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IEA Hydrogen TCP Task 38 background
This work is done in the framework of Task 38 of the IEA Hydrogen Technology
Collaboration Programme (HTCP), entitled: “Power-to-Hydrogen and Hydrogento-X: System Analysis of the techno-economic, legal and regulatory conditions”. It
was approved by the HTCP Executive Committee, to examine hydrogen as a key
energy carrier for a sustainable and smart energy system.
The “Power-to-hydrogen” concept means that hydrogen is produced via
electrolysis. Electricity supply can be either grid, off-grid or mixed systems.
“Hydrogen-to-X” implies that the hydrogen supply concerns a large portfolio of
uses:
• transport (hydrogen in fuel cells, synthetic methane, methanol and liquids),
•n
 atural gas grid (by blending hydrogen directly with natural gas or
synthesising methane and blending it into the natural gas grid),
• re-electrification through hydrogen turbines or fuel cells,
•g
 eneral business of merchant hydrogen for energy or industry, especially
refinery, steel industry, ammonia, etc.,
•a
 ncillary services or grid services for the electricity grid, transport or
distribution grid. Hydrogen provides flexible energy storage and carrier
option which could defer the need for new lines and would alleviate the
transmission difficulties.
The general objectives of the Task are:
• t o provide a comprehensive understanding of the various technical
and economic pathways for power-to-hydrogen applications in diverse
situations;
• to provide a comprehensive assessment of existing legal frameworks;
•a
 nd to present business developers and policymakers with general
guidelines and recommendations that enhance hydrogen systems
deployment in energy markets.
A final objective will be to improve the visibility of hydrogen as a key energy carrier
for a sustainable and smart energy system, for different time frames.
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Preface
Demonstration is a key first step towards large-scale market introduction. In
the framework of Task 38, a review of 249 Power-to-X demo projects in 33
countries was conducted for the period before 2021. Results show that the
features of demonstrations have evolved significantly over the years: electrolysis
capacity has increased, both for PEM and alkaline systems, and the potential for
balancing and ancillary services is increasingly investigated via grid-connected
demonstrations. The scope of Hydrogen-to-X pathways has also evolved over
the years, mainly to include industry applications. A workshop addressing
the results and challenges of several demo projects was organised under the
umbrella of Task38.
Following the thorough review of demonstration projects and based on the
workshop discussions, the work towards this roadmap started.
An update of the cited database was carried out during the end of 2020. In
particular, 60 new projects starting from 2021 were added to the existing
database, to reach 309 installed, planned or announced demonstrators objects
of the analysis. These demonstrators include both technical and economic
goals, as well as goals for integration into energy systems or early adoption.
In this analysis, a perspective on the development of PtX demonstrators in the
more general socio-economic context of new energy solutions is proposed,
the PtX pathway being seen as a major potential brick of the energy transition.
These elements of political economy analysis emphasise the key role that public
decisions can have in boosting this specific pathway.
The inventory of current demonstration projects compared to national or
international strategies displayed on the development of the PtX pathway
leads to answer two important questions: given the stated ambitions of the
stakeholders, and in particular the countries through the national roadmaps,
what is missing? what needs to be done?
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Previous work of Task38 on P2X demonstration projects

#1
Cumulated new demonstrators
started, planed or announced since
2018, by maturity level

Executive Summary

N

What do we know?
A database of 309 ongoing and planned PtX projects (updated in December 2020) has
been used as a basis for this study. Out of these 309 projects:
• 263 are research and development (R&D) projects: proof of concept, prototype
and demonstration;
• 30 are early adoption projects, and
• 16 are scale-up projects, not considered demonstration projects, but rather part
of the clean energy market.

Historical analysis
The historical analysis of the demonstration projects highlights the growing trend in PtX
pathways, particularly since 2010. The interest in the different PtX pathways have changed
considerably in recent years and industrial applications are taking the lead.
Approaches that promote sector coupling can reveal the full potential of hydrogen to
decarbonise the energy system. As a result, an increasing number of demonstration
projects are considering several applications simultaneously, as well as integrated
systems, exploring the possibility of balancing the electricity grid.

Current period (2018-2023)
While Europe was over-represented in the PtX development roadmaps of the last two
decades, in recent years other regions are increasing their amount of PtX projects, with
Australia standing out, followed by Asia and the Middle East.
The production capacity of the majority of new projects installed or planned over the
period 2018-2023 has increased by an order of magnitude.
The applications are broader, with a strong trend towards integration into large
ecosystems, particularly industrial and chemical applications. Production projects are
more integrated with distribution infrastructure, notably through injections into pipelines.

Technological maturities
R&D remains very important in most PtX application and across all levels of technological
maturity.
There has been a radical shift between a generation of demonstrators focused on
technological risk mitigation and a new generation focused on testing economic viability
and durability.

Pilot projects are becoming one of the main categories of
installed demonstrators. While historical demonstrators
focused on technical tests (from proof of concept
to demonstrations) of limited duration, usually with
significant public funding; early adoption projects aim to
provide a service over time to customers and to be selffinancing as a viable energy solution.
It has been noted that, for the early stages of maturity, the
dispersion of costs is much higher than the average trend,
which prevents a direct interpretation of these costs. This
is not a problem from the stages of demonstrations and
pilot projects. For the latter category (pre-products), the
costs per W tend to be a little more than 1$/W. This data
can be used for benchmarking future pilot projects.
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National strategies
This turning point in demonstrator deployment matches
the increase in national announcements on hydrogen
strategies. While some countries had already placed
hydrogen at the centre of their energy decarbonisation
process -such as Japan and Germany in 2017 and France
in 2018- between 2019 and 2020 more than 20 countries
have published ambitious national strategies for hydrogen
deployment. Adding up to nearly 30 countries with a
hydrogen roadmap.
2020 marks a turning point for hydrogen demonstrators
in terms of quantity, installed capacity, location, and
targeted applications, in line with these roadmaps.
Political and industrial objectives around the world are
reflected both in hydrogen production and/or end-use
targets and in import/export strategies.
The analysis of R&D programmes, industrial projects
and national strategies has led to the categorization
of countries by different profiles, identifying the main
approaches to PtX in the world: the strong environmental
proactivity, the potential for massive export of hydrogen
energy, and the historical exporters of oil and gas.

#2
Total costs of demonstrations
according to installed tested
capacity, by maturity level
1000

100
10
1
0.1

0.01

0.1

POC
proto
early adoption
linear fit

AN INTERNATIONAL ENERGY AGENCY TECHNOLOGY COLLABORATION PROGRAMME

2021

1

10

100

1000

#3
Distribution of demonstrations started, planned or announced since 2018 in the world

Countries thus need strong international cooperation (both at a global level and/or regional level,
e.g., in the EU) to pool knowledge on a mature hydrogen sector, to secure the internal market, and
to anticipate a geopolitical reshaping of the energy market.
The emergence of new PtX solutions through R&D will be affected by a wide variety of stakeholders:
citizens, scientific researchers, innovation networks, historical energy suppliers, equipment
manufacturers, major industrial users, financial players, political decision-makers, and international
organisations..

Concerning the rise in technological maturity
At each stage of maturity, specific challenges and needs arise. These needs are mainly interpreted
in terms of resources (organisational, regulatory, and financial), risk anticipation, and mobilisation
of investments. Decision-makers need to address these needs to trigger the green hydrogen
market.

What is missing and what needs to be done?
Concerning national potential
Aside from the overall growing trend of the PtX economy, specific deployments in
countries rely heavily on cultural, structural, and institutional factors. Each country must
analyse and reduce the differences between the national strategies and targets set, the
concrete demonstration initiatives ongoing and/or planned, and, finally, their potential.
It is important for decision-makers to be aware of the opportunities and risks of the
different PtX to implement the most fitted solution for their country (keeping in mind
their economic, environmental and energy constraints). For this, this roadmap has
classified national potentials into five main types: technological expertise, territorial
potential for green hydrogen production, history of energy production and export,
levels of growth and development, and environmental proactivity.
The analysis shows that country dynamics and the overall development of the sector
are strongly interlinked. The supply and demand for equipment, for example, such
as electrolyser suppliers or FCEV manufacturers, will only benefit from increasing
technological power or lower costs with scaling up if there is a solid demand. Energy
technologies are developed to target both local and international markets. Increasing
international trade in green hydrogen is directly dependent on the national import
(e.g., Japan) and export (e.g., Australia) strategies of third countries.
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Maturation, through demonstration projects, is a process of progressive learning in different fields:
scientific, technological, industrial, and economic, during which a Darwinian selection of the bestfitted solutions takes place. In this process, rising maturity equals lower risk and higher financial
resources to be implemented. The maturation process is more effective when it benefits from
continuity over time, involving partnership and consultation between the successive players.
The success of the early stages of maturation (proofs of concept and prototypes) depends mainly
on how the needs for research funding and institutional management of innovation are addressed.
For the demonstration stage, the main challenge is integrating relevant economic solutions. This
challenge is three-dimensional:
1. P
 romotion and valorisation of public investment on collective learning in PtX,
2. P
 romotion and valorisation of private investment to increase the companies’ skills
towards potentially high-competitive markets.
3. R
 obustness of the techno-economic indicators, to give public and private decisionmakers a roadmap on the evolution of final costs and to anticipate the increasing
competitiveness of green solutions compared to carbon-based solutions.
Early adoption is still considered a demonstration stage, no longer based on strictly technological
and techno-economic indicators, but on industrial constraints such as standards, national or
international regulations, financial guarantees, market share construction and economic efficiency,
which condition the prospects for scaling up.
Decision-makers can build an institutional environment that helps to achieve industrial ambitions
with:

> Guarantees and visibility on registrations, start-up times, start-up
costs…,
> Regulation, competition policy and rules, state control, transitional
support mechanisms and green certification,
> Financial support (sovereign credit rating, public credit, private credit),

support mechanisms to compensate for the cost differences with fossil
fuel technologies, such as AE or PEM electrolysers, heavy-duty FCEV, or
ammonia production, which are currently starting the scale-up.
Important reports have recently been published on the state of R&D
and targeted Key Performance Indicators (KPIs), contributing to the
growing maturity of hydrogen as a new energy carrier.

> Public governance (political stability)
> A robust trade policy
They can also act as catalysts for private investment through public/private
partnership mechanisms or green investment banks to reduce learning costs.
The main role of political authorities is to contribute to the construction of a
vision and to give a direction. In parallel to national roadmaps, it is important
to develop scenarios on the expected evolution of demand, carbon taxes, legal
framework, and support mechanisms. This is needed to establish a sustainable
PtX market, from environmental, societal, and economic perspectives, as a
substitute for carbon-based energy solutions.

Concerning the different PtX pathways
PtX includes Power to Hydrogen (PtH), Hydrogen to power (HtP), Hydrogen
to heat (HtQ), Hydrogen injection in NG grid (HtG-H2), Hydrogen to NG Methanation (HtG-M), Hydrogen to Fuel Cell Vehicle (HtF), Hydrogen to Liquid
Synfuels (HtF-S), Hydrogen to Gas Fuels (HtF-G), Hydrogen to Industry (HtI),
Hydrogen to Chemicals (HtCh), Hydrogen to Ammonia (HtCh-A), and Hydrogen
to Methanol (HtCh-M).
Extensive research and optimisation work is being carried out in all of them.
Some examples are electrolysers stacks (energy efficiency, life span, power, etc.),
new processes for using hydrogen in industry, fuel cells, cogeneration…
This work is partly financed by public funds, particularly for the most high-risk
technologies, but also by the equipment manufacturers, in anticipation of a
competitive market.

And then: 4 Main Recommendations
The future convergence of potential supply and demand thanks to the
growing maturity of PtX technologies is likely to change the world energy
model, and the economic paradigm, since it concerns the entire value
chain: production, storage, transport, distribution, applications (mobility,
space heating, industry), sales…
While the paths for developing new demonstrators are relatively
specific to the constraints and benefits of each nation, governments
can benefit from international cooperation, sharing lessons learned and
establishing international regulatory standards for the use and trade of
green hydrogen.
Taking into account the lessons we learnt from the past and current
demonstration projects, international cooperation must be enhanced
and developed to promote the exchange of knowledge, share
experiences and results, and optimize the cost of the demonstration
phase (recommendations 2 and 4). Having a more proactive and
selective approach to optimize public funding would be helpful
(recommendations 1 and 3).
1. A
 dopt a selective and prioritization approach before
launching a new demo project
2. E
 stablish and organize a permanent knowledge and advisory
platform on R&D and demo projects

Some application routes still require technological improvements to achieve
economic viability, such as synthetic fuels for aviation, the use of hydrogen for
the production of steels, or the injection of high levels of hydrogen (over 10%)
into existing natural gas pipelines.

3. Develop an updated guideline for policymakers and business
developers specifying the needs for new demo projects to
avoid redundancy or not useful projects (type of pathways
size etc…).

Other technologies are ready for industrial production but need transitional

4. P
 romote international collaboration and technology transfer
through joint demo facilities platforms

AN INTERNATIONAL ENERGY AGENCY TECHNOLOGY COLLABORATION PROGRAMME

INTRODUCTION

PURPOSE AND SCOPE OF THE ROADMAP

CONCLUSIONS AND RECOMMENDATIONS

ACRONYMS

20

REFERENCES

POWER-TO-X DEMONSTRATION ROADMAP
TASK 38 - POWER-TO-HYDROGEN AND HYDROGEN-TO-X

ANNEX

AEM

anion exchange membrane

BEV

battery electric vehicle

CCUS

carbon capture utilisation and storage

CHG

compressed hydrogen gas

CHP

combined heat and power

CNG

compressed natural gas

CST

conditioning, storage and transport

FCEV

fuel cell electric vehicle

FIT

feed-in tariffs

GHG

greenhouse gas

HRS

hydrogen refuelling stations

HtCh

hydrogen to chemicals

HtF

hydrogen to fuel

HtG

hydrogen to gas

HtI

hydrogen to industry

HtP

hydrogen to power

HtQ

hydrogen to heat

LOHC

liquid organic hydrogen carriers

MRL

market readiness level

NDC

nationally determined contributions

NG

natural gas

PEM
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INTRODUCTION
Making the energy system more sustainable,
with a significant reduction of CO2 emissions
following the Paris COP21 agreement [1],
is the guiding principle of national energy
policies. 175 of 197 Parties have ratified the
COP21 agreement, with the following goals: to
limit global warming within 2°C above preindustrial levels and aim to limit it to 1.5°C; set
global emissions to collectively peak as soon
as possible and to reduce emissions under the
best available science.
Transforming the energy system towards
more sustainability can only be achieved
through a combination of low-carbon energy,
energy efficiency, and the coupling of energy
sectors. Such a transformation is demanding
and all means need to be leveraged, i.e. a
combination of low-carbon energy, energy
efficiency, and the coupling of energy
sectors. Due to the increasing penetration
of renewable energies in the energy mix,
balancing generation and demand for grid
stability is becoming increasingly challenging.
Solutions like creating a transmission supergrid, smart grids and demand management, or
backup capacity implementation could assist
in overcoming this issue; but new measures
that go beyond increasing transmission and
distribution capacity and flexible generation
or consumption will be needed to manage
the grid efficiently, as the level of renewable
energy sources increases.
22

In this context, the application of Powerto-Hydrogen (PtH) concepts for managing
demand, providing seasonal energy storage,
and coupling sectors has attracted significant
interest during the last decade.
Apart from known reserves of “natural”
hydrogen [2], hydrogen (H2) is normally found
in nature combined with other elements such
as oxygen (O2) or carbon (hydrocarbons),
needing chemical and physical processes
to obtain the energy vector, in opposition
to extracting it from the mines or the
underground as it happens with fossil fuels.
Today, hydrogen is mainly produced via steam
methane reforming (SMR) with high CO2
emissions. However, it can be produced with
minimal GHG emissions, for example through
electrolysis powered by low carbon electricity
[3], or from bioenergy or fossil fuels with
carbon capture utilisation and storage (CCUS)
[4]. In the framework of Task38, only Power to
X pathways are addressed, meaning that focus
is put on the electrolysis pathways.
Once produced, hydrogen has many possible
applications [5], [6]. In this section, the main
pathways are summarised; an overview is
provided in Figure 2.
Today, hydrogen is already a key chemical
component in many industrial markets: the
main applications include ammonia synthesis
(55% of hydrogen demand); hydrocracking and
23
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Figure 1
Overview of key hydrogen production and usage pathways. With multiple production
options and applications, hydrogen could be valuable in providing flexibility and
sector-coupling to energy systems.
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hydrodesulfurization in refineries (25%); and
methanol production (10%) [7].
However, hydrogen systems can also be key
enablers of promising synergies between
sectors, thanks to their versatility [8]. The
produced hydrogen can be used for both
chemical purposes and energy applications:
industry, transport, heating, power generation,
etc. [8,9].
Accordingly, provided that hydrogen (H2) is
produced via low carbon technologies such
as electrolysis coupled with a decarbonised
power mix, multi-sectorial decarbonisation can
be achieved.
Once produced, hydrogen can be stored in
quantities from MWh to TWh, for example
in pressurised cylinders or underground in
salt caverns, depleted oil and gas reservoirs
and saline aquifers [10,11]. Hydrogen's high
energy density makes it particularly interesting
24
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for system-wide energy balancing. Hydrogen
could be produced from water and electricity
at times of excess supply, stored, and later
converted back to electricity or used for other
purposes at times of high demand [3].
Whilst the use of hydrogen as energy storage
for the electric grid has not yet been deployed
at large scale, several projects have deployed
electrolysers to absorb electricity from
wind farms, to be stored and used at a later
date in various applications (for example
Energiepark Mainz [12] and Lam Takhong
[13]). Another example would be the 2020
Olympics, postponed to 2021 in the context of
the COVID-19 crisis, where Tokyo planned to
power the Olympic village with hydrogen from
solar-powered electrolysis [14].
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to renewable energy sourced electricity
(RES-E) production, in a new global energy
paradigm. The hydrogen trade, which could
be one of the most promising solutions for
energy exchanges, would follow the logic of
international trade [15,16]. The issue is linked
to the choice of technologies and standards
for conditioning, storage and transport (CST),
which will minimise both GHG emissions
and the costs of long-distance exchanges.
The economic maturity of CSTs however
needs to be investigated more closely in the
development of the international hydrogen
trade.

1. F or the international long-distance market,
green hydrogen production from RES-E,
according to the most current estimates
by 2030, would be considered, in gaseous
(CHG), liquid or synthetic form (NH3,
CH4, LOHC,…), as a competitive technical
transport and distribution solution
to complement the direct electricity
distribution infrastructure. Direct electric
transport, in particular, can be very costly
and less effective over very long distances.

2. F or decentralised production solutions,
PtH will complement RES-E as a means of
balancing production and consumption,
while avoiding new investments in the
electrical network. The existing distribution
networks will have to absorb additional
decentralised productions which are not
evident in some cases.
Hence hydrogen provides the energy system
with both temporal and geographic flexibility in
the context of the rising shares of renewables.
Hydrogen's suitability for storage also makes it
appealing as a transport fuel. A hydrogen fuel
tank and fuel cell can provide the electricity
supply for an electric vehicle, or hydrogen can
be burned in an internal combustion engine.
Hydrogen is seen as a possible low-carbon
fuel in transport sectors that require long

ranges, such as road freight, rail and shipping
[6,17]. Hydrogen in passenger vehicles could
also offer greater driving ranges, faster
refuelling times and in some cases lower cost
of ownership compared to battery electric
vehicles [9,18].
The transport sector has seen the greatest
interest in hydrogen so far and there is
considerable interest globally in expanding
the use of hydrogen as a transport fuel.
There are more than 500 hydrogen fueling
stations in operation worldwide1, across the
Americas, Europe, Asia and Oceania [19].
Hydrogen buses are in use in many cities
around the world including in the USA, Japan,
China and several countries in Europe [20,21].
Alstom has developed a hydrogen train, that
is operating since 2018 in Lower Saxony,
Germany [22].
It can be injected into the natural gas systems
contributing to greening the latter. This
injection can be either direct up to specific
percentages depending on the final use or
after methanation to produce CH4 that can
be injected with no limitations. This helps
decarbonise all the downstream uses of
natural gas in buildings and industry (heating,
cooking, etc.).
Hydrogen can also be combined with nitrogen
to produce ammonia, which has advantages
for storage and transport and can be used for
heat and power generation [23].
In addition to PtX production, Hydrogen
can also be combined with captured CO2 in
carbon capture utilisation and storage (CCUS)
processes, producing useful energy carriers
that are already in use and have existing
infrastructures, such as methane, methanol
and liquid hydrocarbons [24,25]. The CO2 used
in CCU could be captured from fossil sources,
but higher environmental benefits would
be achieved if the CO2 was captured from
biomass or directly from the air [26].

As an attractive means of storage, but also
transport and distribution of energy, hydrogen
can present a fundamental complement
1. Record number of newly opened hydrogen refuelling stations in 2020
25
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To sum up, hydrogen has promising potential
in allowing simultaneous and multi-sectoral
decarbonisation [16]. It also contributes to
promoting renewable energy penetration by
providing flexibility to the electric system as
well as creating new roots for this energy to
migrate towards final uses in different sectors,
also named “sector coupling”. A concept in
which the energy system is more connected,
where electricity systems, gas systems and
all sectors can contribute coherently and
efficiently to the decarbonisation of the energy
system.
In this context, Power-to-X (PtX) demonstrations
are developed throughout the world to explore
the potential of PtX by identifying previously
established knowledge and remaining concepts
which should be further developed, before
reaching the market.
The global inventory of the demonstrators
provides representativeness of the maturation
activities of the hydrogen pathways.
The maturation of the various PtX pathways
primarily covers technological and
techno-economic aspects, going through
several stages of functional validation and
performance characterisation ensuring their
economic, regulatory and social adoption.
Figure 4, taken from a recent report on Clean
Energy Innovation [27] published by the IEA,
illustrates the main investigated hydrogen
pathways, most of which are PtX.
But beyond the technical and economic
aspects, they affect a very wide field, including:
The diversification of demand, under
climate constraint, strongly influenced by
the concern for the energy transition in
OECD countries but also the requirement
of new energy solutions in developing
areas, especially when energy distribution
infrastructure is lacking,
The diversification of supply, offering strong
prospects for industrial dynamism and
international trade.
These maturities therefore also affect a
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Figure 2
Technology readiness level of technologies along the low-carbon hydrogen value chain.
Source: IEA ETP 2020 [27].

National roadmap announcements, quite
visible in Japan and Germany before 2019, are
increasingly numerous and more ambitious
in 2020, like those of European countries or
Australia.
In 2020, we, therefore, see a rise in R&D
activities, in number, in average power of
electrolyser plants, in application coverage and
the number of countries involved. The year
2020 appears to be a pivotal year for the PtX
pathway.
The work presented in this roadmap will
answer 3 main questions:
What do we know?
What is missing?
What needs to be done?
This work was carried out from 2015 to
2020, a period when a lot of demonstration
projects were emerging and launched. The
end of Task 38 is just coinciding with a major
turning point for hydrogen deployment: since
the last 2 years new type of project, more
than demonstration, but early deployment or
commercial were launched at the same time
as new and ambitious national strategies were
announced. That means that we are going
into a new era and it will raise the question of
the need for new demonstration projects and
their usefulness and value. This point will be
addressed at the end of the report despite
their very recent characteristics.
This work, carried out under the umbrella
of Task 38 of the International Energy
Agency’s Hydrogen Technology Collaboration
Programme, aims at reviewing all the PtH
and HtX demonstrations that have been
implemented around the world, to analyse the
general trends and coverage, and remaining
unknowns.
The following section describes the scope and
objectives of the roadmap.
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PURPOSE AND
SCOPE OF THE
ROADMAP
Many demonstration projects have been
“popping” in different regions around the
world. The Task 38 ST2 work aimed to present
an extensive analysis of the distribution,
objectives and results of these projects.
Hence, a review of 309 Power-to-X demo
projects in 33 countries was conducted
and a workshop was organised to discuss
the results, targets, and challenges of those
projects.
Following these efforts, this roadmap aims at:
Identifying the bottlenecks hampering
the hydrogen deployment based on the
demonstration projects experiences: what are
the technical/economic/regulatory challenges?
How to solve them?

The scope of the roadmap will however be
limited to the early adoption step. Studies
addressing the market penetration phase
have already been conducted by different
organisations (the IEA [16], the Hydrogen
Council [15], etc.).
The recent Clean Energy Innovation [27]
report published by the IEA addresses the
different maturity levels of clean technologies,
including hydrogen systems, and the
requirements to accelerate the transition
towards market penetration. Our roadmap
will take into account this document; however,
our scope will be focused on the R&D steps
of Power to X pathways, spanning from early
stages (proof of concept and prototype) to
demonstrations.

Preventing overlapping demo efforts by
highlighting the existing demonstration
projects and their results. This would help to
prevent heavy investments in demonstration
projects that were already tested.
Identifying the next steps needed in terms of
demo projects: is there still a need for further
demonstrations? For which applications?
Where?
To answer these questions, Task38 relies on
the unique expertise of its members and their
wide network with regards to the Power to X
field. The roadmap development process is
detailed hereafter.
28
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Overview: project location, start date,
duration of demonstration, investigated
pathways, consideration of services to the
grid;

PURPOSE AND SCOPE
OF THE ROADMAP
PART I: What do we know?
The question of what do we know is mainly
driven by an inventory and an analysis of the
visible global R&D activity of the sector, which
will be broken down into two periods covered
by the first two sections of this part:

1. T he past period (until 2020), analysed in
5-year increments,

2. A focus on the current period, in which we
will integrate all the demonstrator projects
launched, planned or announced with
operational start-up between 2018 and
2023.
A third section aims to complete what we
know by specific analysis of the rise in the
maturity of the demonstrators because this
premise makes it possible to evaluate the
real dynamics of the global integration of PtX
solutions today.
A fourth section synthesises recent strategic
announcements from countries. The
dynamic analysis of the database, including
ambitious projections up to 2030 and beyond,
confronted with the announcements of recent
national roadmaps, will help to identify several
30

potential development prospects for the
sector.
Finally, a fifth section defines three different
country profiles helping to identify broad lines
of the dynamics of PtX around the world.

Methodology
This section describes the methodology
and selected parameters for the review of
demonstration projects in 33 regions (see
Appendix). For the period before 2021, 249
demonstration projects were reviewed using a
methodology developed in several steps.
By including the projects scheduled or
announced from 2021, we reach the number
of 309 demonstrators visible throughout the
world (database update: December 2020).
The demonstration projects were first
identified, using the expertise of Task 38
members. Over 40 parameters characterising
the projects were identified:

 echnical specifications: type of electrolysis
T
system, installed capacity of electrolyser,
power supply scheme (on-grid, off-grid,
on-grid + connection to a renewable
energy source (RES)), in case of renewable
connection: type of power supply (e.g. allin, excess power) and RES capacity, type
of hydrogen storage (CHG, MH, CNG, salt
cavern, etc.2), capacity of hydrogen storage,
hydrogen production mode (baseload,
flexible), load factor and efficiency;
 bjectives: overall scope and demonstration
O
objective(s); for example, technical,
economic, other, and more specifically, when
relevant: the focus of technical objective
(component, system, pathway), type of
technical objective (operation validation,
efficiency improvement, scaling, etc.),
type of economic objective (e.g. hydrogen
production cost optimisation), type of
regulatory objective;

contacted directly using a template
questionnaire. Additionally, over 200
references from the literature were consulted,
including scientific papers, specific studies
on Power-to-Gas projects, articles and news,
dedicated platforms (European Power to Gas,
DOE global energy storage database, EASE,
Dena, etc.) [28-247].
The results are detailed and discussed in the
following section. Note that the information
regarding each demonstration project is not
always available; therefore, the demonstration
numbers may not always sum up to
respectively 249/309. Moreover, multiple
nominations may be allowed on certain
indicators (such as the investigated pathways),
which explains that, on the contrary, totals
higher than 249/309 may be noticed.

Results and maturity: major technical results
of the demonstrations, major economic
results, technology readiness level (TRL) and
market readiness level (MRL).
Legal aspects: specific regulations,
certification scheme, green labelling for
hydrogen production, policy support
scheme, avoidance of grid fees, the
maximum hydrogen concentration in the
natural gas grid, and incentives if any.
 uture plans: planned future
F
demonstrations, connection with other
demonstrations, links to a roadmap, steps
towards the market and messages to policy
makers.
To collect the data for all the demonstrations,
the demonstration coordinators were

2. CHG. compressed hydrogen gas, MH: metal hydrides, CNG: compressed natural gas
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Section 1

Demonstration projects review- Past period (≤ 2020)

Figure 3
Geographical spread (left) and temporal evolution (right) of the number of
demonstration projects
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General outlook
249 demonstration projects were examined
in 33 different countries, the HYSOLAR project
being the first demonstration identified in
1985, designed by the German Aerospace
Center (DLR) and the University of Stuttgart, and
implemented in two different countries (Saudi
Arabia and Germany). Demonstration projects
have been implemented in every continent
(Figure 4), Europe leading the way with 202
projects, and more specifically Germany leading
with 74 demonstration plants. Demonstration
projects have been installed for over twenty
years, and we can notice a considerable increase
from 2010 onwards.

Pathway trends
(“Hydrogen-to-X”)
Hydrogen is versatile. To investigate which
pathways are more explored, Figure 5 shows
the number of demonstrations projects for
each of the Hydrogen-to-X (HtX) pathways being
identified in Figure 2. Since each demonstration
project can address more than one pathway,
multiple nominations in different categories
have been taken into account. The predominant
HtX pathways are Hydrogen-to-Power (HtP) and
Hydrogen-to-Fuel (HtF). As to the first, this is even
more so if we take into account that 85% of the
Hydrogen-to-heat (HtQ) projects are related to
HtP as well through Combined Heat and Power
(CHP) concepts. At first glance, hydrogen use
32

for industry or chemical applications seems less
investigated, with only 9% of demonstrations
covering this pathway.
If we look at the temporal progression of the
different pathways (Figure 6), HtP and HtF have
also been the pathways that have raised interest
first, which contributes to explain that they
appear more often among the demonstrations:
they have been investigated since the beginning
and still are. Hydrogen-to-Gas (HtG) applications
have emerged in the early 2000s and had a boom
ten years later. Most recently, the number of
demonstrations on Hydrogen-to-Industry (HtI)
and Hydrogen-to-Chemicals (HtCh) have risen
significantly and are now close in number to the
other pathways. Since they raised interest later,
it is quite logical that, overall, there are fewer of
them. Since 2010, there has therefore been a
marked increase in mobility applications, gas
injection into networks and industrial applications.
When we consider more specifically the role of
H2 as a fuel (HtF) or a gas (HtG), it can be seen
in Figure 7 that pure hydrogen as a fuel is the
most investigated pathway, rather than H2based mixtures. It should be noted however that
demonstrations on liquid synfuels only started
in 2010, along with the interest in Hydrogento-Industry and Hydrogen-to-Chemicals [247],
making them as of today a viable alternative
to pure H2 gas for fuelling applications. For
Hydrogen-to-Gas, Figure 7 indicates that
the injection of synthetic methane is more
investigated than the direct injection and blending
of pure hydrogen into the natural gas grid. This
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Share of each HtX application of the demonstration projects
(multiple nomination allowed)
N of demos

HtP

HtF

HtG

HtQ

9%

HtI + HtCh

140

11%

120
100

19%

80

32%

60
40
20
0

may be explained by the regulation challenges
regarding the latter pathway. The allowable
hydrogen concentration in the natural gas
network may vary significantly from one region to
another [248]. However, this state of affairs also
calls for new demonstration projects that help

establish the actual technical limits, push them
back, and make progress in the regulation.
Figure 8 illustrates how different HtX pathways
are being spread throughout the world. It is
striking that the two demo projects identified
in South America are focussing only on
33
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Figure 5
Evolution of HtX applications as a function of time (multiple nominations allowed)

Figure 7
Geographical spread of HtX applications around the world
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Figure 6
Time evolution of subcategories in Hydrogen-to-Fuel and Hydrogen-to-Gas (cumulative)

Figure 8
Time evolution of the versatility (number of HtX applications) of demonstrations
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HtP. This corroborates the fact that HtP has
also been the very first HtX pathway being
investigated. There has been so far only
one demonstration project on Hydrogen-toIndustry or Chemicals in America, and none on
Hydrogen-to-Heat (HtQ) in Asia. Europe is the
34
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leading continent in all the HtX pathways.
Finally, concerning the multiple nominations,
it can be seen in Figure 9 that in most cases
demonstration projects only focus on one
specific application. However, demonstrations

have gradually examined multiple pathways
(up to 5) within the same project. In recent
years, even if the majority of demonstrations
are dedicated to single applications, the trend
reveals an increasing interest in investigating
hydrogen versatility in the field.
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Focus on Power-to-Hydrogen
This section focuses on demonstration projects
on the upstream side (Power-to-Hydrogen), i.e.
the production (and storage when requested) of
hydrogen from low-carbon electricity, either from
35
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Figure 9
Power supply schemes (left) and origin of green power (right) for the P2H part of the
demonstrations

Figure 11
Number of demos (left) and total installed capacity (right) for the 3 types of electrolyser
technologies
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Figure 12
Total aggregated installed electrolyser capacity per year
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Figure 10
Evolution of the power supply schemes as a function of time
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the grid or off-grid. As the power supply scheme
is a crucial topic for the production of “green” or
low-carbon hydrogen, the power source of the
projects was identified and classified into three
main categories: on-grid supply (connected to
the power grid), off-grid supply (only powered by

36

2011-2015

2016-2020

On Grid + RES

renewable energy installed nearby or micro-grids
isolated from the public power grid), and “on-grid
+ RES”, when two connections co-exist: a direct
connection with a renewable capacity, as well as a
grid connection.
As shown in Figure 10 (left), the majority of

demonstrations have focused so far on off-grid
systems (53% vs. 28% for on-grid demonstrations
and 19% for on-grid + RES). Moreover, almost
all of the renewables considered were coming
from wind power (cf. Figure 10 right). In recent
years, however, on-grid systems start to prevail
(cf. Figure 11). This may be because the pathways
may be investigated with a more holistic
approach (what could be the contribution of
hydrogen to the energy system), including the
potential input to help in balancing the electric
system. Indeed, 41% of the demonstration
projects that started after 2015 include grid
balancing services, while only 22% in the period
2011–2015, 8% between 2001 and 2015, and

PEM

zero before 2001.
Regarding the electrolyser technology, it can be
seen in Figure 12 that alkaline and PEM (Proton
Exchange Membrane) electrolysers are almost as
often selected (47% of the demonstrations assess
alkaline electrolysers; 46% PEM). On the other
hand, the total capacity installed over the years
is still significantly higher for alkaline electrolysis
with 184 MW installed vs 81 MW for PEM. The
situation differs greatly for SOEC (Solid Oxide
Electrolysis Cell) electrolysers. This technology,
even though promising, is much less mature. As a
result, demonstrations are still at a different scale:
SOEC are investigated in 8% of the demonstration
projects, with only 3 MW being installed.
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Comparison between the cumulative capacity of the Alkaline, PEM and SOEC
technologies
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Figure 15
Installed electrolyser capacity (in MW) vs. H2 output (in Nm3/hr) for each demo project.
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Total installed electrolyser capacity per demonstration project per year
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Evolution of Alkaline and PEM efficiencies as a function of time, as calculated from
Figure 17
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Demonstration objectives
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Figure 13 and Figure 14 consider in more detail
the installed PtH electrolyser capacity as a
function of starting date, both on a year-to-year
basis (Figure 13) and cumulatively (Figure 14).
Although alkaline is a more mature technology
that was also installed first, very similar
trends can be observed with a 5-year interval.
Moreover, an upscaling phenomenon can be
seen, the installed capacity per demonstration
reaching several MW in years 2018 and 2019
and up to more than 10 MW in 2020 (Figure
15). The cumulative installed demonstrators’
electrolysis capacity on each of the two
technologies more than doubled in 2020.
The electrolysis system efficiency was also
assessed from the available data. To this end,
the total installed electrolyser capacity (in MW)
was plotted as a function of H2 output (in Nm3/
hr), whenever available. The slope of a linear fit
through such data is then inversely proportional
to the system efficiency. The results are shown
in Figure 16. It appears that contrary to what
is often being claimed in the literature, no
significant difference can be observed between
alkaline and PEM systems in terms of efficiency.
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For 2 MW systems, the slopes are nearly
identical, resulting in an average efficiency of
73%, based on a slope of 4.9 kWh/Nm3 and an
HHV value of 3.54 kWh/Nm3.
Moreover, when looking at the temporal
evolution in Figure 17 the efficiency values are
quite scattered, and no obvious trend can be
observed. Also in the framework of Task 38 of
IEA Hydrogen TCP, an international network
of experts assessed the techno-economic
potential of Power-to-Hydrogen pathways.
From their review of 230 internationally
published studies [249], two-thirds of
the studies assume an average electricity
consumption of 45 to 50 kWh/kgH2.
Finally, regarding storage, 79% of the
demonstration projects that provide
information on this matter, include a storage
option. Most of these projects included
compressed gas storage systems for the
produced hydrogen (Figure 18).

Demonstration objectives
Only 184 demonstration projects out of 249
explicitly mention their objectives. In the
following analysis, the percentages are based
on these 184 projects.
100% of demonstrations have technical
objectives, with 91% of these projects testing
the operational validation, 88% evaluating
the efficiency, and only 27% considering an
upscaling plan. Since 2010, the interest in only
the technical aspects of the demonstrations
has been decreasing. Economic assessments
are included in the demonstration objectives
as well (cf. Table 1). 43% of the projects have
an economic objective, but only 14% of them
consider the H2 production cost.
When studying the other targets of the
projects, it appeared that most of the direct
feedback received indicated a regulatory
objective, while in the reviewed literature only
2% of the projects highlighted the regulatory
aspect. This shows that the regulatory
objectives are rather implicit subjects, yet
crucial ones.

Summary of the past period
demonstration projects review
Low-carbon hydrogen (i.e. H2 produced
through low-carbon pathways) can be used
by many energy-consuming services. It
has a potential role to play in the electric,
gas, transport, and industrial sectors.
Demonstrations are a key step towards
reaching the market.
A review of the PtX projects in the world was
carried out, identifying 249 demonstrations in
33 countries. Results show that the features
of demonstrations evolved significantly in
recent years. The investigated pathways
diversified, with a recent interest in industrial
applications. This is happening in the context of
a recent and general momentum for industry
applications, both at national and international
levels [16],[247],[250]-[253]. Also, recent
studies showed that only approaches favouring
synergies between sectors and acknowledging
sector coupling can reveal the full potential of
hydrogen to decarbonise the energy system
[251]-[255]. Accordingly, an increasing number
of demonstration projects consider several
applications simultaneously, as well as on-grid
systems, investigating the potential of providing
system balancing to the electric grid.
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Figure 18
Installed or planned electrolyser capacity since 2018

Section 2

General outlook
The analysis of the database prior to 2020 has
provided a general overview of PtH and HtX
solutions implemented.
The following section discusses the current
period (2020-2021) with an emphasis on the
dynamics of demonstration projects at +/- 2
years (period 2018-2023). The motivation is
that the years 2020-2021 seem to be a turning
point:
 hile Europe was over-represented in the
W
PtX development roadmaps of the last two
decades, we can see a rise in development
projects in other regions of the world,
Australia standing out followed by Asia or
the Middle East,
 he production capacity of the majority of
T
new projects installed or planned over the
period 2018-2022 has increased by an order
of magnitude,
 he type of applications is broader with
T
a strong tendency to integrate into large
ecosystems, especially industrial and
chemical applications (example of Northern
Europe),
Production is more integrated with
distribution infrastructures, in particular by
pipeline injections (examples from Europe
and Australia).
 here has been a radical change from
T
demonstrators mainly focused on the

mitigation of technological risks and to a new
generation of demonstrators implementing
PtH and HtX solutions to test their economic
viability and duration.

Installed and planned PtX
demonstrators
The global cumulative installed electrolyser
capacity is growing exponentially (Figure 19)
approaching the 1 GW mark in 2022.
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Figure 19
Distribution of demonstration projects by region and year
N of demos
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The geographic range of demonstrators
is expanding (Figure 20), with a particular
increase in Oceania, led by Australia, and
in Asia. The first PtX demonstrator in Africa
(ENGIE-Anglo American) is operational since
2020 in Mogalakwena in South Africa, with a
target application of an electric fuel cell truck
and a solar + network mix as a source of
electricity.

30

The anticipated developments in South
America, North Africa and the Middle East (See
section 5), given the great RES-E production
potential in these areas, are still hardly visible
in the PtX demonstration projects. However,
the Highly Innovative Fuels (HIF) project in the
Magallanes region, for example, dedicated to
producing synthetic hydrogen fuel by 2022,
marks the start of a promising engagement in
demonstrations in Chile.

10.000

1

a) Geographic range of
demonstrators

While the trend in Europe seems to be a
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Demonstration projects review- Zoom on the current period
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decrease in the number of demonstrations
in favour of the transition to large-scale
industrial projects, a high level of commitment
to demonstrations is maintained at all stages
of the solutions' maturation, thanks to a
concern supported for the energy transition,
underlined by national programs.

Asia

N. América

2

2022-2023
S. América

África

b) Sharp rise in electrolyser
capacities installed around the
world
Observation of installed or planned
demonstrators from 2018 highlights a sharp
rise in electrolyser capacities installed around
the world.
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Figure 20
Cumulative installed power between 2018 and 2020 by countries (ten biggest)

Agregated capacities (MW)
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Figure 22
Scale of installed or planned operational demonstrations between 2018 and 2023
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and economical learning on a representative
scale), and on the other hand, the desire to
upscale the production of electrolysers and
benefit from economies of scale. IRENA [256]
estimates, for example, that by 2050, the costs
of large-scale electrolysis systems (> 10 MW)
should drop below USD 200 / kW respectively
for alkaline, PEM and AEM technologies and
USD 300/kW for SOE systems.
Although projects linked to relatively low
scale production (<MW) are still visible,
"large" projects (electrolysis power> 10 MW)
represent half of the installations over the
period 2022-2023 (Figure 23).
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The presentation of the capacities installed on
the demonstrations has been deliberately split
here into two periods, 2018-2020 (Figure 21)
and 2021-2023 (Figure 22), to demonstrate
that not only new countries appear on the
most significant achievements but also that
in three years the capacities installed in
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the global scale will increase by an order of
magnitude.
Two elements condition the rise in capacity
of the demonstrations: on the one hand the
increase in the size of the demonstration
projects (explained by the need for technical
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Figure 21
Cumulative planned power between 2021 and 2023 by countries (ten biggest)
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This increase in capacity contributes not only
to lowering the costs of electrolysers but also
to adopting new energy systems using PtX
technologies as an important building block
in a systemic transition towards net-zero
GHG emissions. In other words, this rise in
power contributes both to the economic and
environmental viability of current and future
energy systems.

1MW-10MW

10MW-100MW

>100MW

Application pathways of
current demonstrations by
countries
The detailed analysis of demonstrators since
2018, by pathways, makes it possible to
highlight several strong trends in the targets of
R&D, as (Cf. Figure 37):
Stabilization of research projects on HtP
from 2020 on,
 trong rise in mobility applications,
S
becoming the first area of interest from
2018, overtaking PtP,
Take-off of industrial applications from 2020,
 gradual rise in applications linked to the
A
injection of hydrogen into gas networks
(HtG-H2), as well as applications linked to the
production of heat (HtQ),
Continuous development of applications
related to the production of ammonia,
Stabilization of applications related to the
production of synthetic fuel (HtF-S and
HtF-G) such as methane, methanol or fuels
for aviation.
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Figure 23
Cumulative number of demos installed, planned or announced by pathway since 2018
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The observation of the applications’
distribution by country (Figure 25) shows not
only a widening of the fields of application
since 2018 but while countries like Germany,
France, the United Kingdom or Australia tackle
a wide range of applications, some countries,
like Denmark, China or Japan, seem to be
more focused in certain applications.
In general, we note, for the upcoming projects:

80
60

Strong interest in mobility applications,
Implementation of numerous hydrogen
injection projects in gas networks either in
pure form, mixed with natural gas or after
methanation,
 growing share of industrial applications
A
(HtI and HtCh), that will become the main
investigated application in 2022-2023
(Figure 26).

Figure 25
Number of installed or planned operational demonstrations by pathway and by period
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Figure 24
Number of installed or planned operational demonstrations by pathway and by
countries between 2018 and 2023
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Figure 26
Cumulated new demonstrators started, planed or announced since 2018, by maturities
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On the maturity scale of demonstrators, the
years 2020-2021 will mark a breakthrough for
the PtX sector.
Early adoption projects become the main
category for installed demonstrators, clearly
differing from previous maturity levels. Indeed
while historical developments have focused
on technical test projects (from POC to
demonstrations) of limited duration, usually
with large public funding, early adoption
projects aim to provide service over time to
customers and to be self-financing as a viable
energy solution.

Maturation scale definition
Under the name "demonstration" is included
here all the maturity levels, from POC to early
adoption, according to the IEA terminology
[257] representative of these different
validation steps. The addressed challenges are
explained for each of the four maturity levels:

1. P
 roof of concept (POC): scientific or
technical interest validating the eventual
possibility of setting up a solution to a need
via the construction of a hardware solution
validating the concept,

2. P
 rototypes: technical efficiency and
economic feasibility
a. "small": Construction of an
operational solution at least partially
meeting the expressed need,
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b. "large": Technological optimisation
of an operational solution (mainly
meeting the expressed need) at the
scale of a product and characterisation
of the technical performance obtained,

20
0
2018

POC

2019

Small Proto

2020

Large Proto

2021

Demo

Early Adoption

2022

>2022

Upscale annonced

3. D
 emonstration: pre-industrial technical
solution in a real integrated environment,

4. E arly adoption: validation of the industrial
system as a long-lasting solution likely to
penetrate a market. This is when both the
regulatory aspects and the capacity of the
solution to be profitable are validated and
the last step before scaling up.

Main challenges of maturation
of the PtX demonstrators in
2020
The current phase is dominated by
demonstrators and early adoption projects,
aiming to validate the acceptability of a
complete solution in a given ecosystem.
We are experiencing the emergence of mature
P2X pathways, such as certain industrial
applications, suitable for scaling up provided
the necessary massive investments are
released.
 evelopments of PtX demonstrators
D
over the last decade are evenly split
between upstream R&D projects (POC and
Prototypes) and industrial transfer projects
of demonstrations,

 he most represented projects in 2020 are
T
demonstrations,
 he current period (Figure 27) marked a first
T
break with the entry of many early adoption
projects from 2019,
 021 will be a pivotal year for the sector with
2
the operational start of scale-up projects
(several hundred MW per installation).
For some specific application pathways that
have already developed and implemented
mature solutions, there is still room for
improvement in terms of costs and efficiency
and alternative technologies with a less
mature state are evolving. A good example
could be the Power-to-Power (PtP) pathway
still suboptimal from a cost point of view will
be able, for example, to derive technological
advances from SOEC production or other
disruptive technologies.
In general, the macroeconomic risk to be
avoided, in a context of strong budgetary
constraints for some countries, is that of
favouring the most economically viable
solutions in the short term to the detriment
of more early-stage solutions, part of which
will be the necessary future technological

solutions to achieve the energy transition.
Solutions that have reached maturity are of
the “system” type, that is, application functional
units that depend on functional subunits such
as:
> PtH: electrolysers, compression systems,
control and regulation electronics,
> HtX: new processes specific to hydrogen
carriers (methanol, acid formic, etc.),
> HtF mobility: fuel cells, tanks, range
extender,
> HtI and HtCh: disruptive industrial
processes substituting hydrogen for fossil
energy resources.
Early-stage research is particularly active on
these functional building blocks which are
decisive for the competitiveness of future
solutions on the international market. When
looking at international scientific publications,
we find countries that while are not very
focused on system solutions, are very active in
upstream research specific to these functional
bricks, this is the case, for example, of China or
the United States.

49

CONCLUSIONS AND RECOMMENDATIONS

> Early-stage activities (TRL <7)
are represented in 76% (for 188
demonstrators) of the PtX demonstrators
identified until 2020, but only 51% for the
period 2018 - 2020.
Laboratories research activities, for
respectively 38% (≤2020) and 18% (20182020), include basic research, technological
feasibility studies, the development of
a proof of concept, and “fundamental”
patent filings (as opposed to “applicative”).
Early-stage industrial transfer activities,
for respectively 38% (≤2020) and 33%
(2018-2020), include both small and
large prototypes development, as well as
applicative patent filings.
> Pre-industrial activities (TRL 7 and
8) are represented in 18 % (for 45
commercial-type built, started or planned
demonstrators) of the PtX demonstrators
identified until 2020, but rise to 33% for
the period 2018 - 2020.
> Adoption activities (TRL 9 and 10)
are represented in 5 % (for 13 early
adoption-type built, started or planned
demonstrators) of the PtX demonstrators
identified until 2020, but rise to 16 % for
the period 2018 - 2020.

Rise in the maturity of
demonstrators
The objective of a demonstrator, at each
stage of the process of maturing a solution,
lies in the characterisation and validation
(or invalidation) of the targeted solution
concerning potential external constraints
(technical performance, cost, administrative
authorisation, ability to generate profit, etc.).

Past period
As shown in Figure 27, we observe a linear
increase in the number of POCs over
the period 2001-2011 and a stabilisation
afterwards. This trend is representative
of the highest sustained activity of the
50
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first development stages of new solutions
(POC and small prototypes). During the
period 2006-2010, projects focused on
industrial transfer (large prototypes and
demonstrations) appear. While the first
referenced early adoption projects are found
in 2011-2015 is not until the 2016-2020
period, they gain more importance, together
with the boom in demonstrations marking
the turning point in the penetration of PtX
solutions into the global energy ecosystem.
It is important to note that as early adoption
projects are bigger in size, although there is
a smaller number of them, they represent an
important take in terms of power installed.

Figure 27
Maturation upscaling with time until 2020
45
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What characterises the current period are
the dominant shares of demonstrations and
early adoption projects, the latter category
being dramatically rising from 2020 and the
most represented from 2022 (Figure 28). This
dramatic rise in adoption projects marks the
tendency today to test PtX solutions more on
environmental risks (rules and acceptability)
and economic feasibility rather than focusing
only on technical risks.
In addition to the four steps considered over
the historical period (POC to early adoption),
scaling-up projects (for the moment, in 2020,
only announced) have been introduced into
the database. These projects, which are no
longer demonstrations, but energy products,
are symptomatic of a new turning point
coming in the years 2022-2023.
A sample of emblematic projects for PtX
pathways since 2020, that would be cited in
the analysis, are given in Table 2.
This maturity momentum is particularly
marked in European countries on one part,
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The ramp-up of upstream R&D work over the
whole period, made it possible to start an
exploratory selection on the most technically
relevant solutions, followed by the integration
of hydrogen into existing ecosystems.

Maturation break through
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Maturities reached in the current period
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currently leading project deployments (See
Figure 25, page 42 and Figure 30 below),
such as Germany, France, Holland, England
or Denmark, and Australia on the other.
Except for France, whose growth in projects
is primarily driven by the desire to develop

Demo

2022-2023
Early Adoption

Scale-up announced

expertise in the PtX economic value chain,
or Australia, which is jointly developing an
ambitious RES-E and hydrogen network. The
new demonstrators in Europe (especially in
the Northern region), mainly benefit from the
existence of significant on-shore and off-shore
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Table 2
Figures of some sampled emblematic projects of the PtX pathway since 2020

Prototypes and demonstrations
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Figure 29
Number of installed or planned demonstrations by region and by maturity between
2018 and 2023

Early adoption demonstrations

100
90

H2VNormandie
Country: France
Profile: Large scale integration of hydrogen production in
the domestic gas network
Maturity: early adoption
Planned operational start: 2022
Budget: 250 million aggregated, part of which supported
by grants (PIA + AMI) from the French Government.
Capacity of Electrolyser: 200 MW pressure alkaline (H2V
integration)
Source of power: national grid
Application: H2 blend in the natural gas existing network

H2RES
Country: Denmark
Profile: Offshore wind Hydrogen production for mobility
Maturity: demo
Planned operational start: 2021
Budget: $ 5.5 million from the Danish Energy Technology
Development and Demonstration Programme (EUDP)
Capacity of Electrolyser: 2 MW
Source of power: off-grid offshore wind electricity
Application: Hydrogen powering 20 FCEV buses and use
test of gas in trucks and taxis.

Get H2 Nukleus
Country: Germany
Profile: Large scale industrial (refinery) and chemical
hydrogen production infrastructure
Maturity: early adoption
Planned operational start: 2023
Budget: unknown
Capacity of Electrolyser: 100 MW alkaline electrolyser
Source of power: national grid
Application: industrial, chemical

Hybrit
Country: Sweden
Profile: Offshore wind park production to industrial application (steel production)
Maturity: demo
Planned operational start: 2021
Budget: unknown
Capacity of Electrolyser: 4,5 MW alkaline electrolyser
(NEL)
Source of power: wind park electricity
Application: low-cost industrial hydrogen (fossil-free steel
production)

NortH2 Crosswind Rotterdam
Country: The Netherlands
Profile: Large scale Offshore wind park production to
industrial application (refinery)
Maturity: early adoption
Planned operational start: 2023
Budget: unknown
Capacity of Electrolyser: 200 MW
Source of power: Offshore wind park
Application: low-cost industrial hydrogen (refinery)

Megalyseurplus
Country: Germany
Profile: Innovative modular electrolysis demonstration
system with an optimised power electronics and compression unit with connection to a hydrogen pipeline
Maturity: Large prototype
Operational start: 2022
Budget: € 11 million, part of which 50% supported by
public founding
Capacity of Electrolyser: 1.25 MW PEM electrolyser (Siemens/Fraunhofer)
Source of power: national grid
Application: gas network, flexible application scenarios

80
70

N of demos

Adelaide Hydrogen Park South Australia (HyP SA)
Country: Australia
Profile: Integration of hydrogen production in the domestic gas network
Maturity: demo
Operational start: 2020
Budget: $11.4 million, part of which $4.9 million supported by a grant from the South Australian Government.
Capacity of Electrolyser : 1.25 MW PEM (Siemens)
Source of power: RES-E grid
Application: 5% H2 blend in the natural gas existing network
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wind power sources developed over the past
decade.

Maturity of current
demonstrations by application
pathways
It should be underlined that before 2018
(Figure 30), technological innovation was
very active but the majority of demonstrator
projects remained in the laboratories, in
particular for HtP applications. During this
period, only applications related to mobility
reached the pre-industrial stage.
There has been an important change
since then (Figure 31): while R&D activity
remains relatively strong (e.g. the German
Megalyseurplus project, Table 2), all
applications enter a phase of integration into
ecosystems, or even, scaling-up, except for
HtP applications.

Demo

Early Adoption

S. America

Scale-up announced

applications (HtI and HtCh), mainly
represented at the early adoption stage,
as well as mobility applications, which
are gradually integrating into the current
landscape of energy supply.
HtG is represented at all stages of maturation,
which means that although subject to
technical improvements for some, it is ready
to be deployed for others, such as the GetH2
Nukleus in Lower Saxony (DE) or H100 Five in
Levenmouth (UK) projects.
Demonstrations applied to mobility seem to
be at their peak in the current period, mostly
represented at the pre-industrial maturity
stage.
Finally, we note that, among the studied
applications, HtQ seems to be the less mature
and less studied.

The rise in maturity concerns industrial
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Figure 30
Number of installed demonstrations by maturity and by pathway before 2018
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Figure 32
Total costs of demonstrations according to installed tested capacity, by maturity level
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Figure 31
Number of installed, planned or announced demonstrations by maturity and by
pathway since 2018
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Demonstrations’ costs
Out of the 309 projects reference in the
present analysis, 125 explicitly give the
total cost of the project. The analysis of the
aggregate costs of the demonstrations and the
costs per W installed/tested makes it possible
to measure the trends in average costs and
their dispersion, but also the evolution of
these costs with the rise in maturity (See
above for more details on maturity levels).

18

0

0.1

The metrics generated, from the projects
mentioning these costs, provide a referential
span for feedback ex-post analyses
of achieved projects but also ex-ante
anticipations for the new projects.

Global trends of absolute
demonstrations3 costs
The costs of the demonstrations (Figure 32)
are very specific to their level of maturity and
naturally rise with maturity, as does the power
(Figure 33).
Nevertheless, the dispersion4 of costs is
particularly important for early-stage projects.
We can explain this dispersion by the fact that
with low maturity levels comes high uncertainty
and high variability, regarding the performance
of the system or its reaction to external
conditions. This uncertainty is dissipated as
maturity grows, which also comes with an
increasing master of the technology and
stabilisation of the results.

HtQ
3. Empirically, the general trend demonstration costs with size can be modelled in the square root of the installed capacity (Cost ≈ 13√Capacity).
4. Mathematically expressed in term of standard deviation.
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Proof of Concept
Power capacities range between a few kW and
100 kW. The costs of Proof of Concept (POC)
type demonstrations vary between $100k and
several million $, with a very strong dispersion
according to the projects since it typically
varies by an order of magnitude for the same
level of tested electrolysis power.

Prototypes
Power capacities range between
approximately 10 kW and 1 MW. The cost
dispersion of prototype demonstrations is
even greater since costs vary up to two orders
of magnitude for the same level of installed
power.

Demonstrations
On the other hand, the more maturity
increases, the more this dispersion is reduced.
From the maturity levels of the demonstration
type, the dispersion remains less than an
order of magnitude.

Costs relative to the power tested,
by maturity
Beyond this overall trend, the observation of
costs brought down to the power tested, by
maturity level, makes it possible to identify
certain specific trends. At this level of analysis,
for the sake of simplicity, we choose to assume
a linear rise in absolute costs with power
(red interpolation line in Figure 34). Notable
metrics are on the one hand the asymptotic
trends (with increasing capacity) in costs per
capacity and on the other hand, the dispersion
of costs per W installed / tested and total
project costs.
We see (Figure 34) that costs per Watt installed
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or tested dramatically falls with maturity, the
most expensive being at 600 kUSD/kW for a
proof of concept project while the cheapest
nears 1.2 kUSD/kW for one early adoption.
We see also that the cost dispersions per
Watt are very important, in particular for
the lowest maturity levels, but also for small
capacity projects within each maturity level.
It is assumed that these costs are linked to a
wide spectrum of activities, R&D, OPEX and
CAPEX and that they depend not only on the
type of targeted applications, the technologies
implemented and the obstacles to overcome
but also on their geographic origin.
These costs far exceed the specific cost
of the flow of hydrogen produced and
used, but these peripheral costs are partly
asymptotically erased with the ramp-up of the
installations.

Observed metrics and
representativeness of the costs
analysis
For each level of maturity, the cost dispersion
metrics per Watt installed or tested compared
to the average trend are therefore expressed5
(Table 3).
We then notice that, if the dispersions of costs
of installed/tested Watt are much higher than
the average cost trends, it prevents a direct
interpretation of these costs, however, this
is no longer the case from the maturities of
demo and early adoption.
For this category of pre-products, the costs
per W installed/tested tend towards the value
of 1,21 $/W for a standard deviation of only
0,3 $/W. This value can serve as an order of
magnitude benchmark for future new early
adoption projects.

POWER-TO-X DEMONSTRATION ROADMAP
TASK 38 - POWER-TO-HYDROGEN AND HYDROGEN-TO-X

TABLE OF
ILLUSTRATIONS

APPENDIX

Figure 33
Correlation between maturity and size (1: POC; 2: small prototypes; 3: large prototypes;
4: demonstrations; 5: early adoption; 6: industrial scale-up)
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Table 3
Main cost metrics of the observed demonstrations
Demonstrations costs per installed/tested Watt ($/W) Costs of projects (M$)
Asymptotic
trends in costs
per capacity

Standard
deviation
(100%)

Standard
deviation
(50% larger)

Standard
deviation
(25% larger)

Mean cost

Mean standard
deviation

35,42

132,6

63,6

45,6

2,12

1,51

Protos

4,4

171,6

56,8

30

8,08

8,8

Demonstrations

1,72

71,6

4,2

1,4

15,65

10,2

Early adoption

1,21

43,42

6,5

0,3

84,97

20,01

Maturity
POC

5.Three metrics are defined to analyse cost dispersion: the standard deviation of all the demonstrations, the standard
deviation of 50% largest demonstrations, the standard deviation of the 25% largest demonstrations, given the asymptotic
trend of cost per installed capacity
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Figure 34
Total costs per installed/tested Watt, by maturity level
POC
Cost ($/W) ~ 1.27 / Capacity (MW) + 35.42
STD = 132.6; STD (50% larger) = 63.6; STD (25% larger) = 45.8

Demo
Cost ($/W) ~ 11.74 / Capacity (MW) + 1.72
STD = 71.6; STD (50% larger) = 4.2; STD (25% larger) = 1.4
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New demonstrations’ cost
benchmark
Proposals for evaluation criteria for new
demonstration projects can arise based on
this analysis. A new demonstration project
could then be evaluated based on qualitative
but also quantitative criteria in terms of cost
per kW installed/tested.
It seems obvious that, for a given level of
maturity and a given type of application, the
difference in costs depends on the country of
installation, the local context, and the scope
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of the demo’s objectives. However, it could be
interesting to start additional analysis work
focused on a cost study, detailed by item
(studies, management, equipment or BOM,
subcontracting, installation and maintenance,
etc.), and compare it to the initial specifications
of the demo to provide a benchmark for future
developments.
The goal would be to provide public and
private stakeholders with the range of costs
linked to the size of the project, to guide their
decision making in funding future projects.

PURPOSE AND SCOPE
OF THE ROADMAP
PART I: What do we know?
Section 4: National strategies are revealing different types of

country profiles for hydrogen

APPENDIX

and summarize the main characteristics and
differences between the strategies as follow:
 he production side of strategies is
T
directly linked to geographical and energy
parameters of the country: some countries
like Australia, Morocco or Saudi Arabia or
Chile could provide a very large area of
not-populated land and at the same time
with very good renewables resources (wind,
hydraulic or solar ) opening the way to
massive export markets.
 hey are linked also to the willingness of
T
some countries to master and keep at home
a significant part of the hydrogen value
chain(Japan, Germany, France, China, USA…)
If hydrogen for mobility application seems to
be present everywhere, the other types of
applications are directly dependent on the
industrial activities of the countries and the
presence of steel, chemical and other heavy
industry
Hydrogen for residential applications and
in the gas grid is also dependent on the
historical structure of energy transport and
distribution and habits
 ue to a lack of availability of national
D
renewable resources, some countries will
be dependent on imports of low carbon
hydrogen (Korea, Japan, partially Europe)

Status on national roadmaps
and transnational initiatives
National announcements on hydrogen
strategies [259]-[263] mark the fact that a
direction has been given for the development
of green hydrogen on an international
scale which makes it possible to draw up
development scenarios for the sector. Around
20 countries, representing 44% of global
GDP [262], have already adopted a national
hydrogen strategy or are on the verge of
doing so. Most national announcements
(visions, strategies or roadmaps) clearly
position themselves on short-term horizons
[264]-[284], mainly next decade 2020-2030.
While some countries had already positioned
60

hydrogen in a central place given their energy
decarbonisation process, such as Japan in
2017, or France in 2018, the number of new
ambitious announcements of green hydrogen
strategies has significantly increased in the
world since 2019.
These national strategies were accelerated
with the Covid crisis and coincide (or
accelerate) with a major turning point for
hydrogen deployment: since the last 2 years
new type of project, more than demonstration,
but early deployment or commercial were
launched at the same time as new and
ambitious national strategies were announced
A detailed analysis of some national strategies
is described in the annex. We can analyse

POWER-TO-X DEMONSTRATION ROADMAP
TASK 38 - POWER-TO-HYDROGEN AND HYDROGEN-TO-X

TABLE OF
ILLUSTRATIONS

 he national strategies are also built upon
T
existing and historical infrastructures:
industrial and Energy import/export big Port
(Nederland), natural gas grid (Nederland,
UK, Europe in general)
Low carbon hydrogen production will be
based on specific advantages of some
area or countries: cheap nuclear electricity
(France, Russia, USA ..), CCS ecosystem
(NorthWest Europe, middle East …)
And national strategies are more or less
ambitious, covering a part of the whole value
chain
The new strategic entries of countries are
illustrated in Figure 35.

2019-2020: a turning point
Between 2018 and 2022, the installed capacity
of combined demonstration/deployment
projects will have gained two orders of
magnitude (Figure 18. Installed or planned
electrolyser capacity since 2018). It is due to
an impressive shift from pure demo projects
(at multi-MW scale maximum) to early-stage
and first deployment projects with a valid
business model (in a specific regulatory
framework with incentives).
The report from Hydrogen Council/Mc Kinsey
“Hydrogen Insights 2021”, released in April
2021, shows that the amount of mature
investment is reaching near 80 B USD and
with announced projects to 262 B USD. (Figure
35)
As an example: the Australian/Asian
Renewable Energy Hub project aiming to
install 15 GW RES-E (wind and solar) in the
Pilbara region, including 12 GW dedicated to
the production and export of hydrogen and
3GW consumed in the region.
This exponential growth seems to be aligned
with ambitious objectives described in national
strategies, as for the European Union, the
Hydrogen Europe 2x40GW Green Hydrogen
initiative is aiming to install by 2030:
> 40 GW of electrolyser capacity in the EU,
including 6 GW for the captive market
(produced at the place of demand) and 34
GW on a market close to the supply,
> 40 GW of electrolyser capacity in North
Africa and Ukraine including 7.5 GW for the
domestic market and 32.5 GW for export,
Despite the different evaluations of low
carbon production by 2050, there are
targeting several hundreds of millions of
tons per year (cf annex), the next decade will
be the most important one for scaling up
hydrogen production capacities. The mature
and announced investments in hydrogen
production will lead to near 7 million tonnes/
year low carbon hydrogen in 2030: 2/3 from
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Figure 35
announced hydrogen projects in the world, Hydrogen Council/Mc Kinsey, Hydrogen
Insights 2021
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Figure 36
National strategies published since 2019

H2 National strategies
Jan

Feb

Mar

Apr

2019

May

Jun

Jul

Aug

Sep

Oct

Nov

Dec

(7)
(1)

(3)

(5)

(2)

(8)

(9)

(6)

(4)

renewables and 1/3 from other low carbon
(CCS and nuclear).

Adequacy between strategies
and investments on the
implementation of new
demonstrators
The establishment of demonstrators at any
level of maturity is one of the necessary
conditions for the future deployment of
specific green hydrogen sectors at the level of
national or intra-national country strategies
(See PART II):
 arly-stage demonstrations help reducing
E
technical risks while stimulating innovation
and competitiveness of the solutions
offered,
Mature demonstrations make it possible
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both to assess the economic feasibility of
the solutions, the quality of the institutional
framework (See PART II, section 3, §3b) and
the level of social acceptability. Finally, they
serve to mobilise large investors, the only
ones capable of financing the trillions of
dollars needed to achieve the strategies for
2030, 2040 and 2050 horizons.
In addition, given the specificities of each
country and the need for specific learning
(See PART II), it seems important that each
region takes on different PtX solutions, locally
implementing complete systems integrated
into their economic environment.
Figure 38 shows the distribution of
demonstrators started or planned in 2018
across the world and illustrates the different
learning dynamics on green hydrogen routes
depending on the region.

(1) 01/2019: HYDROGEN ROADMAP EUROPE / European Commision
(2) 01/2019: HYDROGEN ECONOMY Roadmap (KOREA). Stangarone, T. South Korean efforts to transition to a hydrogen economy. Clean Thech Environ Policy (2020).
(3) 03/2019: Strategic Roadmap fot Hydrogen and Fuel Cells 2017/rev 2019 (JAPAN)
(4) 05/2019: CEM10Hydrogen initiative, Canada, Japan, the Netherlands, Saudi Arabia, Norway, India, New Zeeland, the United States and the European Commission
(5) 06/2019: Climate Agreement (THE NETHERLANDS9
(6) 06/2019: Joint Statement of future cooperation on hydrogen and fuel cell technologies among the Ministry of Economy, Trade and Industry of Japan (METI), the
European Commission Directorate-General for Energy (ENER) and the United States Department of Energy (DOE)
(7) 09/2019 METI Conferences 2019 (The United Arab Emirates, Argentina, Italy, Indonesia, the United Kingdom, the European Commission (EC), Australia, Oman,
the Netherland, Canada, the ROK, the International Energy Agency (IEA), the International Renewable Energy Agency (IRENA), Costa Rica, Saudi Arabia, the Hydrogen
Council, Spain, Thailand, Tanzania, Chile, Germany, New Zeland, Norway, Pakistan, Bangladesh, the Economic Research Institute for ASEAN and East Asia (ERIA), the
Philippines, France, Brunei Darussalam, the United States, Vietnam, Poland, Morocco, and Russia)
(8) 10/2019: 2019 Hydrogen Pathways - Enabling a Clean Growth Future for Canadians.
(9) 11/2019: Australia´s National Hydrogen Strategy

2020
Jan

Feb

Mar

Apr

May

Jun

Jul

(10)

(12)

(11)
(10) 06/2020: The Norwegian Government´s hydrogen strategy, towards a low emission society
(11) 06/2020: Die Nationale Wasserstoffstrategie (GERMANY)
(12) 07/2020: Estratégia Nacional para o Hidrogénio (PORTUGAL)
(13) 09/2020: Plan français de déploiement de l´hydrogène pour la transition énergétique (FRANCE)
(14) 10/2020: Hydrogen roadmap: a commitment to renewable hydrogen (SPAIN)
(15) 10/2020: Renewable Energy 2.0 - Hydrogen and PtX-Strategy (DENMARK)
(16) 11/2020: Department of Energy Hydrogen Program Plan (US)
(17) 11/2020: National Green Hydrogen Strategy (CHILE)
(18) 11/2020: National Hydrogen Roadmap (FINLAND)
(19) 12/2020: The Hydrogen Strategy for Canada
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Figure 37
Distribution of demonstrations started, planned or announced since 2018 in Europe

APPENDIX

Figure 38
Distribution of demonstrations started, planned or announced since 2018 in the world

We see that for some regions, there is a
proven correlation between the publication
of national strategies and the development
of demonstrators, which suggests that the
entrepreneurial or institutional initiatives and
the political vision given by the States create
virtuously or on the contrary vicious dynamics
for the growth pathways of green hydrogen:

demonstration projects that meet their very
ambitious political objectives.

 his is the case for Europe or Australia for
T
which both political and entrepreneurial
result indicators are high.

In addition, the correlation seems strong
between announcements of national
strategies and current developments, in
particular for countries such as Germany,
France, the Netherlands and Denmark.

This seems also the case for regions with
high territorial potential such as China,
Russia or the Middle East and North Africa
(MENA) region, but for which the lack of
political visibility is associated with a low or
non-existent level of development initiatives.
Conversely, some regions with strong
economic potential, such as Japan, Korea
or North America, are not yet investing in
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A zoom on Europe is represented in Figure 37.
We see that the European political
dynamic creates a strong emulation on the
development of demonstrators in almost all
the countries of the zone.

 ngland is a special case as, despite the
E
absence of major political announcements,
the development of demonstrators
is relatively high. This shows that the
entrepreneurial dynamic does not only obey
the given political vision but has its logic, in
this case, which could be related to the need
for support mechanisms for RES-E.
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Types of country profiles
appear to emerge
The analysis of R&D programs, industrial
projects and national strategies makes it
possible to identify a certain number of
profiles. The country profile approach does
not claim to be exhaustive, or to reduce
certain countries or regions to a single
category, but makes it possible to identify
broad lines of the dynamics of PtX around the
world:
Strongly environmental proactive countries
New potential giant energy exporter
Major oil and gas countries

Strongly environmental
proactive countries
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Europe thus has many strengths and shows
many signs of its commitment to PtX, both
in the number of demonstrators and the
installed capacity and diversity of PtX pathways
covered. It could therefore be one of the
world leaders if it knows how to unite member
States around a coherent PtX strategy
benefiting from:

Europe, despite a certain disparity in European
countries in industrial profiles, cultures and
public and private investment capacities, can
be analysed for its common points such as:
 n economic and political unit on energy is
A
being built not only through the common
market, but also through growing strategic
partnerships on supply and transport
infrastructures (e.g. ENTSOG’s mission for
gas or “The European electricity system
confronted with the Paris agreement” for
power). A new initiative launched by Gas
TSO aims to build a European hydrogen
transport backbone (see figure 39, reference
“European Hydrogen Backbone”, July 2020),

 nvironmental proactivity, strong political
E
display for the decarbonisation of energy,
e.g. the 2019 European Green Deal
[290],[291].
 ES-E resources have significant potential,
R
both in the North with the prospect of offshore wind turbines and in the South with
photovoltaics.
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Figure 39
European hydrogen backbone

FIGURE 1
Mature European Hydrogen Backbone
can be created by 2040.

The dynamism of its economy.

Hamburg

Amsterdam

The gain in energy independence,

 ucceeding in strengthening the conditions
S
for an ambitious PtX sector over time,
> Coherence between the European
States on services (regulation,
standardisation, management of
community energy flows)
> Construction of a learning
methodology and pooling of this
learning,
> Sufficiently diversified service and
equipment offer so that European
companies can benefit as efficiently
as possible from cooperation/
competition emulation and lower
equipment prices.

> Which equipment manufacturers?
> What service offers (green hydrogen
production, hydrogen transport
and distribution, HRS, industrial
processes)?
Finally, as a corollary of these objectives, the
question could arise of the advisability of
stimulating FCEV production supply, for the

Stockholm

Göteborg

Hannover

Dunkerque

Copenhagen

Cologne

Finally, Europe benefits from powerful PtX
networks, notably through the Hydrogen
Europe association or the public-private
partnership FCH JU or European Clean
Hydrogen Alliance.

Anticipating its industrial structure,

Technological expertise is present,
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The decarbonisation of its energy,

By funding additional demonstrators on a
national and, above all, European scale, the
community must achieve its ambitions of:

Europe

APPENDIX

hydrogen will partly be based on applying CCS to existing grey hydrogen production
at industrial clusters.
Large-scale hydrogen consumption will require a well-developed hydrogen
POWER-TO-X
DEMONSTRATION
transport infrastructure. This paper presents
the European
Hydrogen ROADMAP
Backbone (“the
TASK 38 - POWER-TO-HYDROGEN AND HYDROGEN-TO-X
EHB”): a vision for a truly European
undertaking, connecting hydrogen supply and
demand from north to south and west to east. Analysing this for ten European countries
(Germany, France, Italy, Spain, the Netherlands, Belgium, Czech Republic, Denmark,
Sweden and Switzerland), we see a network gradually emerging from the mid-2020s
onwards. This leads to an initial 6,800 km pipeline network by 2030, connecting
hydrogen valleys. The planning for this first phase should start in the early 2020s. In
project,
European
Backbone,
July
a second and
third phase, Hydrogen
the infrastructure
further expands
by 2020
2035 and stretches
into all directions by 2040 with a length almost 23,000 km. Likely additional routes

Frankfurt

Hamburg
Amsterdam

Hannover
Berlin
Cologne

Brussels

H₂ pipelines by conversion of
existing natural gas pipelines

Leipzig

Frankfurt

Prague

Paris

Newly constructed H₂ pipelines

Stuttgart

Possible additional routes

Munich

Countries within scope of study
Countries beyond scope of study
Potential H₂ storage:
existing / new
salt cavern

Lyon

Gijón

Coruña

Bordeaux

Potential H₂ storage:
Aquifer

Venice

Marseille

Potential H₂ storage:
Depleted field
Industrial cluster
City, for
orientation
purposes
(if not indicated
as cluster already)

Milan

Bilbao

Madrid

Zaragoza

Puertollano

Barcelona

Rome

Valencia

Huelva

Tarifa

Almería

Palermo

European Hydrogen Backbone initiative 2020,
supported by Guidehouse

moment absent, whereas it corresponds to
an important market and in which Europe has
real technological skill. While the Volkswagen
group has declared itself relatively cautious
about the economic relevance of FCEVs in
the medium term, Mercedes Benz is relatively
active on heavy truck targets, while Renault
has expertise in the production of commercial
and passenger vehicles.

East Asia Pacific countries
The East Asia Pacific, through Japan and Korea,
is very visible on decarbonisation ambitions,
Japan being a global pioneer in hydrogen use.
The marked desire to decarbonise is
particularly visible through the strategic
announcements of the states on the final
consumer part.
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On the other hand, Japan and Korea are poorly
represented in the PtX pathways (in national
strategies and demonstration projects), due
to the relatively limited RES-E resources.
The hydrogen import scheme is therefore
favoured in continuity with the history of these
nations whose high added value activities
offset the need for energy imports.
This low visibility on PtX is thus offset by
relatively offensive strategies on domestic
applications, such as FCEVs (passenger cars
and trucks) or micro CHP, both in terms of
production and deployment.
On this last point, the major difficulty for Japan
and Korea, as exclusive suppliers of fuel cell
passenger vehicles, is the uncertainty in the
world market for FCEVs [292]. The response
to the need for the scale-up necessary for a
technological upgrade and lower equipment
prices is directly conditioned by the
directionality of the national strategies of all
countries on the use of hydrogen for mobility.
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Australia
Australian state governments are announcing
ambitious strategies on domestic PtX
pathways but also on export. Beyond the
announcements, there are numerous publicprivate partnerships, installed, planned or
announced, around the development of
demonstrators at a high level of maturity,
which are relatively consistent with political
ambitions, thanks in particular to the thrust of
ARENA6.
Given its ambitions, Australia still has to
overcome some difficulties. In particular:
Together with the entire international
industrial community,
> Continue to support R&D and
innovation and the search for
disruptive solutions through additional
early-stage demonstrators, especially
focussed on technologies for hydrogen
transport,

Finally, strengthening the hydrogen supply
chain from source to use must be addressed:

> Make greater use of preindustrial
demonstrators,

 ong-term partnership with exporters, in
L
particular Australia,

> Define standards and regulations
dedicated to the use of hydrogen
(injection into networks, industrial
applications and mines) through
additional early adoption projects,

Participation in the construction of rules on
green hydrogen international trade,
 evelopment of advanced expertise on
D
hydrogen distribution, through mature
demonstrators.

New potential giant
energy exporter
We can identify three types of new potential
giant energy exporter, whose common point
is to benefit from very significant cheap RES-E
potential, but whose dynamics on the PtX are
very divergent.

For mass production and export:
> Anticipate material supply issues
and recycle equipment opportunities
over time,
> Develop fully integrated hydrogenbased products production such as
ammonia or methanol. It could be
more interesting to export the final
product rather than hydrogen and
could lead to the creation of a new
industry located nearby hydrogen
production plants.

6. Government Australian Renewable Energy Agency whose purpose is to improve the competitiveness of renewable
energy technologies and increase the supply of renewable energy through innovation that benefits Australian consumers
and businesses
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> Strengthen partnerships with foreign
target countries with high hydrogen
demand in the Pacific zone (Japan,
Korea, etc.)
> Anticipate international collaboration
on common rules for the hydrogen
trade (see PART II, sections 1 and 2).

China
Given the size of its domestic market, China
has very significant potential for PtX demand.
It also has strong potential in terms of exports,
both in green hydrogen production, thanks
to the large exploitable areas with excellent
potential for wing generation and its historical
photovoltaic electricity production, and
equipment.
Although electrolyser industrialisation
processes are already in place, the country is
still not very visible in terms of the deployment
of demonstrators. The current phase is
characterised by work to assess the economic
feasibility of PtX pathways and a relatively
sustained technological activity upstream. On
the other hand, as it has shown over the past
decades, the potential responsiveness of its
industry, associated with the energy majors'
proximity to public authorities, could make it a
significant player before 2030.

Other RES-E wells
South America and North Africa start to
become visible on the hydrogen value chain,
despite they have quite no (or a low number
of) demonstration project or activities but
share the characteristic of having abundant
resources, translating in cheap RES-E.
But countries like Morocco and Chile, and
potentially Argentina have signed some
collaboration agreement with consuming
countries like Germany and Japan at
governmental level, but also some big energy
companies like Engie started to launch
feasibility studies to put in place the right
framework and to attract investors.
These regions could be among the new

exporters thanks to advanced technoeconomic and macroeconomic evaluations on
the feasibility of developing a massive green
hydrogen production sector to meet the
following challenges:
Bringing technological expertise
If national strategies were to position
themselves in this niche, since these
regions are not very involved in the
early stages of development of PtX
sectors, they should call, at least
initially, on foreign know-how, or
benefit from partnerships.
In this regard, we can cite the
partnership project between Europe
and The Maghreb to produce 40 GW of
hydrogen by electrolysis by 2030.
Building a viable macroeconomic market
model
The economic difficulty to target is
therefore to maximise the domestic
added value that the development of
the sector could bring, which would be
mainly driven by the operation of RES-E
plants, production and CSTs on green
hydrogen.
Gaining energy independence
Finally, as for the other potential giant energy
exporters, the challenges of regional planning
on the one hand, and securing an external
market on the other hand, also need to be
tackled.

Major oil and gas countries
The energy conversion of the major oil and
gas countries is one of the main challenges of
the energy transition. The development of the
PtX sector alongside that of RES-E could be a
common opportunity for all these countries as
 he massive development of low-carbon
T
energy solutions gradually replacing oil and
gas will be the only solution to avoid a critical
destabilisation of their economies by the
zero-carbon horizon,
69

INTRODUCTION

PURPOSE AND SCOPE OF THE ROADMAP

CONCLUSIONS AND RECOMMENDATIONS

Their industries have strong expertise not
only on the exploitation of gas (conditioning
and transport) but specifically for hydrogen,
if only through the current needs of
refineries,
They benefit from industrial and commercial
networks on energy supply throughout the
world,
They have potential RES-E resource.

Middle Eastern oil countries
The oil-producing countries of the Middle
East are highly dependent on oil windfall and
therefore very concerned by the need for
reconversion.
We can, however, associate them with the
potential giant energy exporters thanks to the
natural RES-E resource available.
As they are not very visible in the
demonstrator development activities, they
would need to bring in foreign technological
expertise to make the start of the transition.
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United States
The United States depends on the oil and
gas windfall, but the highly dynamic and agile
context of its industry would be an asset for
the reconversion of its energy structure.
The main problem is the lobbying between the
interests of oil and gas representatives and
advocates for a more progressive orientation
in the economy and the environment.
Although not very visible on demonstrator
development activities, the United States
remains active in upstream research around
PtX solutions (electrolysers and fuel cells)
and, like China, could have strong reactivity to
position itself significantly in this market.
A new federal strategy on PtX pathways from
2021 may be forthcoming with the United
States recommitting to the Paris Climate
Accord under President Joe Biden.

Russia
Russia is fairly dependent on oil and especially
gas, and also concerned by the potential
drop in fossil fuel imports, particularly
in Europe. Nevertheless, although the
hydrogen prospective is investigated by the
main energy providers, such as Gazprom,
Rosatom or RusHydro, in particular around
the prospects for exports to Japan, industrial
developments are not envisaged in the
short term7. Russia is however not yet visible
on demonstrator development activities.
Recently Russian Rosatom and French EDF
signed a collaboration agreement to develop
low carbon hydrogen from nuclear and
renewables. (reference here)

7. Ośrodek Studiów Wschodnich (OSW) commentories: Russia’s hydrogen strategy: a work in progress (osw.waw.pl) 202007-22, Climate ambivalence: Russia’s climate change policy (osw.waw.pl) 2020-12-15
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PURPOSE AND SCOPE
OF THE ROADMAP
PART II: WHAT IS MISSING?
WHAT NEEDS TO BE DONE?
The observation of PtX demonstration projects
and national strategies identified in part I must
now be informed in the wider context of the
current development of solutions capable of
meeting the need for the energy transition.
There is an overlap between current hydrogen
pathway constraints and the history of RES-E
development models over the past three
decades. In a sort of mirror effect, benefiting
from the recommendations produced a
posteriori on the subject makes it possible to
put into perspective the current challenges of
the hydrogen sector. But the PtX sector follows
its logic, driven by a strong diversity of players
and a relatively wide field of applications
linked to the versatility of hydrogen. Green
hydrogen is one of the very topical concerns at
the heart of the evolution of energy systems,
affecting the challenges of decarbonising the
energy supply, balancing electricity networks,
the creation of new industrial value and
finally, international arbitration. The national
commitments of many countries to invest in
support for the sector from 2019 have also
been strengthened in some regions, with the
COVID-19 crisis by the need for sustainable

public investments likely to boost the supply
sector while anticipating the future needs of
our economies. We are on the threshold of
a new phase-oriented towards the scaling
of many HtX pathways and PtH production.
To meet the needs, we anticipate a hundred
GW of electrolysers deployed by 2030, of
which more than 80 GW have already been
announced for specific projects. Hydrogen
Council, for example, representing worldwide
leading energy, transport, industry and
investment companies, estimates [293] 90 GW
electrolysis deployment by 2030 and USD 300
billion in hydrogen spending through 2030, in
which 80 billion of this investment is either in a
planning stage, has passed a final investment
decision (FID) or is associated with a project
under construction, already commissioned or
operational.

Methodology
The specific recommendations to maintain
this momentum on PtX demonstrations
aim to make decision-makers aware of
the opportunities and risks inherent in the
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various PtX routes. They also aim to underline
the fundamental nature of effective and
coordinated support to achieve the most
relevant solutions in terms of the environment,
economic performance and access to energy
and development for the greatest number.
In this context and for the very particular
dynamic of growing maturity of PtX
technologies through demonstrators, the
question then arises: What is missing? What
needs to be done?
To answer these two questions, conditioned
by many transversal factors, we chose to
aggregate the two questions through a
3-dimensional matrix analysis:
By country’ potential
By maturity
By pathway
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The division into three parts: country,
maturities, and pathways, follows a logic from
the most general to the most particular, in a
sort of magnifying glass effect, each of these
3 parts serving to contextualise the one that
follows. Analysis of challenges and needs will
attempt to be explicitly open to the various
fields conditioning the development of the
PtX sector such as macroeconomics, business
economics, institutional economics, or even
development policies or geopolitics. In terms
of methodology, the analyses provided are
based both on the results of the first part
(state of play and national roadmaps) but also
on feedback gathered from stakeholders, and
on recent scientific publications on the energy
transition linked to new energy solutions
development. Geopolitics science publications
specifically dedicated to hydrogen are still
rare, but the year 2020 also seems to be at a
turning point for this.
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PURPOSE AND SCOPE
OF THE ROADMAP
PART II: WHAT IS MISSING?
WHAT NEEDS TO BE DONE?

Section 1 What is missing and what needs to be
done by the country's potential

What is missing and
what needs to be
done by the country's
potential
Introduction
Based on the general inventory of PtX
demonstrations installed around the world,
analysed in the first part of this document, we
now focus on the questions “what is missing?”
and “what needs to be done?” taking into
account the potential in PtX of the different
countries. With this we aim to identify the gaps
between the national strategies announced,
the concrete demonstrations initiatives
currently planned or announced and finally
the specific potential for each country.
The stakes for countries are multiple. First,
the main challenge is to boost the energy
transition in accordance at least with their
climate commitments or even better with the
more demanding recommendations of the
IPCC.
Second, alongside this climate concern,
collateral issues appear at the geopolitical
scale with the gradual substitution of
fossil fuels by renewable energies: energy
production will be more distributed over the

territories, which will potentially lead to an
increase in the energy independence of the
countries and contributing to rebalancing their
energy trade.
Finally, the countries would be all very
proactive on the dynamics of their
domestic production, which conditions the
standard of living and employment. This
involves developing a national hydrogen
sector, whether in the most upstream
part (equipment manufacturers), on the
development of the supply side encompassing
production, transport and storage of H2 or
by-products (CH4, methanol, ammonia, etc.)
or finally on application services (including
deployment of hydrogen refuelling stations
and HtF-H2 distribution, the supply of HtG-H2
and the deployment of CHP in buildings). It
is important for the countries involved in this
new sector to create and maintain a whole
value chain, as China has managed to do with
photovoltaics.
Setting up an internationally competitive
value chain able requires the establishment
of regional networks8 to nurture the mutually
involved cooperation (increasing knowledge)
versus competition (increasing efficiency)
economic process.
The dynamics of countries condition the
overall development of the sector. Supply

8. Such as for example: the European Union, the Association of Southeast Asian Nations, the Union of South American
Nations, the Cooperation Council for the Arab States of the Gulf, etc.
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and demand for equipment for example,
such as electrolyser suppliers or FCEV
manufacturers, will not benefit from an
increasing technological power or falling costs
with scaling up if there is no demand. Energy
technologies are border-free and therefore
are developed to target international markets.
The increase of international green hydrogen
trade depends directly on the national
import (e.g. Japan) and export (e.g. Australia)
strategies of third countries.
Countries need strong international
cooperation (either at a global level or regional
level, e.g. EU) to pool knowledge on a maturing
hydrogen sector, to secure domestic market
and to anticipate a geopolitical recomposition
of the energy market, as developed in the next
section.
Despite an international growth trend of
PtX, the actual deployments of PtX sector by
country in the future will strongly depend on a
large number of national cultural, structural or
institutional factors9.

Potential dynamics of
countries on the PtX pathway
In part I, section 5, the countries have been
classified into 3 main profiles, revealing the
situation of the main leading countries in
the development of the PtX pathways. The
approach can be supplemented by alternative
classifications such as in [262],[294].
Here we are more interested, in a more
forward-looking vision and a broader field, on
the potential of countries in the long term,
without aiming at any a priori classification.
Depending on the historical, geographic, or
societal characteristics of countries, different
matrix potential criteria emerge. These are:
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a. Technological expertise
b. PtH territorial potential
c. History of energy production and export
d. Growth and development levels
e. Environmental proactivity
The following section highlights the challenges
and general actions to be carried out by the
countries according to these characteristics on
their potential.

a) Technological expertise
The proximity to the technological frontier10 for
a country (which includes factors such as the
level of training of researchers and engineers
or the existence of institutional dynamics
on innovation and funding), conditions the
international competitiveness of a country
in providing technological products [295].
When new technologies and new logistics
emerge, such as the production, conditioning
or transport of green hydrogen, solutions
for industrial use, or the manufacture of fuel
cells, the countries close to this border will
be in the best position to support leading
equipment industries, such as Siemens or Nel
for example. This issue is not limited to the
production of equipment but also services
and therefore to the exploitation of hydrogen
solutions and systems, as is the case with large
international energy suppliers such as Engie,
Gazunie or Neoen.
Upstream expertise allows the development of
products with high technological added value
(such as electrolysers) and/or complex industrial
processes (use of hydrogen in heavy industry,
fuel or gas synthesis, or FCEVs). This kind of
expertise is a systemic national asset based
on long collective history and cannot easily be
changed over the short or medium term11.

9. Such as: desire for energy transition in terms of roadmap and regulatory facilitation, capacity to mobilise technical expertise, available RES-E resource, public financing capacity to support the sector in the pre-industrial stages or the capacity
of existing financial structures to mobilise the necessary investments in large-scale infrastructure.
10. Most advanced level of technological research
11. As illustration of this problematic, a UK analysis can be found in [294]
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On the other hand, the promotion of technical
expertise or intermediate technological level,
through the development of demonstrators
and/or training of professionals, is accessible
to many countries, provided that these
countries manage to mobilise the necessary
investments.
Countries will, of course, be able to import
part of the services linked to PtX and benefit
from the expertise developed and offered
by the large international energy companies,
but it is important for macroeconomic
considerations that the national roadmaps on
the PtX balance external opportunities and
national knowledge, products, and services
(acquired through professional training and
the development of demonstration projects,
in particular at the most advanced stages of
maturity).
Technical expertise is found both on the
equipment supply side and on services.
What is missing and what needs to be
done
Countries with high ambitions for PtX
equipment supply can use demonstration
projects to boost these industrial sectors as:
> PtH: electrolysers, conditioning and
production control equipment.
> HtX: industrial processes, CHP, FCEV.
Countries with significant ambitions for PtX
hydrogen distribution or usage can develop
the services and professions necessary
for the establishment of complete PtX
installations. It could be effective to:
> Evaluate the potential market
corresponding to these ambitions,
> Evaluate skilled jobs and specific human
resources required for corresponding
developments. To do this, it is necessary
to take advantage of feedback from
projects such as demonstrators and early
adoption projects, to identify the skills
needed for this type of service and to put
in place the necessary conditions for the

installation of new demonstrators,
> Develop specific training so that
installation and maintenance service
developers can hire the necessary skills.
No development will be possible without the
mobilisation of a qualified workforce.

b) PtH territorial potential
Unlike the case of fossil fuels, all countries
are potential producers of green hydrogen,
directly depending mainly on the RES-E
production potential, but also freshwater
resources [294].
In terms of competitiveness, on the other
hand, all countries are not on an equal
footing in the production of hydrogen and the
enhancement of a downstream value chain.
This potential is directly conditioned by
the production costs of the electricity of
RES-E which, in turn, depend both on the
instantaneous natural resource and on load
factors on wind, solar or hydropower. The
combination of these two factors (natural RES
resource and high load factors) conditions
the potential for an efficient green hydrogen
production chain. A good example of this
could be China, illustrated by the 2.2 GWe
photovoltaic power plant installed in 2020 in
Qinghai province or the 0.8 GWe Al Kharsaah
power plant planned in Qatar or the nearly
0,46 GWe power plant of Western Down
Green Power Hubs in Australia scheduled to
start in 2022.
Countries in Northern Europe, for example,
benefit from good wind potential, in particular
off-shore, while countries like North Africa and
South America, although still little invested
in RES-E and PtX pathways, have strong
photovoltaic and wind potential. Moreover,
independently of production efficiency, the
whole available resources (as surface area,
water, existing distribution infrastructures) is
also an asset. Even if some region does not
have the natural production ideal conditions,
the range in its available resources associated
with the closeness to equipment supplies and
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end-uses makes it a strong potential country
as well.
The consequence is that some countries
will be able to position themselves as
major national producers or as exporters
[297] provided that they have the required
technological expertise or that they can
benefit from it through strong international
industrial partnerships.
Decentralised production, on the other hand,
will be less conditioned by LCOE or LCOH,
than by many other factors, such as the
state of existing transport and distribution
infrastructure, or a political will for local
ownership of green energy production plants.
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For countries whose PtX development
responds more to a decentralised scheme
(driven by site-specific production or use
opportunities, particularities of the electricity
distribution infrastructure and pursuit of
local energy independence), a priority may
be to maximise the PtX path according to the
scenario, motivated either:
s pecific application needs (eg: local HRS,
decarbonisation of the energy supply of a
cement or fertiliser production plant, a steel
plant, etc.) or,
efficient hydrogen production opportunities
(e.g. RES-E energy source proximity, specific
advantageous electricity tariff, etc.)

Cluster productions combined with longdistance transport

What is missing and what needs to be
done

Some regions have strong potential for mass
production of inexpensive RES-E capable of
fueling a competitive PtH sector [297].

Whether for clustered or distributed
generation, once the technical and
institutional constraints have been validated
in the demonstration stages, it is important
to plan for early adoption demonstrators
(taking into account the challenges of land
use).

These regions, aside from the need for an
effective political will to develop the sector
and the ability to mobilise the necessary
investments, need to deal with the problem
of regional planning, and in particular the
balance between the areas occupied by
energy (RES-E production, PtH production
and transport infrastructure) and natural,
inhabited or agricultural surfaces. In addition
to this surface problem, there are those of the
supply of raw materials and the recycling of
materials.
Extensive consultation work on territorial
issues through early adoption demonstrators
with the various bodies of civil society is,
therefore, necessary before effective largescale development of the PtX sector.
It would be paradoxical for this development,
which is part of the solution of the nationally
determined contributions (NDCs) of countries
to climate constraints, to generate new
problems linked to a lack of anticipation of
local environmental constraints.
Decentralised production

76

The objectives of these industrial
demonstrations will be to anticipate not
only economic viability but also, and above
all, territorial, or even local, environmental
issues, the resolution of which will be the
sine qua non-condition before scaling up.

c) History in energy production and
export
For most countries, there is an urgent need
to start implementing a progressive transition
to a more sustainable energy system and
minimise their dependence on fossil fuels.
We can distinguish several cases, which
depend on their vulnerability to the energy
transition and in particular on the share of
energy exports in the financing of the country
[298].
OECD fossil fuel producer countries, such
as the United States, Canada or the United
Kingdom, are relatively independent of the
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future development of oil rents thanks to the
importance and maturity of other sectors in
their economy. We can see these countries
are diversifying as they are among the
potential promoters of alternative energies.
The investment in RES-E and PtX could be
both an opportunity (for development and
diversification) as a constraint (for the lower
demand for fossil fuels).
However, a notable difference exists between
those for whom oil is used primarily for
domestic consumption, such as the United
States and those for whom the export of
oil is an important driver of their economy:
Norway is, therefore, a special case since
the combined export of oil and gas accounts
for 40% of its total exports. The country has
nevertheless clearly positioned itself [299] on
RES-E, and potentially PtX, under the pressure
of falling fossil fuel demand, the vast majority
of which is European.
Some countries like Venezuela, Nigeria
and a large part of the Gulf countries have
economies that are heavily dependent on oil
and gas exports, making them very vulnerable
to oil prices, not only because oil rents finance
part of the economy but also because this
rent has slowed down the development of
other production sectors (e.g. Dutch disease
effect). In this category, the difference between
countries with high financial reserves, such
as Saudi Arabia or Qatar, and the poorest
countries are marked. But while Qatar for
example appears to be on the path to a
successful conversion, it seems less obvious
to Saudi Arabia, even though it shows a
willingness to change its economic model
(Qatar National Vision 2030) [300].
The situation of countries producing and
exporting fossil energy has become even more
critical since the COVID-19 crisis, which could
encourage these countries to further explore
the field of renewable energies.
Producer countries, regardless of their
dependence on fossil fuel rents, find
themselves faced with the question of

assessing at what pace (quantities and
deadlines) the energy transition will take place
on fossil fuel - demand, to anticipate their
conversion. These countries need to:
Track and monitor international trends,
 nderstand the scope of the energy
U
transition, and in particular the opportunity
represented by the PtH,
Define their long-term strategies,
Put in place the technical, financial, and
social means adapted to this transition.
Proactively, they can join in the construction
of global geopolitical plans by relying on all the
major international energy institutional players
such as IEA, IRENA and IEF, but also specific
private (e.g. Hydrogen Council) or States (e.g.
OPEC) energy interest groups.
Additionally, many international platforms
focus on the transition to a clean energy
system: G20, CNUDD, WTO, Clean Energy
Ministries, etc.
What is missing and what needs to be
done
The development of demonstrators at
advanced levels of maturity (early adoption)
could be a way for oil-exporting countries
to gain experience in an area that can
contribute to the energy transition. PtX
solutions can be integrated and scaled up
in national power generation systems, if
necessary with the help of foreign operators
who share (through strong international
partnerships) and/or export their
technology.

d) Growth and development levels
The need for new energy infrastructures
is very marked in all countries [301],
[302],[303],[304]. This need is conditioned
by the mobilisation of massive financings, on
which the scaling up of the PtX sector is also
dependent (See PART II, section 2). These
investments are expected to be mainly driven
by the penalties on GHG emissions.
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The gradual integration of PtX into the
national energy systems, however, could
follow different pathways depending on the
history, the decision-making structure and the
strategies of the countries:
industrial,
environmental,
organisational (e.g. centralised vs
decentralised),
financial.
On the other hand, most developing countries
are showing a desire to stimulate public
investment to provide the infrastructure
necessary for the country's economic
development, backed up by international
aid, particularly marked in the energy supply
sector. The currently limited access of the
population to energy, still very dependent on
so-called traditional sources, is developing
thanks in particular to projects to supply micro
and macro RES-E power plants.
Behind these development projects is also
hidden a need for energy independence, in
financial contexts of strong deficit in the trade
balance of the countries.
The development of the PtX sector could be
a new opportunity to improve the energy
infrastructure, especially in decentralised
mode, provided that countries, with financial
assistance from international development
institutions, integrate PtX roadmaps into their
programs.
For many developing countries, climate
constraints are intertwined with more general
development imperatives. The first difficulty
is to put in place measures bringing effective
economic and social improvements while
ensuring the financing of these measures
without jeopardizing the sovereignty and
financial credibility of the state.
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What is missing and what needs to be
done
General case
Countries with high levels of development also
have the potential to mobilise the investments
necessary for the conversion of their energy
infrastructure. These investments must be
analysed in light of the forecast market, to
understand the likeliness of amortising the
capital employed over time. The energy
market can be considered a low-risk market
as demand will always exist for a significant
share of GDP, typically between 5 and 10%
depending on the region, however, some
directionality is needed both within the
country and in its international relations. This
energy market also affects the technology,
equipment and services market.
Countries will need to:
> Establish a precise target on the future
expected PtX market,
> Support and harness the strengths of
techno-economic research to evaluate
changes in costs over time on each
application pathway, as well as the difference
between these costs and acceptable prices
on the market. To the announced costs for
electrolysers, for example, less than $500/
kW by 2025, there are additional costs that
need to be taken into account including all
the peripheral equipment (balance of plant)
necessary for the control and monitoring of
the systems, as well as for the conditioning,
storage and transport. On the application
side, the same approach is necessary for
HRS or industrial hydrogen use. It is the full
cost of the hydrogen supplied that must be
accurately estimated,
> Budget the cost of support measures
(additional remuneration, FIT, etc.) necessary
for the gradual entry of green hydrogen into
the energy market,
> Evaluate the multiplier nature of invested
public budget on the economy as a whole,
> Define an acceptable timeline for
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investments in the development of the
PtX sector through the best compromise
between the expected contribution to
the decarbonisation of energy and the
absorbable public cost to finance this
contribution,
> Define and implement by country the most
economically efficient public measures
to achieve the expected development
objectives,
> Anticipate the boost of the entire value chain
of goods and services generated, including
the training of professionals, the production
of capital goods and operations.
As long as there are major uncertainties
about the costs, it will be necessary to
develop further demonstrators, to feed the
technical and economic studies required
for the evaluation of the evolution of the
forecast costs until we reach an autonomous
competitive market on PtX solutions.
The specific case of developing countries
Governments of developing countries may
have an interest in studying the development
opportunities of the most mature PtX sectors,
for example for buildings (hot water and
electricity cogeneration) as an alternative to
the development of electrical infrastructure
when they are not still in place, or for RES-E
production buffering.
These hydrogen applications have many
advantages as they fall within the framework of
the NDCs and will help achieve the ambitious
decarbonisation goals while developing new
sustainable infrastructures and increasing
energy security and independence [305],
by relying on both existing national
technical skills, ambitious national plans and
international partnerships.
They could therefore be included in major
development programs receiving international
aid, such as those of the World Bank, UNDP,
UNCDF or UNEP.

solutions must be studied on a case-by-case
basis, within the framework of these major
development programs.

e) Environmental proactivity
Citizen or political environmental concern
is one of the driving forces behind the
development of the PtX sector, a good
example of this would be Germany (with
strong citizen mobilisation), or Japan (with
strong political planning). This preoccupation,
stimulated by the NDC of most countries in
the world, is gradually becoming part of large
national or inter-regional programs, as in
Europe in particular. This is also visible at more
decentralised levels, as is the case in California
or Australian states.

Summary on countries PtX
potentialities
Considering the national potentialities
summarised in the table below (Table 4), each
country needs to measure the development
opportunity of PtX solutions at the year 2021
turning point for the global PtX sector. It is
crucial for each country to:
assess the potential and guide medium-term
national policies concerning its domestic
strengths,
s trengthen these potentials aligned with
national deployment ambitions over the
longer term.

The key involvement of
stakeholders
The emergence of new PtX solutions is
characterised by a great diversity of actors
(Figure 39) and a high degree of uncertainty
on the part they will take in the energy system.
Decisions of policymakers and stakeholders
on the implementation of new demonstrations
are essential for the development of the low
carbon hydrogen market.

The technical and economic feasibility of
demonstrators on the most mature PtX
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Table 4
Potential dynamics of countries compared to their own visibility on the PtX pathway

Technological
expertise

PtX
territorial
potential

History in
energy
production
and export

Growth level

Environmental
proactivity

Quantity of
hydrogen
projects13

Australia

+++

+++

++

+++

++

+++

China

+++

+++

++

+++

+

+

South
America,
North Africa

+

+++

++

++

+

+

Europe

++++

++

++

+++

+++

+++++

Pacific East
Asia

++++

++

+

+++

+++

+++

Middle East

+

++

+++

++

-

+

North
America

++++

++

+++

+++

+

+

Russia

++

++

+++

++

-

-

LDC’s

-

+/ ++

-/+/++

+

+

-

This section elaborates on the roles and
challenges of these stakeholders when it
comes to PtX development.

a) Civil society
By being the closest to local challenges, civil
Society can present a valuable vector of
information to decision-makers. Its role can
include evaluating the societal and economic
impacts of carbon-free hydrogen pathways
compared to other solutions, implementing
projects at a more local level, and including
different citizen, participatory decision-making
processes (from production to end-use).
To transform these challenges in a concerted,
coherent and constructive manner, it is
necessary to establish a dialogue with
policymakers for transparent information
exchange and public consultation processes.
The main challenge being the development

13. Criteria: number of demonstrations installed since 2018
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of multi-scale public policies (from national to
local and vice versa). However, special efforts
must be taken to raise awareness on the
advantages of hydrogen as an energy vector to
involve the public and count with good public
acceptance of these technologies.

b) Scientific research
Through the many demonstrators around
the world, scientific research has proved
over the years the potential of hydrogen as
a low-carbon energy carrier. This has played
a great role in raising awareness around PtX
potential and resulting in dedicated national
roadmaps. However, for some hydrogenrelated technologies, scientific research
still has many topics to further investigate:
increase efficiency, robustness or recyclability,
development of disruptive solutions,
economic validity assessment, organisational,

financial and social procedures for scaling
up and integrating hydrogen solutions into
ecosystems.
Scientific and technological work needs not
only to be funded from the earliest stages
until the transfer of innovations to industry
(generally public-private funding) but also to
strengthen their networks and partnerships,
to effectively share knowledge. A major
point that also should not be neglected
is communication: complex and long
mathematic or chemical equations may not
be the best way to reach a wide audience. The
main challenge is hence to convey the right
message in the right form.

c) Innovation economy networks
Networks of innovative small and mediumsized enterprises (SMEs), a large part of
which are start-ups, and associations of

entrepreneurs and/or citizens, play a driving
role in industrial innovation, by initiating new
solutions. The success of this innovative work
depends on the relevance of technological and
entrepreneurial choices such as a culture of
innovation and R&D networks, agile adaptation
to the market, incremental management of
investments, etc. However, it also depends on
the establishment of a favourable institutional
environment14 (See section 2) and visibility on
further support mechanisms [306]15.

d) Historical energy providers
Due to their influence on the energy system,
historical energy providers are crucial for
testing new technologies in real, large-scale
conditions (such as the injection of H2 in the
natural gas distribution networks). Therefore,
RES-E oriented providers, former fossiloriented actors or even nuclear ones may be

14. Commercial conditions (registrations, start-up time, start-up costs, etc.), competition policy and rules , state control,
context finance (sovereign credit rating, public credit, private credit), public governance (perception of corruption, political
stability, etc.) and trade and foreign trade policy.
15. e.g. tenders with granted compensation relative to the market price, Feed-In Tariffs, etc.
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among the main players in the future supply of
decarbonised hydrogen.
In the context of the climatic constraint, new
strategies or even reconversion of existing
assets towards new energies oscillate between
the risk of financial losses (with too risky
strategic choices) and the risk of market share
losses (with overly conservative strategic
decisions). The challenge is the arbitration
between the first comers’ potential rents, the
risk taken by the reorientation or a stand-by
situation.
The relevance of these strategies depends on
access to long-term visibility on national and
regional roadmaps and public measures put in
place downstream of these roadmaps (vision
on the duration of the rules and financial
incentives).

e) Equipment’s supply chain
This large upstream chain includes not only
the equipment manufacturers but also
the subcontractors (materials, electronics,
chemicals, etc.) and raw materials suppliers
(e.g. platinum for fuel cell catalysis). This
includes both hydrogen production equipment
such as electrolysers, but also equipment for
transforming, packaging, storage, transport,
distribution processes and end-use, including
the different applications: heavy industry,
synthetic fuel, hydrogen turbines, FCEV,
boilers, etc.
This group of stakeholders benefit from the
R&D and innovation movements regarding
hydrogen technologies, however, its main
challenge is its interdependency to the market
demand. The main stake is the provision
of competitive, innovative, efficient, and
sustainable solutions, with a strong constraint
on the cost reduction to minimise CAPEX and
OPEX. Limiting the costs is required to ensure
the competitiveness of hydrogen solutions

16. Hydrogen - Fuels & Technologies - IEA
17. Emission trading system
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and their penetration to the market. On the
other hand, decreasing the costs is dependent
on the economies of scale that can only be
reached by the wide adoption of hydrogen
technologies.

supply chain as it is a major source of demand,
at least in the medium term. It is also expected
that this sector can have spillover effects for
green H2 deployment, driving the required
economies of scale to bring down the cost.

It will also be strategically important to target
the more promising market in the short run.
For instance, for the FCEVs, a cost reduction
(and learning curve effect) is expected from
the most economically mature sectors of the
market such as heavy-duty transport, this
will have a spill-over effect to other mobility
sectors for which the H2 readiness is less
mature due to other (cheaper) alternative low
carbon solutions.

The main need of H2 industrial users is to
have access to competitive and stable energy
supply over time (quality, quantity, long-term
contracts…). In the short and medium term,
public support to compensate the difference
in price l (carbonless H2 vs low carbon H2 vs.
fossil H2) and the additional risk to rely on new
supply is decisive.

f) Large industrial users

Financing has a major role to play in unlocking
PtX investments. The financial actors can cover
a wide variety of financing sources for current
and future projects in the PtX sector, e.g.:

Currently, the 70 Mt of hydrogen produced
worldwide (mainly by SMR) are primarily
intended for industrial applications16,
including its use in petroleum refining and
ammonia production. In the context of energy
decarbonisation, an increasing number
of large projects are targeting the use of
PtX hydrogen to replace SMR processes.
In addition to these historical industrial
applications, there are new industrial targets
for the use of green hydrogens, such as the
production of steel. This group of stakeholders
representing the industrial use of hydrogen is
expected to continue to play an important role
in driving the hydrogen demand.
The main challenge for large industrial users
is to adapt their process to new forms of
energy supply and to be part of the energy
transition process (to reach their targets or
to address public ones through EU-ETS17 for
instance). Beyond the search for economic
efficiency, another objective for this group
of stakeholders is to prove its environmental
responsibility towards society.
The industrial target is hence decisive for the PtX
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g) Financial actors

Local, national, regional, or international
public bodies,
Private Banks (traditional or « green »),
Green Investment Banks,
Investment funds (public and/or private,
“green” or not),
Institutional investors (pension funds,
insurance companies),
Citizens’ funds and other collaborative funds.
The wide variety of financial arrangements,
in the form of grants, equity, loans or capital
acquisition, depends on both the maturity and

the size of the projects.
While on the most upstream and most
technologically risky part of the projects
(POC-proof of concept and prototypes),
public financing and Venture Capital (VC),
or angel-type participations are crucial, the
demonstration and early adoption phases
depend more on loans banking or private
equity investments18. For scaling-up, the ability
to mobilise institutional investors and pension
funds [308] (at the scale of one billion euros)
will be decisive.
On the scale of a future international
hydrogen trade, as international projects are
emerging, the geopolitics of financing and
foreign direct investments (FDI) should also
be anticipated by the major international
economic institutions (OECD, G20, OPEC, etc.)
and large companies.
On the other side, the main constraint for
financial players is to get risk control [310]
over their equities or loans: technological
risk19, the market risk for assets20, country
risk21.
One of the main roles of states or public
banks is to reduce these risks: decreasing
the technological risks can be done through
the funding of pilot projects, securing of
national or international energy roadmaps,
transparency on the evolution of the carbon
tax [311], labelling associated with equity
guarantees for financial investors or securing
loans, etc. (see section 2).

18. Project finance [302] for example is particularly suitable for setting up new infrastructures, this way having been the
most used for the financing of RES-E in Germany. Project finance is based on a non-recourse loan, usually without asset
guarantees, since these assets do not yet exist. The investment decision is then made on the basis of the cash flow outlook. There is thus a strong need for extensive consultation between stakeholders (project leader, funders, experts, etc.)
and anticipation of precise economic roadmap for projects. This is one of the virtues of this type of arrangement insofar
as consultation and anticipation give them strong durability over time in both economic terms and overall adoption in
ecosystems.
19.Technological problems, associated with the lack of knowledge on the parameters determining performance, cost,
safety latitudes or failure modes due to the early-stage and the absence of experience return.
20. Dispersion of returns around average expected returns, the sources of which include the interactions of operational,
financial and valuation aspects of assets operating at different time scales in the energy markets, one of the estimation
metrics for this evaluation being for example LCOH.
21. Regulatory risk associated with the government policies that affect the profitability of financing renewable energy
assets and other financial risks specific to a country (reliability, confidence…).
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Beyond this need for financial security by
public services, a more in-depth reflection
involving the private sector is necessary.
Research work in finance relating to the
construction of specific financing models
for green hydrogen could also boost the PtX
sector.

h) Policymakers
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development or environmental proactivity.
Another point is the role of policymakers
in setting up adequate policies for the
development of new hydrogen technologies
by removing barriers (See Task 38 report) and
ensuring support mechanisms, certification or
guarantees of origin.

i) International organizations

The community, and in particular national
government decision-makers, must therefore
remain proactive in all stages of the
maturation of solutions.
Support for research and training of
researchers,
Maintaining efficient technological transfer
from research to industry,
 aintaining sustained innovation activity to
M
nurture tomorrow's solutions necessary for
the energy transition and also the dynamism
of industries engaged in an international
economic environment which will be
increasingly competitive with the growing
size of the market,
 upport and encourage initiatives to
S
develop industrial PtH or HtX solutions
to mitigate economic barriers to new
solutions (competitiveness compared to
historical carbon solutions or technological
uncertainties),
Construction of a favourable eco-institutional
environment, implementation of strategies
to mobilise large investors.
As highlighted in PART I, section 4, countries
announcing PtX roadmaps are more and more
numerous. The important role of roadmap
announcements in securing a forward-looking
view helps reduce uncertainty, risk and
encourage investment. However, countries
do not present the same strategy and the
same targets on PtX, depending on historical,
geographic or societal characteristics such
as the proximity to the technological frontier,
the territorial production potential, the history
of production and the energy export, level of
84

International organizations tackling hydrogen
technologies can also be considered
stakeholders for the development and
deployment of hydrogen technologies. Some
examples could be the IEA, the TCPs, IRENA,
IPHE, Hydrogen Council…
These organisations could be biased, reflecting
the views of the national representatives.
However, their legal, administrative or
organisational status make them fully-fledged
stakeholders and they can provide a broader
point of view. Their contribution to the structure
of the PtX market is decisive, in each of its
decentralised, national or international forums.

j) Energy organisations
In the energy sector, there are very important
international organisations that act for the
construction of the energy of the future. For
hydrogen, an emerging trend occurs with a
converging discourse on the interest of H2,
each institution having its respective skills and
particularities:
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These organisations have a major role
in raising public and political awareness
towards the potential prospects of the energy
system and the technological mix in different
scenarios. An adequate representation of
hydrogen potential in the energy scenarios
elaborated by these organisations is decisive
in unlocking political support.
Climate pressure calls on the entire global
energy system to restructure, especially
through future changes in demand [299].
Echoing the history of the international oil
trade, and more recently of the natural gas
trade [312], which have seen stormy episodes
in terms of global governance, geopolitics
requirement on energies call for building an
international economy of new energies [313]
in general and of hydrogen in particular. The
G7 and G20 as potential governance clubs
[314], can be in a good position to encourage
the international energy organisations (IEA
[258], IRENA, IAEA, IEF) to cooperate to set up
an international hydrogen economy and the
corresponding required certifications.

k) International trade
Based on the growing number of projects and
national roadmaps on low carbon hydrogen,
the development of an international hydrogen
trade is expected, with clear positioning of some
countries as importers (e.g. Japan, Korea…),
and others as exporters (e.g. Australia)22.

Certificates for “green” or low carbon
hydrogen according to climatic constraints
are necessary. It would also facilitate the
framework at the level of the WTO [315],[316]
to limit barriers and unify requirements for
international trade.
International hydrogen trade in the broader
context of the ongoing restructuring of global
energy supply/demand must be anticipated
by countries. It will affect the country energy
balance and revenues, to avoid this being a
new potential source of geopolitical conflicts,
proper anticipation and limitation of the gaps
between the winners and the losers of this
transition are needed.

l) Development aid
International development assistance
institutions have a particular role to play
for LDCs23, as they provide incentives and
grants or loans for the deployment of new
energies participating in the development of
partner countries in line with their climate
commitments24.
The hydrogen sector can be a development
opportunity to be studied within the more
general framework of renewable energy
production (ex. Morocco from solar energy),
energy supply and the development of
electricity distribution networks, in particular,
contributing to higher energy independence.

 he International Energy Agency (IEA), for its
T
expertise in energy security,
The International Renewable Energy Agency
(IRENA), for its expertise in renewable
energies and low carbon hydrogen,
 he International Atomic Energy Agency
T
(IAEA), for its expertise in nuclear hydrogen
production opportunities,
International Energy Forum (IEF), for its
expertise in the global market,
Hydrogen Council, for its expertise in
hydrogen potential,
Etc.

22. The Asian Renewable Energy Hub project, for example, is emblematic of the emergence of international energy trade.
This project, supported by The West Australian Government, will mark the scaling-up of international hydrogen trading on
the Eastern Pacific Corridor. More than 10 GW of low carbon hydrogen production plant from solar and wind power are
planned before 2030.
23. Least developed countries
24. e.g.: The World Bank, financial institution that grants leveraged loans to developing countries for investment projects.
The United Nations Development Program (UNDP), targeting developing countries, in terms of setting up projects and raising funds. The United Nations Capital Development Fund (UNCDF), targeting developing countries, focused on alternative
approaches to local governance and microfinance.
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Figure 40
Schematic illustration of the maturation process

Section 2: What is missing, what needs to be done

by level of maturity

Based on the current global state of PtX
demonstrations, this section attempts to
identify, at each stage, the challenges and
specific needs in the dynamic of solutions
maturing through the demonstrations.
These needs are interpreted mainly in terms
of resources (organisational, regulatory
and financial), the anticipation of risks, and
mobilisation of financial investments over time.
Decision-makers benefit from implementing
responses to these needs to trigger the green
hydrogen market.
Maturation is a process of incremental relaying
between fields: scientific, technological,
industrial and economic, during which, at
each successive test/validation step, a form of
Darwinian selection/election of solutions takes
place. This process (Figure 40) is characterised
in particular by:

Reduction in risk with the TRL stages ,
25

The fact that, although its dynamics vary over
time (Hype cycles), the maturation process
is all the more efficient as it benefits from
continuity over time involving partnership
and consultation between successive
stakeholders.
Similar to the previous stakeholder analysis,
this analysis will also benefit in part from the
experience of developing RES-E actions, which
shares many critical needs with that of the PtX
pathways:
Innovations capable of providing disruptive
energy solutions,
Integration of new solutions into complete
socio-economic systems,
 obilisation of the entire industrial value
M
chain,
 obilisation of massive, relatively lowM
risk and long-term investments for
infrastructures.

Increase in the financial resources to be
implemented with the stages,

POC

Small
Proto

Large
Proto

1. R&D: POC, prototypes
What characterises the earliest stages of
research is the exploratory and transversal
nature of the work, which legitimises a collective
financial investment since part of the knowledge
produced participates in the construction of
the common good. The following prototyping
phase aims at knowledge transfer, at the heart
of innovation and straddling research and
industrial development. Three main points
emerge and call for a mobilisation of policy
markers:

a) Response to the needs of financing
for research
As the economical multiplier nature of
research investments would benefit the entire
community, they can be financed in return by
the community itself via:
H
 igh levels of public subsidies (“public good”
character),

25. The Technology Readiness Level (TRL) scale shared by NASA in the 1980s is widely applied across the board research-industry-market to denote the maturity of a solution in its development process and well suit to describe maturation processes.
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P
 rivate investments pooled through
transnational programs, legitimised by the

Demo

Early Adoption

fact that research elements such as processes
and materials can become elements of
competitive differentiation.

b) Response to the needs of
institutional management of
innovation
The need for R&D is not only to fill the shelves
up to the forecast turnover of the targeted
sectors but also, and above all, not to leave
them on the shelves, which requires a coherent
organisational effort. The future of the
nascent hydrogen industry depends heavily
on innovation and the most efficient solutions
to be invented in a multi-criteria sustainability
approach: energy supply and demand, resource
management, and climate.
These innovations concern both basic
technological building blocks such as the
optimisation of physicochemical processes (e.g.,
cells and stacks, reforming) but also energy
systems (e.g. electrolysis plants, H2 industrial
processes, H2 mobility, H2 cogeneration) but
also the integration of energy systems into
existing economic ecosystems (e.g. specific local
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possibilities for the sustainable production or
use of green hydrogen).
It is fundamental to outline the potential avenues
of tomorrow and to encourage “open” R&D
carried out by specialised public laboratories
or industries, as well as entrepreneurs’ projects
like those from start-ups and other innovative
SMEs, as well as innovative initiatives led by local
authorities or associations.
Leading universities in research and teaching
and research centres (research contracts,
dedicated targeted budgets),
 uilding bridges between research teams
B
to reach the critical sizes of collaborative
clusters required on research projects and
international exchanges,
 he plurality of competing innovation
T
clusters on a transnational scale, which
can benefit from cooperation-competition
emulation,
 ynamic cooperation with industry around
D
an “open” innovation project, that is to say, to
mobilise stakeholders around contracts and
management systems.

2. Demonstration projects
The stake is, however, capital not only in the
strong public and private financial investments
committed but also in the integration of
economic solutions relevant for the next stages
of maturation (early adoption and scaling), in a
three-dimensional challenge:
Promote and value public investments spent,
launched or planned for collective learning of
the new sector that is PtX,
 romote and value private investment to
P
increase the internal skills of companies with
a view to future potentially very competitive
markets.
 efine the techno-economic aspects of
R
hydrogen technologies to jointly give public
and private decision-makers a roadmap on the
evolution of final costs and to anticipate the
rise in the competitiveness of green solutions
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versus carbon solutions.
Today, many hydrogen pathways are ready
to be deployed in the global energy system.
However, the investments required to move on
to the adoption stage (technical, regulatory and
economic) are conditioned by various challenges
to be met.

Challenge of effectively achieving
system integration in line with
operational goals into larger
ecosystems
The main objectives of pre-industrial
demonstrations are mainly in technical
characterisation and qualification of a PtX
technology in a real environment but are
not limited to it because it affects aspects of
standardisation, certification and authorisation
(for example injection of H2 into pipelines, tanks
and fuel cell safety, industrial products). It is at
this stage that project promoters anticipate both
the technical and economic challenges as well
as the robustness of a potential market, which
condition the future rents of the projects. But
they also anticipate those linked to regulation,
consultation and the industrial partner as well as
social and political acceptability.
Feedbacks from many parties underline great
difficulties in fully achieving the objectives of
integrating solutions because of the systemic
(systems as opposed to the unitary brick) and
exploratory dimensions of this type of project.
We can list several potential causes linked to this
system and the exploratory dimension of the
projects:
 ifficulties in optimising disparate
D
technological bricks overall,
 reat diversity of business skills on the
G
processes associated with these subsystems,
 reat diversity of areas to be addressed for
G
the project manager (organisational, technical,
regulatory, communication, etc.),
 ack of availability of specialised experts
L
and even lack of expertise on these systems
integration skills,

APPENDIX

POWER-TO-X DEMONSTRATION ROADMAP
TASK 38 - POWER-TO-HYDROGEN AND HYDROGEN-TO-X

TABLE OF
ILLUSTRATIONS

Segmentation of stakeholder interventions
and lack of involvement of the same people
throughout the projects (which can last for
several years),
 ifficulties in mobilising peripheral players
D
such as suppliers of required generic
intermediate products (non-specific except
PtX: heat exchangers, pumps, control
electronics: actuators, sensors, PLCs, etc....),
because they do not feel directly concerned
and these sales scales are not essential to their
central activity,
Project management flaws (incomplete
definition of objectives and milestones,
operating rules, evaluation and reporting
rules).

Challenge of learning extraction and
building
Learning is central at this stage of technological
maturation:
 enefit for the industrial strategies of
B
operators in terms of technological expertise,
Risk mitigation for financial players,
Contribution to collective learning, these
projects benefiting from a significant share of
public funding.
Gathering detailed feedback is extremely useful
as this phase is critical for the emergence of
future industrial solutions. But in practice,
it is very difficult to extrapolate the results

obtained on the demonstrators to more general
recommendations.
Two main points emerge and call for a
mobilisation of policy markers:

a) Response to the needs of
management and valuation
methodologies and criteria,
In solutions' setting26
In assessment27
In continuation28

b) Response to the needs of learning
methodologies and criteria.
In building knowledge29
In sharing learning30

3. Early adoption projects
The early adoption phase marks a turning
point in the maturing of a PtX pathway. It is
characterised by an industrial implementation
of a certain product, addressing: industrial
standards, compliance with national or
international regulations, financial support for
the entire time of the project, market share gain
and economic efficiency.
The validation of this type of demonstrator
targets both the overall feasibility of the
installation but also the cost -competitiveness,
which partly conditions a future scaling up.

26. E.g. How to improve the coordination of disparate actors? How to mobilise a coherent system expertise over the entire
duration of the project? How to make the parties to the peripherals accountable?
27. E.g. How to make the demonstrator part of a more global final objective? How to build the evaluation of the demonstrator over time (planning of expected results, milestones of intermediate results, intermediate update of validation steps,
etc.)? How to benefit from learning, which can be extrapolated not only to the targeted particular industrial solution, but
also to similar application solutions (other demonstrators)?
28. E.g. How to bring the demonstrator to life beyond the duration of the project to benefit from its existence? How to
build continuity between the commercial demonstration project and its evolution into an early adoption type product?
29. E.g. How to construct performance indicators adapted to the transversal dimension of projects? How to maximise the
learning effect? What forms of continuous field audit to follow over the duration of the project?
30. E.g. What equitable balanced rule can be found between the constraints of simultaneous confidentiality of the industrialists used and the constraint of pooling knowledge legitimised by the share of public funding? How to involve the actors
of scientific research to nourish the publications of technological , political, social or economics sciences? How to assess
the effectiveness of the investment on the demonstrator with regard to the results obtained?
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Then, the main challenges of this phase are
simultaneously breaking down regulatory
barriers, proving promising economic efficiency
of solutions, appropriating a market and finally
mobilising necessary private investments for
future scale-up.
As early adoption plans are still few in number
feedback is therefore rare. However, learning
and overcoming the challenges of this phase can
be inspired by the history of the development
of RES-E, which shares with most early adoption
PtX solutions: the public need for support
mechanisms during the transitional period, the
need for investments in large infrastructures
(for scale-up), relatively low risk and for which
depreciation is recorded over the long term.
Four main points emerge and call for a
mobilisation of policy markers:

a) Response to the needs of
transitional support mechanisms,
The need for public support mechanisms is
transitional, the motivation of which being to
compensate for the difference in cost between
green hydrogen and grey/brown hydrogen while
waiting for technical progress and the scaling up
of the former, associated with the increase in the
carbon tax [311] that will make it competitive.
This concerns all the steps of the hydrogen value
chain: production (PtH), storage and transport,
(conditioning, storage, transport, potential
transformation to carriers, distribution…),
processing/ transformation to other added-value
products (HtF-G, HtF-S, HtG-M) and end- uses
(mobility, use in buildings, heavy industry, etc.).
The impact of public support mechanisms
[306] for the development of energy transition
solutions has been major. The history of the
development of RES-E in Europe over the
past decades [318] shows, for example, the
preponderant role of public incentive measures
in allowing transitional market security for
players.
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b) Response to the needs for a
favourable institutional environment,
One of the great challenges for PtX developers
is to put early adoption projects in a legal and
financial environment that they must learn
about.
Recent feedback from RES-E projects in OECD
and G20 countries highlights the main obstacles
to investment [319]:
 ompetition policy and regulatory and market
C
rigidities in the energy sector,
 edious procedures for granting licenses and
T
permits,
 rocedures for registering property and land
P
rights,
Transparency of production infrastructure
purchases
Access to finance.
Political authorities can work for the
institutional environment necessary to achieve
their national development ambitions on early
adoption demonstrators:
Business conditions (registrations, start-up
times, start-up costs, etc.),
Competition policy and rules, state control,
The financial context (sovereign credit rating,
public credit, private credit),
 ublic governance (perception of corruption,
P
political stability, etc.),
Trade policy and external trade

c) Response to the needs to mobilise
private investment,
The challenge here is to promote scaling up
by reinforcing the prospects of financial gains
necessary to get heavy investments.
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[293]. It can be necessary to lower the costs of
learning [320] to unlock the additional funding
costs associated with uncertainties.
“Green” state investment banks or multilateral
development banks (specific to setting up
projects in developing countries) help to
overcome investor aversion to new energy
assets [321], lowering the learning costs by
investing in innovative projects and with the
ability to encourage additional private financing
(acting as a catalyst).
The role of States can therefore be to finance
emblematic pilot projects, thus accelerating
learning rates [322]and involving in a virtuous
circle the funds of major institutional investors
(managers and owners of assets such as
pension funds and insurance companies).
Institutional risk mitigation tools
Various tools are available to government
decision-makers to help private financing limit
financial risks :
Public-private co-investment,
Issuance of debt by a public actor,
" Cornerstone Stake": majority participation
by a public actor in an investment fund for
sustainable infrastructure projects facilitate a
demonstration to attract other investors, Loan
Guarantee: guarantee by a public actor to pay
an amount in whole or in part on a loan in the
event of non-payment by the borrower,
Income Guarantee: guarantee by a public
actor to pay for the basic product to ensure
income for a project.
Institutional risk mitigation strategies
RES-E, power infrastructure and PtX assets
can generate stable, long-term, inflationlinked income, these projects could play a

very important role in institutional investment
portfolios in the following years. That would
encourage other financial players better
equipped to assume the risks of financing
new projects, such as banks, to invest in these
technologies.
State action should focus on some outputs to
provide institutional investors more security
on financing risk.
It is therefore recommended to:
 stablish a partnership between public
E
institutions, institutional financing and banks
to strengthen transparency and multilateral
information sharing on rules and costs,
 reate or strengthen hydrogen green
C
investment banks (GIBs) which can be
federating institutions that respond to these
needs.

d) Response to the needs to get
overall direction.
Finally, giving general direction is in part what
national roadmaps do, where they exist.
This notion of “directionality”31 would thus be
central to mitigate the risks for the future of
the development of PtX pathways. This need
affects not only the market outlook but also
the problem of long-term competitiveness.
In parallel with national roadmaps, it is
important to draw scenarios on the expected
evolution of demand, of the carbon tax, legal
framework and support mechanisms. This is
an essential condition for the establishment
of a genuine profitable PtX market replacing
carbon-based energy solutions.
A summary of the different stakeholder role by
phase of maturation is presented below.

Lowering the costs of learning
Hydrogen's learning curves may not match their
potential compared to the early development of
other low-carbon technologies such as batteries,
solar photovoltaics or onshore wind power

31. With reference to [320] on the use of “mission-oriented” policies, Mazzucato [305] therefore advocates a role of catalyst on the part of national government decision makers but also a crucial coordination mission to invest a given development direction. As an illustration of the echo of this concept, the Chilean National Strategy for Green Hydrogen (11/2020)
mentions “mission-oriented policies” as one of the 6 main pillars to support the Chile's hydrogen strategy.
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Section 3: What is missing and what needs to be

done by pathway

Introduction
This analysis focuses on both the production
part (Power to H2) and the applicative
pathways (H2X), which can be broken down
into 12 subcategories, each with its own
challenges and needs, in both technical and
economic terms and regulatory:
1) Power to Hydrogen
2) Hydrogen to power (HtP)
3) Hydrogen to heat (HtQ)
4) Hydrogen injection in NG grid (HtG-H2)
5) H
 ydrogen to Natural Gas – Methanation
(HtG-M)
6) Hydrogen to Fuel Cell – Vehicle (HtF)
7) Hydrogen to Liquid Synfuels (HtF-S)
8) Hydrogen to Gas Fuels (HtF-G)
9) Hydrogen to industry (HtI)
10) Hydrogen to Chemicals (HtCh)
a. Hydrogen to Ammonia (HtCh-A)
b. Hydrogen to Methanol (HtCh-M)
c. Hydrogen to other Chemicals (HtCh)
The following section presents and highlights
technical roadmaps by main PtX pathways.
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For more detailed technical aspects, several
recent published reports could be consulted on
ongoing technical developments, such as:
 ddendum to the MULTI-ANNUAL WORK
A
PLAN REPORT 2014-2020 [324] (June 2018)
published by FCHJU providing an advanced
synthesis of the roadmaps of the different
PtX routes for Europe, through the evolution
of their key performance indicator (KPI) until
2030:
> for the mobility pathways, including FCEV
(light vehicles, electric buses, electric trains,
aeroplanes, forklifts), on-board hydrogen gas
storage tank and HRS,
> for the energy system pathways, including
the main types of electrolysers (AE, PEM,
SOE), CHP and large-scale FC installations.
 he NATIONAL HYDROGEN RESEARCH,
T
DEVELOPMENT AND DEMONSTRATION
(RD&D) report [325] (December 2019)
published by the Commonwealth Scientific
and Industrial Research Organization (CSIRO)
providing a detailed roadmap of the different
technologies to be addressed by R&D in
Australia. In particular, it gives the current
maturity levels (expressed in TRL) and the
R&D actions to be addressed as a priority
for a very wide range of PtX pathways:
electrolysis, storage (compression, liquefaction,

chemical) and use (hydrogen and ammonia
turbines, hydrogen and liquid FC). The major
contribution of the report is the great diversity
of the technologies addressed (more than
fifty), whether they are in test or emerging.
The IRENA's GREEN HYDROGEN COST
REDUCTION report [260] (2020) giving a very
detailed description of technological roadmaps
up to 2050 for the main types of electrolysers
(AE, PEM, AEM and SOE), both at system and
battery level. It gives current and future KPIs
and details R&D priorities to advance each of
the main PtH technologies. The great interest
of the report is to give a global vision of the
evolution of production costs underpinned
by the dynamics of the current technological
progress. To illustrate the results obtained, the
capital cost of PEM technology, taking further
steps towards technological maturity, could fall
below USD 100/kW at the stack level and below
USD 200/kW at the system level by 2050.

Power to hydrogen (PtH)
Alkaline and PEM technologies are mature but
still require economies of scale to reduce CAPEX.
The limited operating hours of variable
renewable energies in certain areas affect the
load factor of electrolysers and therefore the
economy of hydrogen production. At higher
usage rates, the cost of producing hydrogen
from electricity is dominated by the price of
electricity. Only specific regions provide access to
both low-cost renewable energy and acceptable
operating hours.
What is missing and what needs to be done
Continue improving technical aspects (to
increase efficiency) and economical ones (to
reduce costs), for a more competitive market
solution
Alkaline electrolysis
PtH has reached such a level of maturity that
the priority step in 2020 is to meet the need

for scale-up, at least on standard alkaline
technology. However, early-stage R&D work
needs to be done to improve flexibility and
operating hours.
Polymer electrolyte membrane (PEM)
electrolysis
For PEM technology the need for new
demonstrators is still relevant for power ranges
10 to 100 MW, from large prototyping to early
adoption. The challenge is to overcome new
technological and economic barriers, mainly
related to robustness and energy efficiency.
Early-stage R&D work needs to be done to
improve the durability of cell components and
develop alternatives to platinum-based catalysts
around the critical problem of raw materials.
Solid oxide electrolysis
The need for R&D is more marked on this
technology, with power targets of the order
of 1 to 10 MW. Increased lifetime of ceramic
materials and better heat control for large
systems are other challenges to cover in the
next years.
Others
Recent demonstrators on more marginal
technologies, such as pressurized electrolysis,
anion exchange membrane (AEM) electrolysis,
photocatalytic production, brine electrolysis,
etc…, have shown interesting potential, with
a still marked need for R&D, from feasibility
studies to large prototypes.
New generations of electrolysers can also
be supplemented by methane pyrolysis
processes (also called "turquoise" hydrogen)
which is not strictly speaking a PtX solution
but may be related because not only does this
hydrogen production technology not emit CO2
but also because it generally requires a supply
of RES-E. The principle is not new but takes on
new meaning with the dynamics of the global
hydrogen sector, with visible early-stage R&D
projects32 in many countries such as Australia,

32. Cédric Philibert, Methane splitting and turquoise ammonia, may 2020
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the United States, Canada, the Netherlands
or Russia, with different approaches. The
Australian group Hazer plans in particular
for the operational implementation of a
demonstrator in 2021.
The relatively small number of demonstrators
deserves to be expanded today, given
the virtues of gas decarbonisation (fossil
or organic products), at all maturity levels
depending on the processes chosen in
addition to production by electrolysis.

I ntegrating solutions into energy
ecosystems
Green hydrogen production should be
seen as a building block of a larger sector,
complemented by batteries for storage needs,
and by SMR + CCUS for hydrogen production.
In this global approach, it would be interesting,
to study the relevance of new industrial
outlets still unexplored, to promote the
integration of hydrogen into the contemporary
industrial system.
In addition, studies still need to be carried out
on the participation of electrolyzers in the
electricity markets and flexibility services.
Finally, concerning the adoption of
international hydrogen trade, a globally
targeted assessment is needed of the cost of
marketing hydrogen from locations with good
renewable resources via heavy road vehicles
and/or pipelines and/or shipments to other
locations with high hydrogen demand and low
production potential.

Favouring institutional integration
The reduction in electricity costs and taxes
must be taken into account as support
measures for green hydrogen to achieve a
competitive cost. Incentives (bonus or FIT)
together with a roadmap for the carbon
tax seem to be the priority measures to be
implemented.
Certification is the second priority, but it is
also the measure that will probably be the
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most immediate to implement, at least at the
level of national policies.

Feasibility studies and demonstrators from
POC to large prototypes are still needed.

Finally, concerning social perceptions on new
industrial solutions, communication and
marketing will also be essential. The need
for more general civil consultation and public
awareness on the urgent need to decarbonise
energy and industry remains a determining
factor.

Hydrogen to heat (HtQ)

Hydrogen to power (HtP)
The main limitation of PtP is that the round
trip efficiency is still very low.
Feasibility also mainly depends on the
marginal price of electricity, the cost and
storage capacity of hydrogen, the scale and
type of fuel cells or hydrogen turbines, the
proportion of renewable energy required in
the power supply and the distance between
production and supply.
What is missing and what needs to be done
An international inventory of storage cost
and capacity of large scale underground
storage sites such as salt caverns, depleted oil
and gas fields, aquifers, and rock caverns will
assist development.
Continuing improvements are needed in
catalysts, electrodes, fuel cell performance and
durability, and membranes and electrolytes
for PEM, alkaline, phosphoric acid, molten
carbonate and solid oxide fuel cells.
Finally, studies related to hydrogen
participation in balancing services for the grid
are to be carried out at local and national
level in different grids as the characteristics
may vary (the existence for example of
pumped-storage hydroelectricity or a nuclear
baseload, diversity of RES-E sources, demandside management (DSM)). Multicriteria
optimization models are to be built, integrating
both economic (linked to price fluctuations),
physical (linked to the need for real-time
supply of demand), or environmental
constraints.
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Microgeneration heating options using
hydrogen fuel cells such as the Japan EneFarm combined heat and power units (CHP)
still require cost reductions to be competitive
with grid electricity or gas. More analysis of the
use of hydrogen for heat is needed including
the extent of infrastructure and upgrades
needed to heating equipment such as burners
(e.g. H21 North of England project).
From the point of view of the energy efficiency
of the supply chain, the production of heat
from electricity, in particular with heat
pumps and geothermal energy is much more
rational than from hydrogen, even when this
hydrogen is produced close to its use [326].
On the other hand, if we take into account
not only the state of the existing distribution
networks or the constraints of the overall
management of the supply/demand balance
on the electrical grid, microgeneration heating
systems can be solutions to complement
direct electrical use, or even a substitute when
the electrical network does not exist.
Following the example of the existing studies
on the optimizations on the geographical
distribution of electrolysers concerning HRS
[327] it is still necessary to further optimize
microgeneration heating solutions according
to the crossed criteria on the respective
distributions of electricity and hydrogen:
Constraints on the electricity network: the
capacity of the distribution network and
constraints on consumption peaks
Opportunity in the distribution of hydrogen:
operation of domestic distribution networks,
proximity to hydrogen production, microstorage.
More generally, innovations are still needed at
the system level, to optimize the use of heat
for collective use in buildings (heating and
hot water) or industrial uses. The potentially

decentralized nature of electrolysers or
fuel cells can make it possible to bring the
production of heat (PtH or HtP) closer to the
places of use.
What is missing and what needs to be done
It is necessary:
 o deepen the technical and economic
T
studies based on demonstrators by
integrating knowledge of the costs of gas
and electricity distribution infrastructures,
studying the optimization of direct electric
heat production vs. hydrogen.
 o feed innovative demonstrations
T
on systems for using waste heat from
conversion processes.

Hydrogen injection in NG grid
(HtG-H2)
The peak maturity of the PtG-H2 pathway is
expected before 2025. At present, a need for
concerted planning between industry and
policies is necessary, in particular, to address a
proper regulatory framework (in progress for
example in Australia or France).
The acceptable rates of hydrogen
concentration (when mixed with natural
gas) depend on the downstream application
(Figure 41):
What is missing and what needs to be done
In search of a carbon-neutral energy system
by 2050 in some regions (e.g. in Europe [329]),
further research and demonstration are
needed to test the feasibility requirements of
high hydrogen mixture shares.
It is necessary to define clear and
harmonized regulations (between regions )
for the authorized mixed sharing:
Establish a safe mixing limit for hydrogen
in existing gas infrastructure, taking special
notice of hydrogen embrittlement.
Optimize network storage for hydrogen /
natural gas mixtures for low carbon network
balancing.
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Figure 41
Limitations on the blend share of hydrogen by application [328]
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offer heavy-duty commercial vehicles with
fuel cells (buses, trucks, etc.).
The lack of competition between
manufacturers and uncertainties about the
size of the market remains a challenge for the
automotive sector.
What is missing and what needs to be done
For passenger cars, there is still a need to
reduce costs through mass production
and technological upgrades. To make
this happen HRS must be deployed and a
commitment for purchasing large quantities of
these vehicles would help (for example from
public authorities or companies that want to
promote an “environmentally friendly” and
“new technologies” image)

Determining the performance
characteristics of existing natural gas
turbines, to increasing proportions of
hydrogen in the gas stream, (to optimize
existing infrastructure while minimizing
carbon emissions).
The H2/NG mixtures will have a higher cost
than NG, especially remarkable in areas
where prices are very low (eg United States),
therefore, specific support mechanisms are
needed.

Hydrogen to Natural Gas –
Methanation (HtG-M)
PtG-M industry needs scaling up. But there
are still strong uncertainties about the shortterm future of methanation as costs are still
high and there is still a need for improvement
in reactor and catalyst technology to produce
green methane.
What is missing and what needs to be done
Techno-economic studies are still necessary.
Besides, the coupling of methane production
with other complementary processes, such as
SOE in particular, to optimize heat flows is one
98

of the avenues to be explored both at the level
of prototypes and large systems.

Hydrogen to Fuel Cell – Vehicle
(HtF)
HtF-H2 Road transport
Road transport applications are close to the
industrial maturity level, but a market remains
to be developed and technical optimizations
(TRL 3 to 9) aimed at reducing costs can be
approached by manufacturers.
 ost reductions for fuel cells and storage
C
tanks are needed. Improvements in the
fuel cell are needed primarily to reduce the
platinum content (which can account for
over 40% of the cost of the fuel cell) while
maintaining power density with improved
efficiency. For storage tanks, a reduced
cost of composite construction is required,
especially in the use of carbon fibre which
can be half the cost of the tank. Further
developments in metal hydrides and carbon
nanostructures may also provide alternatives
to cryogenic or gaseous pressure vessels.
 nlike fuel cell passenger cars (Toyota Mirai,
U
Hyundai Nexo, SAIC Maxus, etc.), few brands
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For heavy-duty vehicles, the need to reduce
costs (partly linked to mass production), clearly
involves the development of demonstrators
and the need to communicate the benefits of
this alternative among its potential users.
Infrastructure is nevertheless a key
component of the cost of hydrogen when
defining its competitiveness compared
to alternatives. Harmonizing the effort
between vehicle manufacturers and
infrastructure operators is needed to avoid
the egg-chicken dilemma (high costs due
to low operation hours associated with low
demand)
Other HtF transports
Applications in aircraft and ships are not
expected to reach market maturity before
2035-2040, as they still require further
demonstration projects to address:
uncertainties on the applications in ships
(safety, costs, scale), as the direct use of
hydrogen, competes with the indirect use in
the form of NH3 (very controversial, mainly
for the risks associated with health ),
clear need for new demonstrators for the
production of synfuels and syngas, for which
industrial maturity is not expected before
2035 (See next item).

For trains, industrial maturity is not expected
before 2030 because the projects are still
very expensive, although this application is
seen by many as a rational solution over time
(especially to avoid electrification of many
kilometres of railways, with the corresponding
multimillionaire investment needed)
What is missing and what needs to be done
A very strong need for additional demos
remains, despite the high investments
required to do it.

Hydrogen to Liquid Synfuels
(HtF-S)
Hydrogen to Liquid Synfuels includes
ammonia, methanol, ethanol, dimethyl ether,
ethyl methyl ether, isobutane, isopentane,
ethylbenzol, toluol, and octane.
What is missing and what needs to be done
Production processes generally require heavy
investments and still suffer from relatively
low energy efficiencies. More analysis of the
economics for the use of hydrogen in the
production of green, synthetic fuels is needed.

Hydrogen to Gas Fuels (HtF-G)
What is missing and what needs to be done
Further investigations are needed to
determine optimum hydrogen and natural
gas fuel mixtures for the specific ICE or diesel
engine.
More analysis of environmental and health
benefits of reduced hydrocarbon and NOx
emissions is needed also.

Hydrogen to industry (HtI)
As with hydrogen to gas hydrogen
embrittlement of existing infrastructure
remains a constraint in the distribution of
hydrogen to industry applications.
Impacts of lower volumetric energy delivery to
industry need assessing if hydrogen is used
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to displace natural gas (as the volumetric
energy density of hydrogen is about 1/3 that
of natural gas).
What is missing and what needs to be done
Potential applications include replacing
grey hydrogen (from Steam Reforming of
Natural Gas) with green hydrogen in those
industries where it’s already used (refineries,
ammonia production for fertilizers, methanol
production…)and replacing the use of coke
in metal ore reduction especially in steel
production: the challenge is also the economic
competitiveness of electrolytic hydrogen
compared to historic processes.

Hydrogen to Chemicals (HtCh)
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What is missing and what needs to be done
Further studies are needed weighing the
advantages of methanol-based octane
enhancement and reduced emissions of
ozone, carbon monoxide and PM against
the disadvantages such as emission of
formaldehyde and MTBE pollution of
groundwater. Methanol can also be used as a
raw material for many of the products that we
currently obtain from oil, for example, plastics.

Demonstrations that still need to be done (1/2)

Demo

Demo

Demo

Demo

Demo

Opportunities exist for carbon reduction using
green hydrogen in the production of a range
of chemicals such as hydrogen peroxide,
hydrochloric acid and vegetable oils.
What is missing and what needs to be done

Ammonia has good prospects as a hydrogen
carrier due to its high hydrogen density,
suitability for use in existing infrastructure,
easy catalytic decomposition, no net CO2
emissions when reconverting to hydrogen.
The drawbacks with ammonia are mainly its
toxicity and the problems related to trace
amounts of ammonia in the hydrogen after
decomposition. Ammonia has a low calorific
value (about 40% of hydrocarbon fuels).

The main challenge is the cost of such
processes, requiring the capture (and in some
cases, the storage and transportation) of
carbon from emitting industries, biomass or
the air.

More economic analyses are needed for the
use of ammonia in high-temperature solid
oxide fuel cells, for combustion in turbines
and internal combustion engines and as a
storage medium that can use existing global
infrastructure.

POWER-TO-X DEMONSTRATION ROADMAP
TASK 38 - POWER-TO-HYDROGEN AND HYDROGEN-TO-X

TABLE OF
ILLUSTRATIONS

c. Hydrogen to other Chemicals
(HtCh)

a. Hydrogen to Ammonia (HtCh-A)

What is missing and what needs to be done

APPENDIX

Demo

Demo

Demonstrations that still need to be done (2/2)

Demo

Demo

Demo

Demo

Demo

Demo

b. Hydrogen to Methanol (HtCh-M)
More research is needed on the production of
methanol by green hydrogenation of carbon
dioxide. CO2 capture and electricity costs are
important components of green methanol
production. Methanol has half the calorific
value of gasoline but can be used in fuel cells
and burned in existing power generation
plants. Transportation costs are low.
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The hydrogen roadmap provides, through
the inventory of 309 demonstrators installed,
planned or announced around the world, and
its analysis, an inventory of past, current and
future developments, by pathway, maturity
level and country, in the global framework of
the energy transition.
Most of the observations of the actors
involved converge around the conviction that
alongside the RES-E, the PtX pathways are
one of the essential bricks of this transition.
By comparing the initiatives of demonstrators
(usually from public-private partnerships), with
political announcements, we can measure
the adequacy between the intentions and the
resources committed.
Behind the announcements and projects, the
feedback obtained, however, measures the
extent of the road still to be travelled to build
an efficient supply on the scale of the global
energy economy. The numerous technological,
economic and regulatory obstacles must
continue to be communicated to decisionmakers via associative networks, partnerships
and the help of techno-economic and socioeconomic analyses.

Each country has to build its own roadmap
and put in place specific incentives to
PtX pathways according to its particular
constraints and economic, structural, political
or cultural assets.
But despite these global disparities, the need
for international cooperation on the globalized
sharing of learning solutions is nevertheless
fundamental in terms of the global rise of
hydrogen. This cooperation needs to address
as soon as possible the standardization
(upstream equipment, hydrogen qualification
on each of the pathways, application
equipment) and rules on international trade
despite national regulatory disparities.
Finally, on the emerging market side, the
coming decades will also have to be nurtured
by a good level of competitiveness of service
and equipment companies on an international
scale to nurture innovation and decrease costs.
Based on announcements in the last 2 years
from different countries and companies
around the world, the capacity of electrolysers
installed by 2030 could be between 50 and
100 GW across the world, which is equivalent
to a production of around 5—10 Mt/year33

33. Based on an assumption of 50% average load factors on electrolyses. For illustration 10Mt/year H2 production corresponds to the supply of around 45 million FCEV passenger vehicles.
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of low carbon hydrogen, in line with the SDS
scenario of WEO [330]. We could estimate
it will be more with the newly announced
projects in the projects.

The scale-up of hydrogen
production will depend on the
pace of the energy transition
In addition to the collective awareness of the
economic and human risks associated with
global warming, and the resulting societal
demand, the energy transition is fueled by:
 he national strategies of most importing
T
countries, which have a vital need to
anticipate the transition in their energy
use. This translates into policy measures to
facilitate alternative solutions improving their
competitiveness (such as the introduction of
carbon taxes), and proactive incentives.
 T
 he national strategies of fossil-energy
exporting countries, which have a vital need
to anticipate the conversion of their energy
production. This is reflected in a desire
to establish international technological
partnerships, or even to stimulate FDI,
for those whose current oil income is not
sufficient to finance this conversion,
Industrial and financial strategies translate
into very substantial R&D efforts and
growing investments in new solutions and
new infrastructures.
This convergence of potential supply and
demand is likely to create a strong dynamic
resulting imminently in a shift in the global
energy model. The energy transition thus
brings a paradigm shift in economics since it
concerns the entire value chain: production,
conditioning, transport and distribution,
applications (mobility, space heating, industry),
sales.
It is by definition a transitional stage in which
the vocation is to comprehensively anticipate
the switch to Zero Carbon Horizon (ZCH) in
the most effective way in terms of reducing
GHG emissions and the most efficient in terms
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of economic benefits.
Although this horizon is considered very
probable, given the climatic constraint,
the uncertainty is however relatively high
enough on the timing and therefore on the
pace of the transition and the investment
roadmap needed. This is indeed a central
question conditioning the dynamics of the
entire industry. Although higher international
coordination on the global carbon exit
roadmap is needed, many national roadmaps
(through the NDCs), or industrial ones, place
the ZCH between 2050 and 2100. On the
other hand, the projections that are most
faithful to the recommendations of the IPCC,
and in particular the 1.5 ° C objective, place
the ZCH around 2050, which implies a need
for huge investment from now.

Private sector strategies
Industrial strategies are divided between
adaptation and disruptive actions:”
 daptation actions mainly concern the
A
promotion of acquired know-how, industrial
or service. Due to the historically carbonbased nature of most of this technological
know-how, this will be based on « blue
pathways » ( SMR + CCUS, anaerobic
digestion, partial integration of H2 into gas
distribution networks, hybrid ICE vehicles,
etc)that will not only contribute to the
reduction of GHG emissions but provide
intermediate solutions while continue
learning on non-carbon solutions. During
the transition to a green hydrogen scenario,
investments in blue hydrogen will be key to:
> Continue learning on emerging
hydrogen technologies
> Relatively low risk on most mature
pathways,
> Boost hydrogen supply and demand
within the industrial value chain that
benefits all stakeholders.
> Ease the transition from current
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technologies as they reach
obsolescence (thermal power stations,
ICE, etc.), and the new green solutions
(electrolysers, BEV, etc.).
> Reduce technological and economic
risk for the entire value chain when
taking on hydrogen technologies.
 isruptive actions are linked to innovation
D
processes and PtX pathways. These allow
players to position themselves in new
markets and to benefit from a potential lead
in the competitive phase. Though this may
seem riskier, it is directly in line with the
expected evolution of energy and industry
towards the ZCH: RES-E H2 production,
innovative H2 packaging and transport
technologies, PtP, FCEV, mini cogeneration
plant, etc.

Public sector strategies
The first challenge for states is to define,
with all the stakeholders, around national
and transnational discussions on incentives
and taxes, the fair compromise for collective
investment and targeted measures, balancing
the relatively high costs faced in the short
term, and the avoided future environmental
costs. Some examples would be carbon
penalization measures, investment incentives,
standardization and other national and
international trade facilitation.

starting points of each nation, decisionmakers will have different strategies to
achieve the country’s targets: Maintaining
a good level of research and innovation to
improve the techno-economical maturity of
some PtX pathways
• Promoting and sharing knowledge on those
PtX pathways that have reached a preindustrial stage,
• Studying all physical. Institutional, societal
and financial factors to ease the entry of
mature solutions into the market.
• Mobilizing large investments for scaling-up.
The paths to be taken through the
development of new demonstrators are
relatively specific to the constraints and
advantages of each nation, but governments
can benefit from the cooperation, sharing
lessons learned and establishing international
regulatory standards for green hydrogen use
and trade.

A second challenge is to move away from
national approaches, which are sometimes too
competitive, to build cooperative frameworks
at the international level, which are more
efficient from the point of view of the global
economy.
There is a strong interaction between the
overall development of PtX and the benefits
that supply players will derive from it at the
global level in the coming decades.
The need is above all to give the market a
strong signal over time.
• Depending on the different priorities and
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KEY RECOMMENDATIONS TO
STAKEHOLDERS

Key recommendations
to stakeholders
1) Adopt a selective approach
and prioritize before launching
a new demo project
Considering the huge number of demo
projects launched (more than 300), the pretty
comprehensive pathway coverage and the
impressive accumulated knowledge, as well
as the high public funding invested in recent
years, the first step for a policy maker or a
business developer must be to review the
state of the art, to specify in detail the main
objectives of the project and to check that the
idea has not yet been covered.

demonstration projects that have been carried
out. The new project could then be focussed
on HtX applications.
The project size also must be carefully
selected to avoid useless steps and nonscalable demonstrations.
For policy makers a detailed financial analysis
must be carried out, considering metrics such
as investment costs per MW installed. It is also
important to compare with similar projects
to avoid overestimated cost. The platform
(Recommendation Nº 2) could give advice
and provide guidelines. Finally, inter-regional,
national, and international collaboration must
be enhanced to reach the critical mass and to
avoid overlapping and waste of public funds.

To assist the stakeholder in this first step,
we propose to develop an advisory platform
on which the stakeholders could rely on (see
Recommendation Nº 2).

2) Establish and organize a
permanent knowledge and
advisory platform on R&D and
demo projects

The new project must be focused on nonmature technology or processes that have
not been covered yet, such as demo SOEC
coupled with Wind, PV or Grid; or a hybrid
PV + Wind plant directly connected to an
electrolyser.

An impressive and comprehensive set of data
and results has been collected from the more
than 300 demo projects database. If not all,
some information about the analysed projects
could be made publicly available.

If the technology employed for the PtH
project scale-up is either PEM or Alkaline, it
is probable that there are already several

A database with the main characteristics of
each demo project has been created in the
frame of Task 38. To go beyond a simple
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database and to share real feedback, lessons
learned and main results when available, it
will be very useful to organize a permanent
platform with a specific website or other
tools capitalizing on accumulated knowledge.
This platform could organize and manage
workshops regularly, webinars to exchange
information and facilitate technology transfer,
newsletters, reports etc.

Develop an updated guideline for policy
makers and business developers specifying
the needs for new demo projects to avoid
redundancies and overlaps. It could include
any updates on public funding, financial
conditions, regulatory framework… As well as
criteria and metrics on project costs especially
for low TRL, size recommendations, pathways
covered elsewhere and availability of data

This tool could be useful for countries with
no experience in Power to X projects, and
to exchange information between different
stakeholders, specifically companies,
encouraging them to share their experiences.
The platform could also publish an annual
report on the updated state of the art and
gaps, with feedback from early adoption and
commercial projects, to better specify the
need for new demonstration projects.

These guidelines could be a major deliverable
by the abovementioned platform.

The platform could also carry out analysis and
recommendations on a national or regional
basis, indicating benefits or drawbacks of
new demo projects, training and education
aspects, replicability and territorial potential,
integration in the territorial policy and social
acceptance.
Specific recommendations could be given
according to the local resources: oil and gas
countries, new hydrogen or hydrogen-based
products exporter, technology providers,
developing countries etc.
This platform could be supported partially by
the IEA Hydrogen TCP through a new Task
(if decided by the Executive Committee) in
collaboration with other stakeholders such
as Power to X associations, companies,
other TCPs, other international organizations
(IEA secretariat, IRENA, UNIDO…). A specific
business model could be developed for this
platform with funding from international
organizations, companies (as sponsors), and
different stakeholders.

3) Develop an updated
guideline

4) Promote international
collaboration and technology
transfer through joint demo
facilities platform
The idea is to develop several regional
experimental platforms (e.g., 1 or 2 in Europe/
Middle East, similarly in Africa, South America,
South-East Asia…) with facilities at the right
scale, flexible enough to adapt to different
pathways Hydrogen to X and different sizes in
power.
These platforms could be located in industrial
areas to benefit from the local ecosystem in
terms of infrastructure facilities, energy, water,
material supply, safety regulations already
developed etc.
The goals of such experimental platforms
could be to reach technical and scientific
critical mass, to avoid overlapping, to enhance
technology transfer from more advanced
countries, to gather academics and industrial
companies from different sectors, to push
for innovations and to develop and test new
ideas. They would also reinforce capacity
building and technology transfer; they could
be testing platforms to improve technologies
for deployment projects.
This type of experimental platforms must be
funded by a combination of national funding,
international organizations (Green Fund etc.)
and private stakeholders; for this, networking
would be essential.
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ANNEX
National Strategies
Analysis
Much of the strong rise in planned demonstrators
(See Figure 21 in section 2, page 44) is directly
linked to national strategies:
In Australia, the ramp-up from 2021 is part of
national large-scale development programs.
Although the primary focus is on domestic
supply with a strong component on industrial
applications (mining, ammonia, metals),
Australia clearly shows ambition for large-scale
development of an export sector,
In France, the desire for rapid scaling up, from
2022, aims in particular to stimulate the national
PtX industrial value chain,
In Germany, the continued massive
development of PtX in line with those of the last
decade marks a desire to integrate hydrogen
into the decarbonisation of national energy. Its
great ambition also pushes it to look beyond
its borders to import H2, a strong partnership
being already in place with Morocco.
In the United Kingdom, hydrogen is associated
with the will to exploit and enhance the RES-E
wind energy production field set up over the
past decade, for a clean energy transition,
In the Netherlands and Denmark, the goal
to accelerate the current decarbonisation of
national energy is reflected in the scheduled
126

start of very ambitious projects from 2023,
Japan expresses a very strong desire to develop
the applications sector (mobility, heat, etc.)
which pushes the country, despite its limited
production resources, to support a share of
national production in the overall demand
driven by applications,
 outh Korea has very strong ambitions for
S
2040, particularly on mobility and on the HtP,
In China or Oman, the gradual ramp-up and
the awareness by the authorities of hydrogen’s
potential are illustrated by a few discreet but
ambitious projects (aiming to validate different
pathways). The impact of the actions from
these giant powers will affect not only the
dynamics of the global use of hydrogen as an
important energy carrier but more importantly
on an increase in the demand for equipment
(electrolysers and CST) which would have
important implications on the reduction of costs
in the world.
> The case of China is especially interesting
as (similar to what happened in the 2000s
with photovoltaics) they have the potential
to position among the leading countries
in domestic production of hydrogen, and
also on equipment supply. This would likely
disrupt world competition for competitive
equipment and further accelerate the fall in
costs.
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> When in the case of Oman, whose
economy depends on 65% on oil activity,
it is representative of a desire to diversify
national resources.
In addition, since 2020, new countries with high
potential have become visible on hydrogen
production plans, such as Morocco34, Poland35,
Russia36 or China37.

National strategic scaling
trends on green and
decarbonised hydrogen
Observation of demonstrators around the
world reveals the turning point represented by
the year 2020, both in quantity, the capacity of
the factories installed, geographical scope and
targeted applications. This turning point taken
by the R&D activity is part of the more general
dynamics of global hydrogen policies taking off
from 2019 [257]-[259].
This dynamic can be seen on industrial or
collaborative projects, and also on national
roadmaps. The political and industrial objectives
in the world are reflected on one hand by
government targets for production and/or enduse and on the other hand, government import/
export strategies.

A) Production
Between 2018 and 2022, the installed capacity
of demonstration projects will have gained
two orders of magnitude (Figure 18. Installed
or planned electrolyser capacity since 2018,
page 43). This exponential growth seems to be
confirmed by ambitious scaling announcements
of PtX solutions beyond 2022, associated with
RES-E plants developments, as:
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The Hydrogen Europe 2x40GW Green
Hydrogen initiative aiming to install by 2030:
> 40 GW of electrolyser capacity in the EU,
including 6 GW for the captive market
(produced at the place of demand) and 34
GW on a market close to the supply,
> 40 GW of electrolyser capacity in North
Africa and Ukraine including 7.5 GW for the
domestic market and 32.5 GW for export,
 he Australian/Asian Renewable Energy Hub
T
project aiming to install 15 GW RES-E (wind
and solar) in the Pilbara region, including 12
GW dedicated to the production and export of
hydrogen and 3GW consumed in the region,
 he Beijing Jingneng Chinese energy utility
T
announcing plans to invest $ 3 billion in a
combined 1 GW solar and 3 GW wind plant
with hydrogen to be used for energy storage,
producing up to 0,5 Mt of hydrogen a year
(requiring around 3 GW of electrolysers),
 he Copenhagen project aiming to install by
T
2030 1,3 GW electrolyser that with offshore
wind electricity will produce hydrogen and byproducts used to decarbonise land, air and sea
transport.
These announcements establishing continuity
between political intentions and private
investments perspectives must however be
qualified. Indeed, feedback from the current
demonstration projects highlights several
technical, regulatory, economic and societal
difficulties to be overcome. The current
demonstrators, mainly on pre-industrial maturity
levels (see part II, part 3), show in particular
that there is a real difficulty for operators in the
technical appropriation of new solutions, whether
on the implementation efficiency of production
or on making this production consistent with CST
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Figure 41
Cumulative installed, planned or announced PtH plants capacities by countries
(as of January 2021)
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techniques and end-uses.
 ost countries currently producing hydrogen
M
by SMR (for historical and regulatory reasons,
low cost, existing infrastructure, expertise…),
now tend to associate it with the CCUS, faced
with climatic pressures. In the context of the
energy transition, these countries are also
positioning themselves on the production of
green hydrogen [261],
 he PtH landscape is now expanding to include
T
new entrants benefiting from a significant
current or potential RES-E resource. For
example, Germany, Japan and Norway, whose
government’s announcements highlight the
ambition to decarbonise the energy supply,
Very ambitious installation announcements,
which transcribe political intentions into the
economic sphere, confirm the marked desire of
northern Europe to decarbonise energy.
 ustralia, Canada and Norway have plans for
A
exporting green hydrogen.

34. World Power-to-X Summit 2020
35. Poland's hydrogen strategy aims for 2 GW of electrolysis by 2030
36. Energy strategy, Russian Federation for the period up to 2035, June 2020;
37. China Hydrogen Policy Provincial Summary
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 rom the projects announced beyond 2022
F
(Figure 36), it is clear that potential giants such
as Australia or China are emerging.

United
Kingdoms

France

Germany

Oman

Norway

B) Applications
The targeted HtX applications by country are
relatively conditioned by economic priorities, the
following trends have been identified:
Most countries are positioning on mobility
applications,
Injection of hydrogen into gas networks is
part of the strategy of many countries around
the world such as the Netherlands, France,
Germany, Denmark, Korea or Australia,
Although there are many demonstrators
associated with the industrial use of PtX,
government announcements and support
for this application are still rare, with the main
exceptions of France, England and Australia,
Ammonia production stands out in Australia,
Strategies related to HtP applications are rare in
Europe, except for Germany but relatively visible
for Japan, South Korea, and the United States,
 spects related to certification (e.g. CertifHy)
A
are mostly tackled in Europe but also through
international partnerships, in particular those of
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the International Partnership for Hydrogen and
Fuel Cells in the Economy (IPHE).
Japan and Korea are very clearly positioned on
massive use of hydrogen, in particular for mobility
and micro-cogeneration. On the other hand,
given their limited natural resources, they have
the profile of importers to assure their supply.
In return, they are, for the moment, the only
two countries to have positioned themselves on
massive production of fuel cell passenger cars.

C) Equipment
There are currently few specific announcements
explicitly referring to the production of
equipment. Nevertheless, it would be very useful
in further actions, to carry out an in-depth study
on the current state of the world industry.
The low level of competition in FCEV is indeed a
rather negative sign on the overall dynamics of
the sector, with upstream research on fuel cells
being quite active in other countries such as
China, the United States or Europe, it is hoped
that the strategies will evolve over the next
decade,
On the other hand, electrolysers benefit
from a fairly good level of competition [285]
throughout the world,
For other technologies associated with PtX, such
as hydrogen refuelling stations (HRS), control
specific electronics for electrolysers and fuel
cells, as well as all conditioning and transport
equipment and green industrial processes,
no leader country seems to emerge for the
moment.

D) Global long-term trend
The ultimate green hydrogen needs in the
decades to come are not predictable in
themselves because they depend on:
The evolution of global final consumption (will
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the energy sobriety efforts of rich countries
offset the growing needs of developing
countries?), that is estimated at 116,000 TWh/
year in 2019 [286],
 he share of hydrogen in energy end uses and
T
the respective shares of green hydrogen and
hydrogen from fossil fuels in total hydrogen
consumption,
The evolution of the energy efficiency of
equipment with technical progress enduse diversification, in particular those using
hydrogen as a final energy source such as FCEV,
cogeneration or new industrial processes for
example.
Hydrogen scenarios could help to assess what
represents the share of efforts made by nations
to integrate green hydrogen as an important
energy carrier in energy transition scenarios.
If we base ourselves, for example, on the very
aggressive hydrogen consumption strategies of
Japan [287] or South Korea [265], demand by
2050 will be around 10Mt/year for each of these
two countries.
In December 2020, IEA [288] estimates, under
the assumption of its SDS scenario, that global
hydrogen consumption would be around 290
Mt/year in 2050 with a share of around 40% of
green hydrogen( ≈116 Mt/year, 3800 TWh/y), that
would require around 125038 GW operational
electrolysis capacity. This figure is in agreement
with the study carried out by the Weltenergierat
for the World Energy Council [262], which
estimates, based on the announcements of the
national strategies, a potential of up to 270 Mt/
year (9000 TWh/y) of hydrogen for 2050.
The FCH JU [289], in its “ambitious scenario”,
estimates that hydrogen consumption in Europe
could reach 2251 TWh/year in 2050, or 24% of
final energy consumption. Expressed in hydrogen
equivalent, this final consumption requires 68 Mt/
year, which coarsely corresponds to the current
global hydrogen production (mainly SMR).

38. Assumptions: 70% average efficiency , 50% average load factor.
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Dubai Green Hydrogen Demonstration

AE

This appendix compiles the demonstration projects analysed in this Roadmap differentiating two
periods: before and after 2021.

DVGW-EBI KIT - Demo-SNG

DE

ECTOS

IS

EE-Methan as CO2

AT

Eichhof - 1st step

DE

Eichhof - 2nd step

DE

Ekolyser (R&D)

DE

El Tubo

ES

ElectroHgena

FR

ELECTROHYPEM

EU

ELY4OFF

EU

ELYGRID (R&D)

EU

Emden I Biogas upgrading

DE

Enbridge P2G toronto

CA

EnBW H2 station, Stuttgart

DE

Energiepark Mainz

DE

Energy Park BAD LAUCHSTÄDT

DE

Energy Valley, Delfzijl

NL

ENGIE-Anglo American project

ZA

EON PtG plant Falkenhagen

DE

EON PtG plant Hamburg-Reitbrook

DE

E-THOR

NL

ETOGAS, Solar Fuel Alpha-plant 250 kW, ZSW

DE

ETOGAS, Solar Fuel Alpha-plant mobile device, ZSW

DE

ETOGAS, Solar Fuel Beta-plant AUDI, Werlte (Audi e-gas)

DE

Etzel, Salt caverns

DE

Eucolino Schwandorf

DE

FaHyence

FR

Fife, Levenmouth Community Energy Project

UK

FIRST - Showcase II

ES

FIRST project, INTA facility

ES

Foulum Demonstration plant

DK

Freiburg solar house

DE

FReSMe

SE

Fronius Energy Cell, self-sufficient house

AT

Fronius HyLOG-Fleet (Hydrogen powered Logistic System)

AT

GenHyPEM (R&D)

EU

Gösgen hydropower plant

CH

Green Ammonia Harwell in Oxford & Fukushima

UK

Green Natural Gas

DK

Greenhouse heating, solar-H2

IT

Grenzach-Wyhlen ZSW (Zentrum für Sonnenenergie- und Wasserstoff-Forschung Baden-Württemberg)

DE

Period prior to 2021
Abalone Energie Nantes

FR

Aberdeen, Hydrogen bus project

UK

Adelaide Hydrogen Park South Australia (HyP SA)

AU

Aeropila

ES

Air Fuel Synthesis pilot plant

UK

AirLiquid Becancour

CA

Alzey, Exytron Null-E

DE

Ameland

NL

Baglan Energy Park Wales

UK

Balance

EU

Big HIT

UK

BioHyMe

AT

BioPower2Gas, Allendorf, Eder

DE

BOEING (rSOC Demonstrator)

US

Carbazol pilot plant, University of Erlangen-Nürnberg

DE

Carbon2Chem

DE

CEC Denizli Turkey

TR

CELBICON

EU

CEOG

FR

Cerro Pabellón Microgrid 450 kWh Hydrogen ESS - Enel S.p.A

CL

CHOCHCO

FR

CO2Exide

EU

CO2RRECT-Niederaussem

DE

Commercial Plant Svartsengi/George Olah plant

IS

CoSin: Synthetic Natural Gas from Sewage, Barcelona

ES

CUTE and HyFLEET:CUTE, Barcelona

ES

CUTE, Stockholm

SE

DEMETER

FR

Demo Plant Agricultural University Athens

GR

Demonstration of bio-CO2 products, Bio economy+

FI

Demonstration plant Kuala Terengganu, Malaysia

MY

Dietikon Hybrid Power-to-Gas Plant

CH

Direktmethanisierung von Biogas im Technikumsmaßstab

DE

DNV Kema/DNV GL

NL

Don Quichote

BE

DRI CO2 recycling

US

DTE Energy Hydrogen Technology Park, Southfield Michigan

US
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GRHYD (Hythane)

FR

Hydrogen Wind Farm Sotavento

ES

GRHYD (inj in NG grid)

FR

HyFLEET:CUTE, Amsterdam

NL

Grimstad Renewable Energy Park

NO

HyFLEET:CUTE, Hamburg

DE

GrInHy

DE

Hygreen Provence

FR

H&R electrolysis to refinery

DE

HYLINK, Totara Valley

NZ

H2 from the sun, Brunate

IT

HyNor Lillestrøm, Akershus Energy Park

NO

H2 research center BTU Cottbus

DE

HYPOS (Leipzig)

DE

H2BER (Berlin airport)

DE

HYRES

GR

H2FUTURE

AT

HySeas III

UK

H2Herten

DE

Hysolar in Nieuwegein

NL

H2KT - Hydrogen Energy Storage in Nuuk

GL

HySolar test bed Riyadh (R&D)

SA

H2Move, Fraunhofer ISE

DE

HYSOLAR, Stuttgart

DE

H2ORIZON

DE

HyStock

NL

H2SusBuild / RES-H2

GR

HyWindBalance, Oldenburg

DE

Halcyon Power in Mokai

NZ

Infinity-1

DE

Haldor Topsoe - El-Opgraderet Biogas

DK

INGRID

IT

Haldor Topsoe - El-Opgraderet Biogas II

DK

IRENE System

CA

Hamburg - Schnackenburgallee

DE

ITHER

ES

Hamburg Hafen City, CEP

DE

Jupiter 1000

FR

Hanau, Wolfgang Industrial Park

DE

KEROSyN100

DE

HARI project, West Beacon Farm

UK

Kopernikus Project

DE

HARP System, Bella Coola

CA

Laboratory Plant HRI Quebec

CA

Hassfurt

DE

Laboratory Plant Stralsund

DE

Hawaii Hydrogen Power Park (phase 2)

US

Laboratory System at IFE Kjeller

NO

Hebei- China

CN

Lam Takhong Wind Hydrogen Hybrid Project- EGAT

TH

Hebei Jiantou Yanshan (Guyuan) Wind Energy
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