.
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The derived per MW cost of the studied demonstration projects varies from 32.7 M€ per MW installed
capacity of electrolyser to 0.77 M€/MW. The huge difference is mainly due to the fact the projects
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, costs of permission and operational costs, etc. For instance, the
Guyuan wind-hydrogen 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 high-cost 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,
i.e. around 1.5 M€/MW. In this project, a 2.5MW modular PEM was delivered and installed in Ontario,
Canada for demonstrating both grid regulation services and hydrogen blending into the natural gas
grid. Given that the project had a relatively short operational period during the first 5 years, the budget
was primarily used to cover the related capital expenditures. The value is relatively close to the 2017
state of the CAPEX of PEM, i.e. 1.2 M€/MW; therefore can be considered a close estimate of the
corresponding total installed cost (TIC)5. In 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, management, construction
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 100MW renewable-electrolyser projects, namely REFHYNE II, GREENH2ATALANTIC and
GreenHyScale started to drive down the per MW cost towards a much lower level. The REFHYNE II
project, which will deploy a 100MW PEM next to a refinery plant, aims to deliver a per MW electrolyser
cost value of 1.49 M€/MW. The GREENH2ATALANTIC project, which will use the hydrogen produced
by a 100MW PAE for the chemical industry and mobility, aims to deliver a per MW electrolyser cost
value of 0.77 M€/MW. The GreenHyScale, which will also apply PAE and use the produced hydrogen
to meet the local hydrogen demand in an industrial symbiosisnet, aims to deliver the lowest per MW
electrolyser cost value at 0.53 M€/MW.
Table 3 shows a comparison between the per MW cost of the three 100MW projects and the state-ofart TICs estimated by the GigaWatt Eletrolyser feasibility study for both PEM and AEL based on a
comprehensive literature review. The per MW costs of the three 100MW 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 development of
technologies along the hydrogen supply chain, all of which have happened within the last couple of
years. Both the project-based per MW costs and TICs are higher than FCHJU’s CAPEX target because
the CAPEX refers to equipment cost only.

5

Gigawatt green hydrogen plant: state-of-the-art design and total installed capital costs, ISPT, October 26th,
2020
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AEL
PEM
PAE

35
Guyuan (CN)

Total budget (M€/MW)

30

Jupiter1000 (FR)

FH2R (JP)

25
20
15
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5
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REFHYNE II (DE)
GREENH2ATLANTIC (PT)
GreenHyScale (DK)

Markham (CA)

2008
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2022

Year of project start

Figure 2: Per MW cost of electrolyser for renewable-electrolyser demonstration projects

Table 3: Compare the per MW costs of the three 100MW projects with the TIC values reported by the
GigaWatt Eletrolyser feasibility study and the FCHJU CAPEX targets
Per MW cost
(M€/MW)

TIC _2020
(M€/MW)

FCHJU_2020
(M€/MW)

REFHYNE II

1.49 (PEM)

1.8 (PEM)

0.9 (PEM)

GREENH2ATALANTIC
GreenHyScale

0.77 (PAE)
0.53 (PAE)

1.4 (AEL)
1.4 (AEL)

0.6 (AEL)
0.6 (AEL)

3.4.

TIC_2030
(M€/MW)
0.83
(PEM)
0.73 (AEL)
0.73 (AEL)

FCHJU_2030
(M€/MW)
0.5 (PEM)
0.4 (AEL)
0.4 (AEL)

OPERATIONAL COSTS OF ELECTROLYSER AND PRODUCTION 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 hours with a variable load pattern
over a fixed project duration, e.g. often less than 4000 operational hours over a 5-year project 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 range of 2-5% in related economic
analysis.
The electricity cost plays a major part in variable cost, which strongly influences the production cost of
hydrogen. For a renewable-electrolyser project, the cost of electricity is dependent on its configuration
and operational strategy. For instance, the electricity cost is the marginal cost of the VRE 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

D1.1
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electricity cost is subject to the electricity 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 results are presented in
Appendix 1 for the studied projects. Figure 3 presents a general analysis performed by the IRENA. It
illustrates how the reduction of electrolyser CAPEX and electricity price can help to achieve the goal of
achieving a competitive hydrogen production cost at different operating hours.

Figure 3: Hydrogen production cost as a function of investment, electricity price and operating hours
Source: IRENA, G.H.C.R. (2020). Scaling up Electrolysers to Meet the 1.5oC Climate Goal. International
Renewable Energy Agency, Abu Dhabi.
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4. HYDROGEN SAFETY
4.1.

REVIEWING CATEGORIES OF HYDROGEN INCIDENTS

Hydrogen’s high flammability and low minimum ignition energy compared to other fuels. In confined
areas, hydrogen leaks can cause asphyxiation and explosivity when ignited. Due to its small molecular
size, hydrogen can be absorbed by some containment materials, which can reduce their structural
integrity (embrittlement) and result in high-pressure metal pipeline cracks.
Among categories of hydrogen incidents, 10 major incident categories identified by H2tools.org based
on its Lessons Learned Database are listed below.
a)
b)
c)
d)
e)
f)
g)
h)
i)
j)

Pressure relief device incidents
Hydrogen cylinder incidents
Piping incidents
Liquid hydrogen incidents
Hydrogen instrument incidents
Hydrogen truck incidents
Hydrogen compressor incidents
System design, operation and maintenance incidents
Laboratory incidents
Fueling station incidents

Figure 4 presents results of a hydrogen incident investigation study that analyzed 120 hydrogen
incidents in 1999-2019. According to the analysis, laboratories are the most accident-prone location,
accounting for 38.3% of incidents; followed by hydrogen fueling stations and hydrogen-related
commercial facilities, accounting for 10.6% and 9.0% respectively. Causes behind these incidents
include equipment failure, human error, design flaws etc. Equipment 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 as incorrect 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 equipment. In consequence,
41.83% of the hydrogen incidents lead to property loss and damage, 10.27% of the incidents result in
human injuries and 5.32% of the incidents result in fatality. In comparison to the rates of injury and
fatality for natural gas related incidents, i.e., 10.87% and 2.65% respectively, the fatality rate of
hydrogen incidents was twice that of natural gas incidents.
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Figure 4: Statistics on hydrogen incidents
Source: Yang, Fuyuan, et al. ”Review on hydrogen safety issues: Incidents statistics, hydrogen diffusion, and
detonation progess.” International Journal of Hydrogen Energy 46.61 (2021): 31467-31488

Among the demonstration projects that have been investigated in this report, no incidents have been
reported. Because the majority of the projects aims to test and demonstrate prototyped solutions,
equipment malfunction probably cannot be avoided. For instance, BIOCAT project has reported
unanticipated shutdown of electrolysers due to signal integration and minor defects in temperature
controls or valves, which affected both commissioning and operation.
This fact of zero-incidents can be due to that all electrolyser projects need to comply with relevant
local and/or international regulations, codes, and standards (RCS), as well as safety measures etc.,
during the entire project lifecycle. Failing 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 renewable-electrolyser projects consider local RCS and risks only.
Further, codes and standards affecting hydrogen applications are often industry specific. According to
HydrogenTools6, there exists more than 400 codes and standards 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 different safety measures.

6

https://h2tools.org/

D1.1

www.greenhyscale.eu

17

4.2.

CHALLENGES OF 100 MW GREEN HYDROGEN DEMONSTRATION PLANT

Development of the 100 MW green hydrogen plant requires learnings from the 10 major 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
hydrogen refuelling station explosion in Norway in 2019 was related to a capacity of 1 kg/h of
hydrogen7. The safety of such high-volume hydrogen production infrastructure should be carefully
investigated.
There are limited installations and operational experiences of large electrolyser modules/systems. The
installations of large 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 plant need permissions and the approval processes
might be time consuming. Since the 100 MW green hydrogen plant involves many emerging
technologies it will employ many custom designs that are expensive and have high failure risks.
Furthermore, there are also limited 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 the high, fluctuating electricity from renewables.
The electrical power from a wind farm has higher fluctuating characteristics than the wind speed since
it depends on the third power of the wind speed. Moreover, the safe operations of large electrolyser
modules/systems operating under conditions including start/shut down and no wind for short and long
period. The partner’s installation and operational experiences at Utsira8 also show that the continuing
updating of the hydrogen safety training program is crucial for the safe operation of hydrogen plants.

7

Nel investigation into explosion at Kjørbo hydrogen station.
https://www.sciencedirect.com/science/article/pii/S1464285919302809
8
H2_Utsira.pdf (newenergysystems.no)
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5. COMMERCIALIATION OF THE 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 allowing green hydrogen plants to become the preferred sustainable
business solutions without needing government support 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
experiences and data from both the emerging green hydrogen plants and the commercialization
involving multi-dimensions including policy, society, financial, technology and supply chains etc.
This section will summarize the collaborative effort with Task 1.3: Identifying new hydrogen customers
and preparation of the offtake plan for the demonstration and Task 5.2: Task 5.2: Business plan,
hydrogen off-take and financing. A case study of the cost reduction potential of scaling up from 2 GW
to 4 GW is performed.

5.1.

COMMERCIALIATION OF THE 100 MW GREEN HYDROGEN PLANT

Task 1.1 has a collaborative effort with Task 1.3: Identifying new hydrogen customers and preparation
of the offtake plan for the demonstration and Task 5.2: Task 5.2: Business plan, hydrogen off-take 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. Even though 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 long-term operation and impact of
the plant to select and secure the most relevant customers.
Task 5.2: Business plan, hydrogen off-take 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 structure the financing of the minimum 100 MW plant. The objective is to have the plant
operating for 20 years including one stack-replacement after 10 years.
The target of subtask 5.2.1: Hydrogen offtake is to maximize the 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 with the need for around 1115 tons of green
hydrogen per year. The potential for green methanol production on-site is many times bigger and will
be upscaled when more renewable hydrogen becomes available. As a result of the first methanol
production at GLABS, an offtake contract was signed for supply of 50 million liters of green methanol
between ReIntegrate and CircleK, and there is demand for more. Other specific sectors such as green
ammonia production and renewable hydrogen for the maritime sector and mobility (EFUEL) 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 ECONOMIC BENEFITS OF SCALING-UP EFFECTS

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 and the levelized
cost of hydrogen (LCOH) calculation methodology are given in reference9.
To identify the potential economic benefits of LGHP and OWF scaling-up, results 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 will be doubled annually from 195 TWH to 390 TWH while the levelized cost of
electricity (LCOE) is reduced from 80.3 to 78.4 €/MWh due to the scaling-up effects of the doubling of
installed offshore transmission infrastructure. The LCOH is reduced by 17% (from 4.8 to 4.1 €/kg)
following the LCOE reduction. Further R&D of the economic benefits of scaling-up effects are
recommended.
Table 4: A comparison of the scale-up effect from 2 GW to 4 GW
H2
price

Electricity
price

€/kg

€/MWh

2 GW case

4 GW case

Base case: No H2
production

Case: H2 production:
2 GW

Base case: No H2
production

Case: H2 production:
4 GW

NPV M€

IRR %

NPV M€

IRR %

NPV M€

IRR %

NPV M€

IRR

-2473

1.0

-6951

-7.7

-4469

1.3

-10704

-5.3

-2473

1.0

-1954

2.3

-4469

1.3

-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 €/kg

N/A

4.8

N/A

4.1

2
4

80/40

%

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 allowing green hydrogen plants to become the preferred sustainable
business solutions without needing government support 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

9

Wei He et al 2022 J. Phys.: Conf. Ser. 1618 042037.
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experiences and data from both the emerging green hydrogen plants and the commercialization
involving multi-dimensions including policy, society, financial, technology and supply chains etc.
This section will summarize the collaborative effort with Task 1.3: Identifying new hydrogen customers
and preparation of the offtake plan for the demonstration and Task 5.2: Task 5.2: Business plan,
hydrogen off-take 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 RECOMMENDATIONS
6.1.

KEY LEARNINGS FROM THE REVIEWED HYDROGEN PROJECTS

Renewable-electrolyser-based green energy solutions will undoubtedly play an extremely important
role in today and future’s sustainable energy systems, because they enable large-scale integration of
VRE and delivery of renewable hydrogen to the “hard to abate” sectors which can be directly
electrified. However, designing, developing, and implementing renewable-electrolyser systems are
rather sophisticated; the success of which requires dedicated effort in sharing, learning, and
collaboration.
To establish an understanding of the state-of-the-art of related technologies and engineering practices,
the selected 26 former and ongoing renewable-electrolyser demonstration projects have been
reviewed. The facts and links to each project are given in Appendix 1 and techno-economic
performance analysis are given in Chapter 3. The key learning points are summarized as follows.
Guidelines and best practices with publicly accessible details are missing: Due to the technical
novelty, complexity, and cross-disciplinary nature, until now, there are no guidelines for
calculating/estimating various cost items related to renewable-electrolyser projects and for guiding
the system design, construction, and operation. 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 possible. A few also indicated the importance that all involved partners need to have a much higher
economical risk willingness during the phase of learning-by-doing.
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. In the PTG-BW, a
hydropower plant directly powers the electrolyser, making it easier to document the source of
electricity. For projects which use excessive VRE to power the electrolyser 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 could be observed at the point of connection. This can be due to a mixture of the
electrolysis stack’s nonlinearity characteristics and the selected rectifier technologies. In the Australia
project HyPSA, this problem was addressed by installing a dedicated harmonic filter.
Use of hydrogen: Due 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 mobility-oriented 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 used either as a direct
replacement of the grey hydrogen or as a new solution to some hard-to-abate sectors, such as aviation
and maritime.
Use of electrolyser by-products: For low-temperature electrolysers, the by-products include
recoverable heat and oxygen. Harnessing waste heat of electrolysers often requires an additional heat
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recovery system, and/or temperature boosting because the operational temperature of lowtemperature electrolysers, approx. 65°C, is not very high. Among the reviewed projects, only
Demo4Grid has a concrete plan for integrating waste heat into the hydrogen value chain. In
Demo4Grid, a 3.2MW PAE was installed next to a food factory’s bakery oven. Both the hydrogen and
electrolyser’s waste heat will be integrated into the heating circuit, wherein an H2 burner will be
further deployed. In other projects, different options have also been investigated. For instance, in
BIOCAT where the electrolyser is located at a sewage treatment plant, it was diagnosed that the heat
might be used to pre-heat sludge before digestion and thereby substitute a different heat source. In
Haeolus, the possibilities of using waste heat for greenhouses and district heating in Berlevåg are
currently being investigated.
Regarding Oxygen, although it is widely used in the pharmaceutical 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 renewable-electrolysers are deployed. Until now, the majority of projects claimed the
demand for clean 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 oxygen for pond oxygenation in Aquaculture
plants and chemical feedstock for the production of hydrogen peroxide. BIOCAT conducted the
economic feasibility of using oxygen in waste water treatment plants, which requires further
investigation of the technical feasibility. REFHYNE II indicates its objective of valorizing the oxygen in
refineries, without disclosing any details.
Until now, valorization of electrolysers’ by-products remains challenging.
Electricity market-driven operation: When the electricity is bought from the electricity 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 market-driven operation scheme, it requires flexible operation of the
electrolyser plant and electricity price forecast. Among the project reviewed, several have
demonstrated the corresponding techno-economic feasibility of such an operational scheme. It is also
suggested to have properly sized compressor and storage capacities in order to enhance the flexible
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 electrolysers an additional revenue stream
that helps to reduce the cost of hydrogen production; it facilitates large-scale integration of VRE into
the power system; it stabilizes the electricity grid. The last two points are particularly relevant for
isolated power systems (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 increasing, since frequency
control services will be increasingly needed to counteract the decreasing inertia also in continental
grids.
Table 5 presents an overview of projects, among the reviewed, that have demonstrated or plan to
demonstrate using electrolysers for different types of grid services.
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Table 5: An overview of projects using electrolysers for grid services
Electrolyser Type
WindGas Falkenhagen (DE)
Markham Energy Storage, Ontario
(CA)
Hybalance (DK)
H2FUTURE (AT)
Demo4Grid (AT)
REFHYNE(DE)
Haeolus (NO)
Greenlab PtX (DK)
GreenHyScale (DK)

AEL
PEM
PEM
PEM
PAE
PEM
PEM
PAE
PAE

Grid Service Type
Secondary frequency
control
Frequency regulation
service10
FCR
FCR
FCR/aFRR
FCR/aFRR
All types of reserves
FCR/aFRR/mFRR
FCR/aFRR/mFRR

Status
Qualified
Qualified
Qualified
Planed
Planed
Planed
Planed
Planed
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) and replace reserve (RR), provided they are
equipped with appropriate controlling technology. Currently, electrolysers do not play a tangible role
in grid service markets, which is due to market competition and today’s electrolyser plant capacity is
still small compared 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, real-time generation, consumption, and power system status, etc., it is often difficult
to predict bidding behavior and subsequently auction outcomes 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 energy system operators started to emerge.
This may attract electrolysers to offer the corresponding services to the new group of service
requesters.
Regulations, codes, and standards: Most of the completed projects do not seem to experience any
severe issues during site preparation and operation. Several projects, such as Demo4Grid and H2RES,
have published comprehensive studies concerning relevant permits, environmental approval, and
safety codes, etc. In Markham Energy Storage, a 2.5MW PEM was even installed in a residential
neighborhood with full approval for operation by the multiple certification bodies that have
jurisdiction. Still, safety and risks related regulations and codes may vary from one location to another.
This requires project developers to engage relevant stakeholders as early as possible and continuous
effort on RCS harmonization at both national and international levels.

10

In Canada, fast frequency response providers must respond within 0.2 seconds (or 12 cycles) when the grid
system’s frequency hits 59.5Hz to bring it back up to 60Hz.
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Scaling effects: Electrolyser is still a relatively expensive technology, which to some degree influences
the production cost of hydrogen. Today, both the global manufacturing capacity of electrolysers and
the production capacity of individual electrolyser plants is quickly increasing. This reduces per-unit
manufacturing cost for electrolysers and enables electrolysers to play a more vital role in commercial
and industrial applications. What has also been recognized is the scaling effects do apply sound for
overall renewable-electrolyser project costs, wherein land-use costs, permit cost and infrastructure
cost, etc., are all taken into account. This has been well demonstrated by the hundreds of MW-scale
activities.
Potential towards commercialization: Among the studied demonstration projects, very few managed
to continue operation before 2020 after the demonstration was completed. 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, USA, China, Japan, India, South Korea, etc., have established a
role for hydrogen in their long-term national energy strategies. Meanwhile, there are quite a few
public-private partnerships have been formed worldwide aiming to speed up technology development,
scale-up technology impacts, and try-out new business opportunities.
Renewable-electrolyser-based green energy solutions will undoubtedly play an extremely important
role in today and future’s sustainable energy systems, because they enable large-scale integration of
VRE and delivery of renewable hydrogen to the “hard to abate” sectors which can be directly
electrified. However, designing, developing, and implementing renewable-electrolyser systems are
rather difficult; the success of which requires dedicated 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 and non-technological
barriers.
The hydrogen safety remains the highest priority of all projects. Chapter 4 has reviewed the 10 major
categories of hydrogen incidents. Development of the 100 MW green hydrogen plant can learn from
these 10 major incident categories. It has new challenges and needs to learn by doing. The
standardization of the interfaces to simply the installation permissions and the costs are highly
recommended. Furthermore, the 100 MW demonstration plant will operate using the high, fluctuating
electricity from renewables and deal with the operational conditions including start/shut down and no
wind for short and long periods.
Commercialization of the green hydrogen plant is crucial to becoming a sustainable business solution
without needing government supports. One case study shows the LCOH is reduced by 17% (from 4.8
to 4.1 €/kg) by scaling up the green hydrogen production capacity from 2 GW to 4 GW though there
are many simplifications that have been introduced. Further investigations are recommended.
In conclusion, renewable-electrolyser systems/plants involving both emerging technologies and
business solutions can be identified as a promising option for facilitating renewable integration and
delivering cost-competitive green hydrogen and its derivatives to society. The majority of the ongoing
D1.1
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activities are learning by deployment. Due to the rapid development of technology and market, there
are very few best practices that offer detailed and easy-accessible 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 a climate-neutral
Europe.
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APPENDIX 1 - PROJECT INFORMATION
Appendix 1 provides facts 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 given in Table 1.

Order

1

Name

RH2-WKA

Location

Grapzow, Germany

Duration

10/01/2009 - 07/31/2015

Type

Demonstration and innovation

General
info./objectives

Develop and demonstrate a wind farm as an adjustable power plant through
hydrogen-based energy storage and regenerative technologies.

Electrolyser (and
other facilities)

 1 MW Alkaline electrolysis from Hydrogenics, 210 Nm3/h hydrogen production,
60.7% efficiency (HHV)
 hydrogen compressor 310 bar
 hydrogen storage approx. 3,300 Nm3 (300 kg)

Power source

 28 wind turbines (up to 7.5MW/WTG)

Hydrogen (& byproduct) use

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

Construction

approx. 12 months from shell construction to trial operation

Operation

unknown

Economy

4.5M EUR for R&D + capital (unknown)

Key
learnings/results

 Development of an intelligent control software between wind turbines and H 2storage circle.
 Development of a modular hydrogen power reconversion unit in 250 kW class.
 Development of a measuring and control software for the hydrogen system.
 Development of an energy storage system that produces no CO2.
 Integration of a sustainable energy storage system into an already existing energy
supply structure based on fossil energy sources.
 Direct storage of wind power without using the power grid.

Others
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Ref

 https://www.rh2-wka.de/projekt.html
 Weiße M, Stolten D, Grube T. Projekt RH2-WKA Making Wind Energy a Steady
Power Source[C]//Proceedings of the World Hydrogen Energy Conference, Essen
2010. 2010.

Order

2

Name

Audi e-gas

Location

Werlte, Germany

Duration

2011-2014

Type

Commercial
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General
info./objectives

Develop and demonstrate synthetic methane production through the methanation of
hydrogen produced by electrolysis using renewable electricity.

Electrolyser
(and
other
facilities)

Alkaline electrolysis plants of 3 X 2 MWel, from McPhy, which produces up to 1,300
Nm3 of hydrogen per hour

Power source

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

Hydrogen (& byproduct) use

 Synthetic methane injected into natural gas grid.
 Since 2019, a hydrogen refueling station was developed.

Construction

July 2011-May 2013

Operation

Begins in 2013

Economy

several tens of millions of euros

Key
learnings/result
s

 Assuming operating time of 4,000 full-load hours, almost 1,000 tons of methane are
produced per year.
 Qualification for secondary control reserve.
 CO2 comes from an adjacent biogas plant.
 Waste heat integrated into an adjacent biogas plant as process energy.
 Non-profitable.

Others

Ref
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Order

3

Name

WindGas Falkenhagen

Location

Falkenhagen, Germany

Duration

August 2012 – July 2014

Type

Demonstration

General
info./objectives
Electrolyser (and
other facilities)

 Demonstration of the Power-to-Gas process chain,
 Optimize operational concept (fluctuating power from wind vs. changing gas feed),
 Gain experience in technology and cost,
 Feed H2 into the high-pressure transmission natural grid pipeline at 55bar,
 6 Alkaline electrolysis (HySTAT®-60, 312kW each, 60NM3/h, 10bar, with all
peripherals in 20Ft) supplied by Hydrogenics,
 A 40 Ft container including 2 compressors to compress the hydrogen to 55barg.

Power source

Local wind (unknown capacity)

Hydrogen use

 H2 fed via a 1.6 km hydrogen pipeline into the gas grid at 55bar operated by
ONTRAS Gastransport GmbH.

Construction

August 2012-August 2013

Operation

August 2013- July 2014

Economy

Unknown

Key
learnings/results

 More than 2 mill. KWh green hydrogen have been produced and injected into gas
grid up to July 2014.
 More than 7000 operating hours with more than 500 starts and stops.
 No PtG specific shutdowns have been detected during operation. Degradation was
not detectable.
 The technology fulfilled the requirements of the German secondary balancing
market.
The figure illustrates the
electrolyer following well a
control reference w.r.t the
German
secondary
frequency control service.

Others

D1.1

www.greenhyscale.eu

30

Ref

 Thomas D. Alkaline vs PEM electrolysers: lessons learnt from Falkenhagen and
WindGas Hamburg[J]. URL
http://www.
hydrogendays.cz/2016/admin/scripts/source/presentations/PL%
2005% 20Denis% 20Thomas_HDs2016. pdf.–access date, 2018: 06-21.

Order

4

Name

Energiepark Mainz

Location

Mainz, Germany

Duration

2013-2017 (research project) and 2017- (commercial operation by Linde)

Type

Research and commercial

General
info./objectives

Electrolyser
(and
other
facilities)

 Connection to 10 MW wind-farm and local Network (20 kV)
 Develop an energy storage plant in order to provide grid services (balancing
mechanisms to avoid grid bottlenecks)
 Injection in local gas grid and multi-use trailer-filling
 New conditioning concept (ionic wet gas compressor)
 Demonstrating safe handling of hydrogen and create awareness in public, politics
 three SILYZER 200 PEM supplied by Siemens Energy, total rated power 3.75MW
(6MW temporary max), start-up from cold-standby less than 10 seconds, rated
production 20kg/h, overall efficiency 60-65%
 a two-stage ionic compressor 350kW,112kg/h 15/250bar, and hydrogen storage
26MWh/780kg
 Trailer filling 200bar, 300-600kg storage capacity

Power source

10MW local wind and external grid

Hydrogen (& byproduct) use

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

Construction

unknown

Operation

unknown

Economy

17 million € - Funding: ~50% (BMWi)

Key
learnings/result
s

 Technology has been successfully demonstrated.
 When operating at temporal peak, conversion efficiency of approx. 64%, h is
reduced to 59%, which can run 15 minutes. After this period, the load must be
reduced due to cooling.
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Others

Ref
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 https://www.energiepark-mainz.de/
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Order

5

Name

P2G-BIOCAT: PtG via Biological Catalysis

Location

Avedøre, Copenhagen

Duration

2014 – 2017

Type

Development and demonstration

General
info./objectives

Design, engineer, construct, and operate a 1-MW power-to-gas facility to produce
and inject grid-quality methane under intermittent operations using hydrogen from
alkaline electrolysis and a methanation reactor based on biological catalysis, and to
provide profitability analyses under current and future expected market conditions,
identify regulatory inhibitors and barriers, optimal operating strategies, and current
and future market potential for Power to Gas in Denmark.

Electrolyser
(and
other
facilities)

 1MW Alkaline electrolyser, the S2500 of Hydrogenics
 Bioreactor

Power source

Grid

Hydrogen (& byproduct) use

Hydrogen is combined with CO2 and converted by microorganisms to methane, and
injected into a low-pressure(5bar) gas distribution grid supplying the greater
Copenhagen area.

Construction

Slightly delayed due to multiple reasons

Operation

8 months operation (incl. commissioning) 3,000 hours

Economy

59.95 mio. DKK

Key
learnings/result
s

 the system used 42,193 Nm3 biogas, 170 m3 water and 708,215 kWh electricity for
system operations and to produce 129,290 Nm3 hydrogen for methanation of
~16,000 Nm3 CO2 from the biogas and making available 85,000kWh heat for use at
Avedøre’s facility. The system operated at variable loads and was used
intermittently through 3 seasons until December 22, 2016.
 A set of delays related to contract negotiations, late accession of one of the
Partners to the Consortium agreement and time required for securing the final
capital for the project (6 months delay), and additional delay of approximately 6
weeks was incurred during negotiations with potential EPC contractors for delivery
of the BIOCAT reactor and balance of plant.
 the biggest impact on the project scope and execution was the failure of the
adjacent ENZUP project on the Avedøre site, that eliminated the source of CO2
feedstock for the BIOCAT reactor, changed the operational envelope and testing
strategy for the BIOCAT system, and resulted in redesign, altered equipment needs
and interconnections for grid injection.
 the failure of ENZUP to delivery CO2 also shifted the gas supply to biogas delivered
from BIOFOS. Due to prior contractual commitments and operational cycles at
Avedøre beyond Electrochaea’s control, biogas was not always available for system
operation (and had not been promised for continuous availability) and its quality
varied significantly depending on treatment strategies for the biogas at the site.
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 in the first four months of operations, signal integration and minor defects in
temperature controls or valves resulted in unanticipated shut down of one or both
electrolyzers. This resulted in immediate system shut downs on a daily basis, and
required constant attention to the electrolyzers. These issues have been largely
resolved.
 operational challenges with the BIOCAT system flare resulted in frequent
shutdowns due to flare failure or flare control failure; the flare manufacturer was
non responsive during the entirety of the project and the flare problem was only
resolved 3 months after the official end of the BIOCAT project.
 Integration and control of the heat exchange interconnect between the site and
BIOCAT was not well designed or executed (by a third party engineering firm), and
as a result the frequent absence of cooling capacity required unplanned shut down
or delay of BIOCAT operations or system testing on numerous occasions. This issue
persists despite Partner and site efforts at resolution.
 Operational costs for a power-to-gas facility are dominated by electrical power
costs. Only 3% to 5% of the power consumed in BIOCAT was used for basic lighting,
system standby, computers and auxiliary equipment.

Others

D1.1
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It is possible to install a heat recovery system and recover waste heat from both
the electrolyser and bioreactor. Operation temperature, of app 65°C, are too low
to use it directly for district heating but it may be utilized for different purposes.
When the facility is located at a sewage treatment plant the heat may be used to
pre-heat sludge before digestion and thereby substitute a different heat source.
The heat from the P2G facility will have a value equal to the cost of heat source
that it substitutes.
Oxygen is a byproduct of the electrolysis process and the value of the product
depends on it use. For instance, oxygen is used in pharmaceutical industry and
other industry. For this type of application, it will require that the oxygen is
bottled and transported to the right location. However, the location next to a
wastewater treatment plant makes it possible to use the O2 for the activated
sludge treatment process. Air is typically blown to aerate the sludge treatment
basins, which is a process driven by electrical ventilators. The use of pure O2
instead of air will reduce the air volume blown to the basins by 80%, which will
reduce electricity costs for aeration. Electrolyser could produce 90 m3 O2/MWh

www.greenhyscale.eu
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electricity consumed. It is estimated to have a value of approximately 9
DKK/MWh electricity.

Ref

 https://energiforskning.dk/en/node/15072
 Annex 3 of BIOCAT-market analysis report, 2014
 BIOCAT final report, April 2017

Order

6

Name

Jupiter 1000

Location

Fos-sur-Mer, France

Duration

2014 – 2023

Type

Demonstration

General
info./objectives

 First Power-to-Gas installation to be linked to the French gas transport network
 Confirm the flexibility offered to help the power grid (ancillary services, excess of
green electricity…)
 Validate all the technologies : electrolysers, methanation and CO2 capture
 Test the possibility to inject hydrogen into the gas grid
 Work on technical and economic models and determine the conditions for
profitability

Electrolyser
(and
other
facilities)

 0.5MW PEM+0.5MW Alkaline, all by McPhy
 a small CO2 capture unit on the chimneys of a neighboring industrial company
 a methanation unit

Power source

10MW wind connected via main grid

Hydrogen (& byproduct) use

Methanation and gas grid injection

Construction

2017 (start of construction) – 2020 (commissioning of Alkaline) – 2021
(commissioning of PEM)

Operation

Commissioned in February 2020

Economy

€31.3 million

Key
learnings/result
s

 Proof of concept
 Economic potential (estimated in 2017)
o Biogas revenues : current tariffs in France between 60 and 130 €/MWh
o Ancillary services : current values in the French market 150k€/MW/year
o Saving of CO2 : 75 k€/MW/year considering 100 €/tCO2
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Work principle

Others

Business model principles

Ref

 https://www.jupiter1000.eu/english
 ADEME – NEDO seminar, Jupiter 1000 Project, Christophe Pardieu, GRTgaz,
13/12/2017

Order

7

Name

Markham Energy Storage, Ontario

Location

Markham, Ontario, Canada

Duration

January 2015 – present

Type

Demonstration

D1.1
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General
info./objectives

Stores surplus electricity as pure hydrogen, which is blended into Enbridge Gas’ existing natural
gas framework—creating lower-carbon natural gas delivery without impacting energy costs,
reliability or safety. Largest in North American (claimed in 2018)

Electrolyser (and
other facilities)

 2.5MW PEM from Hydrongenics connected to a 27.6 kV feeder
 A small Fuel cell

Power source

Unknown

Hydrogen (& byproduct) use

 Blending into gas grid

Construction

January 2015 – May 2018 (Design & commissioning)

Operation

Commissioned since May 2018

Economy

5.2 m CAD ~ 3.75 m euro

Key
learnings/results

 Technology viability
 Plant provides +/- 1.05 MW of regulation service for the IESO, 2 second response time, 2 MW/sec
ramp rate
 Meets the highest standards of safety and quality, installed in a residential neighborhood
 Fully approved for operation by multiple certification bodies having jurisdiction
 Engaging earlier with all stakeholders involved in the review process to finalize a site location
including the local distribution company and municipal zoning, would have sped up the process.
In addition, engaging with these stakeholders earlier would also have reduced or eliminated the
amount of engineering re-work that was required.
 The installation of interconnections (in terms of piping and electrical) between components, and
certifications from the Electrical Safety Authority, Canadian Standards Association and Technical
Standards and Safety Authority (TSSA) for equipment in a building, were both an order of
magnitude more complex and time consuming than other smaller scale project.

Others

Ref
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 Markham Energy Storage Facility, Presentation at Growing the Hydrogen Ecosystem in Ontario
Mississauga – June 13, 2018
 https://www.cummins.com/news/2020/11/12/its-second-year-north-americas-first-multimegawatt-power-gas-facility-shows
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 Smart Grid Case Studies: SPOTLIGHT ON Energy Storage Systems Casebook, ISGAN Annex 2
Smart Grid Case Studies, March 2019

Order

8

Name

PTG-BW: Power-to-Gas Baden-Württemberg

Location

Baden-Württemberg, Germany

Duration

07/2015 – 12/2019

Type

Research

General
info./objectives

 Aim to contribute to the further development of power-to-gas technology towards
greater efficiency and lower costs with a focus on hydrogen production (power-tohydrogen) for the mobility sector
 Setup an industrial benchmark

Electrolyser (and
other facilities)

 1MW Alkaline (ZSW) 500 kg of hydrogen per day
 Compressor and hydrogen storage

Power source

Direct connection to the neighboring Wyhlen hydroelectric power plant (no
electricity from grid. Long-term electricity procurement model.

Hydrogen (& byproduct) use

Hydrogen is filled into trailers on site at a pressure level of 200 bar and transported
to H2 filling stations with a capacity of 1,500 kg per day.

Construction

Unknown

Operation

More than 4000 hours

Economy

4.5Million Euro

Key
learnings/results

 specific energy consumption of the electrolyser at nominal load ≤ 4.5 kWh / Nm³
eH2,
 eH2 delivery with a hydrogen purity suitable for fuel cell vehicles,
 Dynamic operability of the system (rated power range at least 20% - 100% with
load gradient ≥ 20%/s; start-up from stand-by < 300 s),
 the stable electricity production from hydropower, higher annual operating hours
are possible, which reduces them total cost of production of hydrogen produced
by electrolysis.

Others

fdafdsa
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System

configuration

and

layout

Ref

 https://www.ptg-bw.de/
 M.-S. Löffler, “Leuchtturmprojekt Power-to-Gas Baden Württemberg”, Stuttgart,
2019

Order

9

Name

Hybalance

Location

Hobro, Denmark

Duration

1 October 2015 - 30 September 2020 (Demo)
Oct. 2020-present (commercialized)

Type

Demonstration & commercialized

General
info./objectives

Hydrogen is produced for enabling the storage of cheap renewable electricity from
wind turbines, helping to balance the grid, and clean transportation and in the
industrial sector. Currently operated by AirLiquid.
 Around 230 Nm³/h of hydrogen is generated by means of a single PEM electrolysis
(HyLYZER® 230-30 – dual stack, 1.25MW, 30bar) supplied by Hydrogenetics.
 Compression unit/ High and medium pressure storage
 Power transformer connected to the grid including the activation box for balancing
services
 pipeline connection for direct supply to a nearby customer/tube filling center for
trucked-in delivery at customer sites

Electrolyser (and
other facilities)

Power source

D1.1

Electricity grid
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Hydrogen (& byproduct) use

hydrogen by pipeline to a nearby customer in Hobro and trucked-in at other
customer sites, grid balancing was preliminarily tested

Construction

Unknown

Operation

inauguration on 3 September 2018

Economy

Total budget € 15 803 441,25 (EU contribution € 7 999 370,80)

Key
learnings/result
s

 120 tons of hydrogen produced and delivered to end-user
 >13,937 hours of operation
 Overall system efficiency (incl. all utilities): 56,5 kWh/kg (target: 57,5 kWh/kg)
 Fast reaction time for grid balancing services (FCR): <10 sec (in real operation), but
the system can react in <2 sec (in hot conditions)
 Overall efficiency achieved during the HyBalance program on the electrolyzer and
its ancillaries (water cooling & purification...) is 56,5 kWh/kgH2. The recent product
optimizations will permit an efficiency of around 52 kWh/kgH2.
 Production is stable delivering hydrogen at required flow, pressure and quality per
E&C and CHN specifications
 First estimation of the durability of the cell stack is in line with the forecasts
Containerized solutions for electrolyzer and ancillaries enable quick and easy
installation on-site as well as a small footprint.
 Design has been enhanced to easily fit within the size of respectively 40 feet and
20 feet.
 Establishing test protocols to detect defaults before installation on-site e.g. during
manufacturing or Factory Acceptance Test
 Sizing of the compressor and storage capacities is obviously a key element to
ensure a consistent back-up to (i) reserve production capacities for grid services
and continue H2 customers supply during load down regulation, (ii) perform
maintenance services on electrolyzer without stopping the H2 supply to customer
or on other equipment without stopping the electrolyzer production, (iii) buffer H2
consumption peak over short period of time.
 Electrical connection to the grid and quantification of harmonics generation within
the grid shall be anticipated during the early preparation phases of the project.
 Implementation of a program logic controller to pilot all the systems together
appears more efficient for the monitoring and the remote access of the plant.
 The capital cost of the HyBalance PEM electrolyzer is around 1800 €/kWh. The
investments required are expected to decrease at a target of 1000 €/kWh including
EPC.
 O&M costs are estimated between 2 to 3% of the hardware investments.
 Grid services for electrolysers can offer a great potential of cost reduction for
hydrogen production by electrolysis. HyBalance assessment and similar case
simulations show that grid balancing services could generate revenues equivalent
to 15 % to 25% of the electricity costs on average, even reaching negative costs of
electricity during certain periods.
 Excellent production planning is needed to maximize the possible revenue from
grid balancing. For grid balancing to work well in operation, it is necessary to be
able to produce based on interesting electricity prices instead of based on demand.
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There is a need for operations optimization tools to pilot production according to
demand, storage capacity and grid forecast. Then the impact on operations remains
low.
 In the first deployment phase of an electrolyser, when the demand is still low
compared to the production capacity, the reserves revenue will allow the system
to increase its profitability;
 Different strategies could be applied for small and large size installations. The first
case will require H2 sales volume close to the nominal in order to amortize CAPEX
then less capacities can be reserved for grid balancing. Large scale plants can take
advantage of more flexibility due to higher production capacity to limit the impact
of OPEX. However this is also dependent on the available renewable energy and
needs to balance the grid in the area. The reserve capacity offered on the market
may be very limited, which makes these bidding strategies difficult to carry out on
larger scale plants.
System configuration and layout

Others
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Ref

 HyBalance Deliverable 7.8 Final report with strategic learnings from performance
reporting, business case analysis, July 2021
 https://hybalance.eu/

Order

10

Name

Hebei Guyuan Wind-hydrogen

Location

Guyuan, Heibei, China

Duration

2015-present

Type

Demonstration

General
info./objectives

Demonstrate techno-economic viability of wind-hydrogen

Electrolyser (and
other facilities)

 10MW electrolyser (incl. 2 x 2MW Pressurized alkaline McLyzer 400-30 from
McPhy)

Power source

200MW onshore wind

Hydrogen (& byproduct) use

Industrial process and mobility

Construction

2017 - 2020

Operation

N/A

Economy

2.03 billion CNY ~ 327 million euro for whole project
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€6.4 million contract for the 4MW electrolyser and a transportable solid state
hydrogen storage unit from McPhy
Key
learnings/results
Others

According to news
 Expected to deliver 17520000Nm3 (1575t) hydrogen per annum, i.e. close to a load
factor of 90%,
 Expected to achieve annual revenue of 260 million yuan, i.e. approx. 15 CNY/Nm3.
N/A

Ref

 https://www.upstreamonline.com/energy-transition/china-set-to-fire-up-windfarm-linked-hydrogen-scheme-with-winter-olympics-in-its-sights/2-1-927148
 https://www.spglobal.com/commodity-insights/zh/market-insights/latestnews/metals/061120-n-china-hydrogen-push-led-by-hydrogen-as-by-productrenewables

Order

11

Name

Store&Go Falkenhagen

Location

Falkenhagen, Germany

Duration

March 2016 – February 2020

Type

Demonstration

General
info./objectives

 Integrate the electrolyser plant into the development and demonstration of a
methanation plant
 Convert green hydrogen into methane (CH4), i.e. synthetic natural gas, using CO2
from a bio-ethanol plant.

Electrolyser

 6 AEL electrolysis (HySTAT®-60, 312kW each, 60NM3/h, 10bar, with all peripherals
in 20Ft) supplied by Hydrogenetics.

Power source

Local wind (unknown capacity)

Hydrogen (& byproduct) use

Hydrogen further compressed to 15 bar for methanation.

Construction

Operation
Economy

D1.1

Regarding the Methanation plant
 Manufacturing and inspection process completed in October 2017
 Installation from Nov. 2017 to – Jan. 2018
 Commissioning tests Cold/Hot/Trial runs
Gas injection from Jan. 2019, with Operating hours 1186h, Inject 668 h , SNG-output
approx. 192,000kWh
28 million euro for Store&Go
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Key
learnings/results

 technology feasibility for PtG,
 PtG interactions with electricity grid,
 EU-wide analysis covering regulatory regimes, social and public acceptance, etc.

Others

Ref

 Store&Go
Deliverable
D2.3
Demonstration
plant
Falkenhagen
commissioned/commissioning report , Nov. 2017
 Store&Go Deliverable D7.5 Report on experience curves and economies of scale,
Oct. 2018
 Store&Go Deliverable D8.3 Report on the costs involved with PtG technologies and
their potentials across the EU, April. 2018
 https://www.storeandgo.info/

Order

12

Name

Fukushima Hydrogen Energy Research Field (FH2R)

Location

Namie, Fukushima, Japan

Duration

September 2016 to March 2023

Type

Demonstration

D1.1
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General
info./objectives

Aims to maximize variable renewable utilization and establish low-cost, Green
hydrogen production technology without the use of storage batteries by adjusting
to supply and demand in the power grid.

Electrolyser
(and
other
facilities)

 6MW (Rated), 1.5-10MW (Range), Atmospheric Alkaline supplied by Asahi Kasei,
1,200 Nm3 of hydrogen per hour
 Compressor and storage

Power source

Grid + 20MW PV

Hydrogen (& byproduct) use

 Mainly transported in Hydrogen tube trailers and hydrogen bundles to power
stationary hydrogen fuel cell systems and to provide for the mobility devices, and
other applications.

Construction

2018-March 2020

Operation

Since March 2020

Economy

US$ 200 million (unconfirmed)

Key
learnings/result
s

 In addition to installation, several functions such as power balancing, hydrogen
demand and supply forecasting have been developed.
System working principle

Others

3D-illustartion of the system configuration

D1.1

www.greenhyscale.eu

46

Ref

 https://www.global.toshiba/ww/news/energy/2020/03/news-2020030701.html?utm_source=www&utm_medium=web&utm_campaign=since202202e
ss
 https://www.nedo.go.jp/english/news/AA5en_100422.html
 Fukushima Hydrogen Energy Research Field (F H2R), NEDO, 2020,
https://www.bdi.fr/wp-content/uploads/2020/03/Fukushima-Hydrogen-EnergyResearch-FieldFH2R.pdf

Order

13

Name

H2FUTURE

Location

Linz, Austria

Duration
Type

General
info./objectives

Electrolyser (and
other facilities)

1 January 2017- 31 December 2021
Demonstration
 Design, construct and operate a 6 MW proton exchange membrane (PEM)
electrolysis system at the voestalpine steelworks in Linz
 Prove electrolyser can produce green hydrogen from renewable electricity while
using power price opportunities and providing grid services (primary, secondary
and tertiary control) to help stabilise the grid.
 6MW PEM 12-module array Silyzer 300 by Siemens Energy, 1200 Nm3 hydrogen
per hour
 State-of-the-art process control technology based on SIMATIC PCS 7

Power source

Grid

Hydrogen (& byproduct) use

 Hydrogen for steel making, integration into an existing coke oven gas pipeline at
the steel plant
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www.greenhyscale.eu

47

Construction

Approx. 1 year

Operation

Five test phases run in 2020, starting in March 2020; followed by quasi-commercial
operation period from end of October 2020 until end of 2021

Economy

18 million EUR (12 million EUR by FCH JU)

Key
learnings/results

 Start-up time ˂1 min, enabled for primary frequency control reserve.
 Dynamic range, 10%/s in 0-100%.
 Minimum load, 20% single module.
 Plant efficiency 80%.
 Detailed engineering and performance KPIs.
 Planning and scheduling of electrolyzer asset using optimization techniques like for
classical power generation assets (but higher dependence on grid services prices).
 There are no real forecasts available for control reserve.
 Difficulty to forecast / estimate grid services prices, unexplainable market
movements due to few market participants in Austria, relatively frequent change
of market rules, speculation, bubbles, game theoretic behavior.
 Project only required to reach 3,000 full load hours in quasi-commercial phase
(corr. to load factor below 30%), thus high flexibility of electrolyser.
 More than 500 tons of green hydrogen produced over 14 months.
A proposed optimal operation principle

Others

Diagram of a use case for control implementation
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Ref

 https://www.h2future-project.eu/

Order

14

Name

Demo4Grid

Location

Völs, Tyrol, Austria

Duration

1 March 2017- 31 August 2023

Type

Demonstration

General
info./objectives

Commercial setup and demonstration of a technical solution using the Pressurized
Alkaline Electrolyser (PAE) technology for providing grid balancing services under real
operational and market conditions and the production of Green Hydrogen for
industrial energy services.

Electrolyser (and
other facilities)

 3.2 MW Pressurized alkaline electrolyser developed by IHT (acquired by Sunfire in
2021), 30bar.
 Power connection, a groundwater pump, a hydrogen pipeline, a bridge, hydrogen
storage, and a (dual fuel) hydrogen burner.

Power source

Electricity grid (incl. hydro power)

Hydrogen (& byproduct) use

 Replace fossil-based natural gas for heating the food company MPREIS bakery’s
oven on-site.
 Electrolyser waste heat also integrated used at the bakery to improve the overall
energy efficiency.
 Fuel cell trucks.
 Grid balancing services to the transmission system operator APG (primary and
secondary balancing services), to participate in TIWAG’s intra-day and spot markets
to generate cost-competitive hydrogen.
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Construction

Electrolyser installed in December 2021 (due to heavy delay)

Operation

Operation started in March 2022

Economy

13million € (incl. regional investment), Total cost from EU € 7 736 682,50,

Key
learnings/results

 Location development must be pointed out as a main process delay; a new location
was selected due to failed negotiations with landowners.
 Procedure of permits obtaining is an important milestone.
 Revenue for using electrolysers as a flexible load is investigated.

Others
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Ref

 Undertaking, Hydrogen Joint. "Study on early business cases for H2 in energy
storage and more broadly power to H2 applications." (2017).
 Demo4Grid, D3.2 Analysis of RCS and Safety Requirement, August 2019.
 Demo4Grid, D3.5 Procedure of permits obtaining for 3.2 MW PAE operation,
February 2021.
 Demo4Grid, D6.1 Assessment of market potential, March 2020.
 https://www.demo4grid.eu/

Order

15

Name

REFHYNE- Clean Refinery Hydrogen for Europe

Location

Rhineland Refinery in Wesseling, Germany

Duration

1 January 2018 - 31 December 2022

Type

Demonstration

General
info./objectives

 Install and operate a 10MW electrolyser from ITM Power at a large refinery.
 To prove the electrolyser can access revenues from Germany’s FCR and aFRR
markets, run by the German TSOs

D1.1
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 Refinery also has onsite electricity generation and the electrolyser will be used to
help balance the site’s internal electricity grid.
 Aim to increase full load hours of site to achieve regular consumption from grid and
subsequent grid fee reduction.
Electrolyser (and
other facilities)

10MW PEM stack skid comprises 5x 2MW sub-modules packaged into one unit, from
ITM, Stack efficiency will be between 45 and 55 kWh/kg

Power source

Grid and local renewables

Hydrogen (& byproduct) use

Electrolyser will provide approximately1,300ton H2 per year to the refinery’s H2
pipeline
system,
currently
supplied
by
two
steam
methane reformers (SMR)

Construction

Unknown

Operation

Begins in July 2021

Economy

20 million EUR (10 million EUR by FCH JU)

Key
learnings/results

 Different scenarios investigated for making green hydrogen viable.
 High impact of levies on electricity and subsequently hydrogen price.
 Electrolysis not yet able to compete with reforming of natural gas on production
cost of hydrogen.
 Currently high load factor rather than flexible operation of electrolyser leads to
lowest hydrogen cost.
 Supporting hydrogen as low carbon feedstock for refineries through the Renewable
Energy Directive is a key policy option to scale up electrolytic hydrogen in the short
term.
 Sustainability criteria for renewable hydrogen from grid connected electrolysers to
be adopted by EU COM by end of 2021; these could have significant impact on the
scale up of electrolytic hydrogen.
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Others

Ref

 REFHYNE, D7.2 Brief summary report on initial policy implications of the bulk
electrolyser model, Jan 2021.
 https://www.refhyne.eu/

Order

16

Name

Haeolus: Hydrogen-Aeolic Energy with Optimised eLectrolysers Upstream of
Substation

Location

Berlevåg harbour, Norway

Duration

D1.1

1 January 2018-31 December 2023
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Type

General
info./objectives

Electrolyser (and
other facilities)

Demonstration
 install a 2.5 MW electrolyser inside the Raggovidda wind farm, whose growth is
limited by grid bottlenecks.
 Design and operate an integrated system of electrolyser, fuel cells, and wind farm,
to allow emulating different operating modes and grid services.
 deploy and test a remote monitoring and control system allowing the system to
operate without personnel on site.
 Maintenance requirements will be minimized by a specially developed diagnostic
and prognostic system for the electrolyser and BoP systems.
 2.5 MW PEM containerised electrolyser - a standard model from Hydrogenics.
 100kW Stationary fuel cell.
 A small storage tank holding 150 kg of hydrogen at 30 bar.

Power source

Wind

Hydrogen (& byproduct) use

Market opportunities include:
 Maritime and land transport: fishing boats, fast passenger boats, Cruise Ships,
trucks and buses.
 Oxygen for pond oxygenaton in Aquaculture plants.
 Oxygen is also considered as a chemical feedstock for the producton of hydrogen
peroxide, which is one of the options considered by Berlevåg municipality.
 Heat is generally considered a lesser‐value by‐product compared to oxygen, but
several scenarios have been considered, including heatng of greenhouses and
installaton of a district‐heatng system in Berlevåg.

Construction

Nov. 2020- August 2021 (commissioning)

Operation

Demonstration is planned to start in 2021

Economy

€ 7 793 995

Key
learnings/result
s

D1.1

 Estimated cost for hydrogen production from Raggovidda between 4 and 6 €/kg
(considering local wind).
 Hydrogen storage for re-electrification in fuel cells is normally not economically
advantageous, whereas production of hydrogen for sale as fuel is more attractive.
 Developed a dynamic model of plant operation and has synthesised control
strategies for all expected modes of operation and their relative testing protocols.
 1 t/d, at least 120 t over 2.5 year.
 Electrolysers can service all reserves.
 Increase load factor of electrolyser is important to achieve reduced production cost
of green hydrogen.
 Test protocols developed for own purpose.
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System Working principle

Others

Valorisation of identified opportunities
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Ref

 https://www.haeolus.eu/
 D3.3 Valorisation plan for hydrogen and byproducts, April 2020
 D5.1 Energy analysis of the Raggovidda integrated system, April 2020
 D8.4 Factory test acceptance, May 2021
 D8.3 Protocols for demonstration of fuel-production strategy, Jan. 2021

Order

17

Name

HyP SA- Hydrogen Park South Australia

Location

Tonsley Innovation District, Adelaide, Australia

Duration

Q1 2018 (funding agreed) – present

Type

Commercial

General
info./objectives

 An Australia’s largest electrolyser and the first to deliver a renewable hydrogen
blend to customers on the existing gas network.

Electrolyser
(and
other
facilities)

 1.25MW PEM from Siemens, Silyzer200, up to 20kg per hour, operate between 450650V and up to 2240A, pressurized up to 35bar, DC Stack Efficiency (LHV) between
50-65%, Electrical Stack Efficiency 50-65kWh/kg of hydrogen produced.
 40kg onsite hydrogen storage vessel at 35bar.
 two transformers connecting electrolyser to 11Kv.
 Harmonic Filter for electrical grid stability.
 Trailers contain up to 400kg and average one trailer per week.
 Tube Trailer Pressure up to 165 Bar – supplied by additional compressor.

Power source

Grid power (with green certificate) through 11kV and

Hydrogen (& byproduct) use

 blended with natural gas at volumes of up to 5% and supplied to nearby homes via
the existing gas network
 Supply to industry via tube trailers (long storage tubes on the back of semi-trailers)

Construction

Approx. 15 months from construction start to commissioning complete

Operation

Since May 2021

Economy

14.5m AUD ~ 9.73 m EURO

Key
learnings/result
s

D1.1

 Engineering feasibility.
 Total 15-20L water per kg of hydrogen (in comparison to Electrolysis stoichiometric
ratio 9L water to 1kg hydrogen).
 Production cost of green hydrogen is around 6.7-10 euro per kg for the deployed
1MW electrolyser system.
 Scaling effects can make green hydrogen cost achieve 1.4 euro per kg by 2030.
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System working principle

Others

Ref

 https://www.agig.com.au/hydrogen-park-south-australia
 https://australiangasnetworks.com.au/hyp-sa
 HyP SA Overview, AGIG ESS Presentation – 22 June 2021

Order

18-19
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Name

Hydrohub GigaWatt scale electrolyser

Location

five industrial regions of the northern Netherlands

Duration

November 1, 2018 – Oct. 30 2021

Type

Feasibility study

General
info./objectives

Electrolyser
(and
other
facilities)

 Conceptual designs (blueprints) for future (2030 and beyond) GW water electrolysis
facilities in the five main industrial clusters in the Netherlands consisting three
partial studies
- Partial study 1: Integration of gigawatt scale electrolysis facility in 5
industrial clusters.
- partial study 2: Gigawatt green hydrogen plant – baseline.
- Partial study 3:A One-GigaWatt Green-Hydrogen Plant: Advanced Design
and Total Installed-Capital Costs.

For 2020-base line
 AWE 432 stacks or 1485 PEM stack.
 Gas compression and separation.
 Utilities.
For 2030 advanced design
 6*160 MW AWE modules (8x20MW stack) or 24*40 MW PEM modules (4x10MW
stack).
 Gas compression and separation.
 Utilities.

Power source

North-sea wind via grid

Hydrogen (& byproduct) use

 steel and chemical industries, local hubs, fertiliser plants, etc., for different
industrial regions

Construction

N/A

Operation

N/A

Economy

 Total installed costs of a GW scale industrial electrolysis plant amount
to 1400 €/kW for Alkaline electrolyser technology and 1800 €/kW for PEM
electrolyser technology, including indirect and owners costs as well as contingency
for investment decision, for 2020 scenario.
 For 2030 scenario, 730 €/kW for AEL and 830 €/kW for PEM.
 Other CAPEX items related to power supply, EPC have also been estimated.

Key
learnings/result
s

 Baseline designs for GW scale electrolyser facilities based on PEM and Alkaline
electrolysis technologies according to the state of the art (2020).
 Regional assessments were made of for each industrial cluster, including existing
and future hydrogen demand; Connections to the electrical infrastructure (380 kV
stations); Infrastructure needed to connect to the hydrogen backbone of gas
network; Plants and infrastructure for feed- and cooling water and wastewater;
and Opportunities for the use of residual heat.
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 The costs of power supply and electronics, balance of plant, and utilities and civil
are equally important as the cost of Alkaline electrolyser stacks.
 The costs for PEM stacks are higher and are about the same as the sum of the other
areas. Cost reductions are therefore needed in all mentioned areas.

Others
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Ref

 https://ispt.eu/projects/hydrohub-gigawatt/
 Integration of gigawatt scale electrolyser in five industrial clusters, public report,
ISPT, June 18th, 2020
 Gigawatt green hydrogen plant: state-of-the-art design and total installed capital
costs, ISPT, October 26th, 2020
 A ONE-GigaWatt Green-Hydrogen Plant: Advanced design and total installed
capital costs, ISPT, January 20, 2022

Order

20

Name

LHYFE Bouin

Location

Bouin, France

Duration
Type
General
info./objectives

Electrolyser (and
other facilities)

September 2019 – Today
Industrial production for bulk delivery
 Design, construct and operate a 0,75 then 2,5 MW electrolysis (Atmospheric
alkaline) system linked directly to a windpark using sea water.
 Prove industrial viability of green hydrogen from intermittent renewable electricity
starting with sea water.
 0,75MW Alkaline amtospheric electrolyser (NEL) with a balance of plant for 2,5 MW
( Upgrade planned in 2023).
 Compression to 350bar and purification system to >99.99%.
 Distribution to MECG (Hydrogen containers).

Power source

Wind park

Hydrogen (& byproduct) use

Hydrogen for mobility (Car, bus, trucks), logistic platforms (forklift), research centers,
and industry

Construction

Approx. 1 year

Operation

Commercial operation since January 2022

Economy

Investment 10Million euros

Key
learnings/results

 Production capacity 300kg/d to 1T/day.
 Windpark: 7.5MW peak.
 Detailed engineering of the site done by Lhyfe.
 Automation to “enslave” H2 production to Renewable electricity production.
 Implementation of Hydrogen Production management software to optimize H2
price.
 Implementation of Hydrogen Delivery management software to optimize logistics.
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Pictures taken from the operation site

Others

Ref

 https://www.energate-messenger.com/news/216105/lhyfe-starts-hydrogenproduction-in-bouin
 https://www.lhyfe.com/hydrogen-production-facilities/ecological-hydrogen-madein-vendee/

Order

21

Name

Greenlab 12 MW PtX

Location

Spøttrup, Denmark Greenlab Skive

Duration

1.jan 2020 – 1.jan 2025

Type

Demonstration and commercialized

General
info./objectives

 To demonstrate and develop the entire value chain from an effective interplay
between basically known technologies (wind, solar, infrastructure, storage,
hydrogen, biogas, methanol) to the valuation and marketing of green fuels.
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 The technological focal point of the project is a large-scale plant based on green
electricity from a newly built wind turbine / solar farm of 80 MW.
 A power to methanol and Power to Hydrogen plant with electricity consumption
from 1,6 MW battery, wind turbines and the grid with 2 filling stations, one with
hydrogen for fuel cells usage and one methanol filling station. For the methanol
synthesis the production will be combined with usage of bio-organic CO2, from the
biogas plant located in Greenlab skive.

PtX plant

 12 MW electrolyser plant with a flexible hydrogen factory that can adjust its
consumption around the clock and throughout the year, so that power
consumption is adapted to the fluctuations in electricity production that will occur
from the wind turbine and solar park. The forthcoming interconnection of a wind /
solar park with a flexible hydrogen factory, both in terms of management and
agreement design and construction of the electrolysis plant based on GreenHydrogen's HyProvide A90 platform. The plant must generate all the hydrogen to
be used for methanol production and hydrogen distribution in. The plant will
consist of 28 pcs. HyProvide A90 electrolysers with all necessary equipment,
including advanced software for production management and safety.
 Methanol synthesis plant, a complete, standardized, and modular electric-tomethanol plant that can upgrade biogas plants by utilizing the biogas' located in
Greenlab skive CO2 and connecting it with hydrogen from an electrolysis plant in a
synthetic process to produce green methanol.
 Balancing the plant with Hydrogen Compression and Distribution. Hydrogen is
compressed from the project's electrolysis plant and filled into mobile highpressure tanks of up to 400 bar, after which the hydrogen is transported to end
users, where the hydrogen is refueled on fleet vehicles such as public bus transport,
taxi fleets and trucks. Can connect to new green transport markets. The project will
establish a medium-pressure storage, compressor station and filling plant as well
as two mobile high-pressure trailers with a total storage capacity of up to 2,000 kg
of hydrogen.
 1,6 MW battery a combined 1 MWh lithium-ion battery and a 600-kWh flow
battery. Eurowind Energy takes on the role of developer and EPC supplier of the
battery solution, and will draw on recent experiences from development,
installation, commissioning, and operation of e.g., flow batteries from own
projects.

Power source

Battery, wind turbines, PV and the Electric grid

Hydrogen (& byproduct) use

As stated above

Construction

NA

Operation

Not determined

Economy

Total budget 157.666.218 DKK (Energistyrelsen contribution 79.999.723 DKK)

Key
learnings/results

 The project should combine the technical and economical teams together: The
conclusion is that it is very difficult to determine a business case with no technical
aspects to determinate the cost and the operation of the overall project.
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 One designated operator: The business case will be much easier to determinate if
there are a designated operator of the different applications. The responsibility of
the business case will remain on one part.
 A much higher economical risk willingness from all parties: as a one of the kind
project and completely new developed setup, the parties should be more focused
on the project getting executed then economical risk assessment. The possibility of
up-scaling with an economical advantage is much higher to succeed with, with an
operational plant.
 Timeframe on applications: Necessary approvals for the construction of electrolysis
units.
 Electric grid: Electrical connection to the grid and quantification of harmonics
generation within the grid shall be anticipated during the early preparation phases
of the project.
A 3D visualization of the renewable-electrolyser system

Others

Ref

 https://ens.dk/presse/energistyrelsen-stoetter-power-x-projekter-med-128-miokr

Order

22

Name

Diewels- Delfzijl Joint Development of green Water Electrolysis at Large Scale

Location

Delfzijl industrial park in the Netherlands

Duration

1 January 2020 - 31 December 2025

Type

Demonstration and innovation

General
info./objectives

 Prove the operational readiness of the 20 MW electrolyser for the production of
green methanol in ordinary industrial and commercial situations.
 The project will boost the creation of advanced pressurized alkaline electrolysers
by improving existing density electrodes aiming at standardized production.
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 It will combine economies of scale with the flexible and perfect operation of the
electrolyser to ensure low-cost hydrogen for customers.
 Decarbonation of industrial processes in the heart of a chemical park.
Electrolyser
(and
other
facilities)

 20 MW pressurized alkaline electrolysers from McPhy (Augmented McLyzer
platform which uses 4 MW module McLyzer 800-30 as a “building block”. McLyzer
800-3 : output pressure 30 bar, 800Nm3/h, nominal power 4MW, DC Energy
Consumption @ nominal flow rate (4.5kWh/Nm3).

Power source

Aims to follow variable renewable energy

Hydrogen (& byproduct) use

 Production of renewable methanol.
 Directly delivered to consumption points.

Construction

unknown

Operation

Planed start of operation 2024

Economy

€ 41 967 250

Key
learnings/result
s

 Expect to achieve 3,000 tons of zero-carbon H2 / year and 27,000 tons of Co2
emissions avoided / year.
 Scaling effects may not apply to the electrolysers well, but do apply sound for the
equipment around it and many other project costs, such as the electricity
connection and civil costs.
 With regard to investment costs, it can also be noted that these are still somewhat
higher than in many international reports are indicated. The reason for this is that
the costs of realization of an electrolysis installation are underestimated. The
emphasis in the reports is often on the electrolyzers and the equipment directly
around them (the so-called balance of plant) and there is less attention to costs for,
among other things, the electricity connection, civil, connection of utilities,
engineering, safety aspects and automation.
 Storage of hydrogen is needed to decouple hydrogen production and use in order
to enable variable renewable-based flexible electrolyser operation.
 There is currently no oxygen network at the Delfzijl chemical park and the demand
for clean oxygen is too limited to make the electrolyzer suitable for the capture and
marketing of the oxygen.
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Others

Ref

 https://djewels.eu/
 Eindrapportage MegaWatt Design Delfzijl, 2021

Order

23

Name

H2RES - Demonstrating renewable hydrogen production for road transport based on
offshore wind

Location

Avedøre, Hvidovre, Denmark

Duration

2020 - 2023

Type

Demonstration

General
info./objectives

To show that hydrogen production through electrolysis-based energy from offshore
wind can be applied as value-creating and intelligent sector-coupling between the
electrical power grid and the transport sector, thereby supporting the development
of offshore wind and zero-emission transport. To this end, the project’s ambition is
to showcase how production of renewable hydrogen can be achieved at near-
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Electrolyser (and
other facilities)

commercial terms and demonstrate what needs to happen within technology,
regulation and business models, to enable hydrogen production based on offshore
wind to compete on fully commercial terms in the near future.
 5x 430kW Alkline (35bar)
 Integrated hydrogen storage (<50kg), compression (from 35 to 500bar) and
distribution facility including truck trailers (storage capacity pr. trailer up to 1 - 1.5
tons).
 A supply of water established for the electrolysis plant both from Avedøreværk's
existing water treatment plants and with waterworks water from the municipal
supply. The water consumption is expected to be 10 - 20 m3 per day.

Power source

Electricity both from the transmission network and from the nearby 2x3.6MW wind
turbines at Avedøreværket.

Hydrogen (& byproduct) use

 Use hydrogen for buses, trucks and, if possible, also taxis on Zealand

Construction

Started from May 2021

Operation

Unknown

Economy

72.75 mio. DKK

Key
learnings/results

 Environmental approval including comprehensive assessment such as calculations
regarding fire and explosion for accidents with hydrogen spills. The plant is
categorized as “kolonne 2 virksomhed” according to the amount of hazardous
substances stored at the facility.

Others

N/A

Ref

 https://orsted.com/en/media/newsroom/news/2021/05/953942245693267
 https://eudp.dk/en/node/15921
 Miljøgodkendelse af projek- tet H2RES – anlæg til pro- duktion af brint, 16. marts
2021.

Order

24

Name

REFHYNE II - Clean Refinery Hydrogen for Europe II

Location

Rheinland refinery in Cologne, Germany

Duration

1 October 2021- 30 September 2026

Type

Demonstration

General
info./objectives

 Will install a 100MW PEM electrolyser at Rheinland refinery in Cologne, Germany,
using renewable power to produce green hydrogen and oxygen, which will be fedin to the existing refinery networks to decarbonise refinery operations.
 Will achieve a viable business case for large-scale electrolysis at refineries by
valorising the hydrogen and oxygen streams in the refinery and receiving RED
credits for the hydrogen produced, while minimising the cost of hydrogen through
improvements in efficiency and capital cost.
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 A research task will explore the upgrading of waste heat to higher temperatures
for use in the refinery, to further improve the business case.
 Power will be sourced through novel PPAs with named renewable plants. Emissions
avoidance will be achieved by displacing the hydrogen currently produced on-site
through SMR and adapting the refinery to allow the electrolyser to act as a flexible
load and hence contract direct with renewable generators, to increase renewable
penetration into the grid.
Electrolyser (and
other facilities)

 100MW PEM electrolyser based on 5MW module

Power source

PPA with named renewable plants

Hydrogen (& byproduct) use

Refinery plant

Construction

N/A

Operation

N/A

Economy

Total budget € 148 956 405

Key
learnings/results

N/A

Others

N/A

Ref

 https://cordis.europa.eu/project/id/101036970

Order

25

Name

GreenHyScale

Location

Skive, Denmark

Duration

1 October 2021- 30 September 2026

Type

Demonstration

General
info./objectives

 Develop a novel multi-MW alkaline electrolyser platform with factory assembled
and pre-tested modules, allowing rapid onsite installation capable of reaching a
CAPEX below 400 EUR/kW by the end of the 5-year project.
 Distribute green electricity from both sources through GreenLabSkive’s unique
SymbiosisNet which optimizes and exchanges energy in all forms (heat, gas, water,
heat) between the industrial park entities and external suppliers and offtakers.
 Valorize electrolysers’ by-products including balancing services
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Electrolyser (and
other facilities)

 100MW pressurized alkaline based on a novel 6 MW module, manufactured by
GreenHydrogenSystems

Power source

Local wind and solar and external grid

Hydrogen (& byproduct) use

 Multi-purposes including industrial process and mobility etc.

Construction

N/A

Operation

N/A

Economy

€ 52 982 523,75

Key
learnings/results

N/A

Others

N/A

Ref

 https://cordis.europa.eu/project/id/101036935

Order

26

Name

GREENH2ATLANTIC-A 100 MW FLEXIBLE GREEN HYDROGEN PRODUCTION PROCESS
SOURCING HYBRID RENEWABLE ENERGY AND SUPPLYING GREEN HYDROGEN TO
MULTIPLE END-USES

Location

Sines, Portugal

Duration

1 December 2021-30 November 2027

Type

Demonstration

General
info./objectives

Develop a 100 MW alkaline electrolyser at technology readiness level 8, leveraging
scale-up, standardization and production automation. The project will demonstrate
this electrolyser with scalable and fast-cycling 8-MW modules that overcome barriers
related to capital expenditures, efficiency, size, lifetime, current density and
flexibility. GREENH2ATLANTIC will deliver an interface system composed of advanced
power electronics, enabling the direct coupling of the electrolyser with local,
dedicated hybrid renewable energy and an AI-enhanced Advanced Hydrogen
Management Systems. Ultimately, GREENH2ATLANTIC will optimize operating
expenses, load factor, real-time hydrogen production management and system
performance.

Electrolyser (and
other facilities)

 100MW pressurized Alkaline platform based on scalable and fast-cycling 8MW
module, McPhy
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Power source

N/A

Hydrogen (& byproduct) use

 Chemical industry and natural gas grids

Construction

N/A

Operation

N/A

Economy

€ 76 614 020

Key
learnings/results

N/A

Others

N/A

Ref

 https://cordis.europa.eu/project/id/101036908
 https://mcphy.com/en/press-releases/greenh2atlantic-project/
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APPENDIX 2 - FCHJU TARGETS ABOUT HYDROGEN
PRODUCTION FROM RENREWABLE ELECTRICITY FOR
ENERGY STORAGE AND GRID BALANCING
Appendix 2 presents FCHJU’s techno-economic state-of-the-art and future targets for hydrogen
production technologies

Table 6: State-of-the-art and future targets for hydrogen production from renewable electricity for
energy storage and grid balancing using AEL electrolysers

Source: KEY PERFORMANCE INDICATORS (KPIS) FOR FCH RESEARCH AND INNOVATION, 2020 – 2030, FCHJU,
Version: 5.0 Last update 06/08/2020
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Table 7: State-of-the-art and future targets for hydrogen production from renewable electricity for
energy storage and grid balancing using PEM electrolysers

Source: KEY PERFORMANCE INDICATORS (KPIS) FOR FCH RESEARCH AND INNOVATION, 2020 – 2030, FCHJU,
Version: 5.0 Last update 06/08/2020
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