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Abstract: This review focuses on analysing the strategy and aspirations of the European Union within
the hydrogen sector. This aim is achieved through the examination of the European Parliament’s
hydrogen strategy, allowing for a study of actions and projects in hydrogen technologies. The
Parliament’s hydrogen strategy is the document that provides the guideline of how the EU intends to
function in the hydrogen sector and manages to cover a wide range of topics, all of them significant
to represent the entirety of the hydrogen sector. It touches on subjects such as hydrogen demand,
infrastructure, research, and standards, among others. The review discusses also the aspect that the
EU intends to be a leader in the hydrogen sector, including the large-scale industrialization of key
elements such as electrolysers, and this purpose is corroborated by the large number of associations,
strategies, plans, and projects that are being established and developed by the European Union.
The most important conclusions to learn from this analysis are that hydrogen has many of the right
characteristics to make it the key to decarbonisation, especially in hard-to-abate sectors, and that
it is bound to be one of the main actors in the imminent green transition. Moreover, hydrogen
seems to be having its breakthrough, and this field’s development can have benefits not only from
an environmental perspective but also from an economical one, enabling the way into the green
transition and the fight against climate change.
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1. Introduction

The main objective of this review is the analysis of the European Union’s view and
strategy for hydrogen, which is crucial to attain an understanding of the hydrogen sector
and comprehend its evolution within the green transition. The reason for this is that the EU
is a very important actor in the sector, so the measures it takes and the projects it develops
have a major influence on the hydrogen market’s advancement. Hydrogen is an energy
vector currently being targeted to play a fundamental role for the energy transition towards
a net-zero emissions energy system [1,2]. A hydrogen economy would require efficient and
green production of hydrogen [3,4], large-scale storage and distribution of hydrogen [5,6],
and final end-use of hydrogen covering major applications such as industry, transport,
residential, and renewable feedstock [7].

Nevertheless, as was said, the principal goal is to study the approach of the European
Union to the hydrogen sector, which is accomplished using the European Parliament’s
hydrogen strategy [8] as the channel and checking how its goals are being developed
currently.

This review is developed within an energy context that strongly influences its content.
While the main subject of this review is hydrogen, including its applications and the
strategies elaborated, it is essential to consider the circumstances in order to understand
hydrogen’s role.

Probably the first concept to arise when thinking about energy context is climate
change and the fight against it through decarbonisation and initiatives such as the Paris
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Agreement [9]. This agreement joined nations worldwide in 2015 to undertake the task
of combating climate change, aiming to maintain the rise in global temperature in this
century below 2 ◦C above pre-industrial levels and even limit it to 1.5 ◦C. Moreover, there
are additional objectives within this agreement, such as encouraging the participants to
maintain their GHGs sinks (forests, for instance) or enhancing climate change education
and training, public participation, awareness, and access to information.

One way to assess the energy context is through energy-related information and,
particularly, the data presented by the International Energy Agency (IEA), although it has
to be stated that the data are only collected until 2019, so they do not reflect the current post-
pandemic situation. It is also important to note that the IEA data regarding the European
Union include the United Kingdom (EU-28) since the figures provide information up to
2019, before the UK withdrew from the EU.

In Figure 1, it is seen that the energy consumption worldwide follows an increasing
trend, covering renewable sources but also those that are fossil-based, while the EU has
been able to stabilise and even begin a decreasing trend in consumption in recent years.
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Figure 1. Comparison of the total final consumption by source worldwide and in the EU [10,11].

Actually, the final energy consumption in the EU dropped around 8% from 2019 to 2020,
reflecting the effects of COVID-19 on consumption habits and industrial and public activ-
ity, such as the decrease in transport and industry consumption due to lockdowns and
restrictions, but this is clearly an out of the ordinary situation that does not really reflect
the trend.

In Figure 2, the comparison is similar to the previous one: the global CO2 emissions
are increasing but the trend in the EU is decreasing. In the past few years, the EU has
managed to remarkably reduce its CO2 emissions in the electricity and heat production
and industry sectors and, in most sectors, in a more or less significant manner.



Energies 2023, 16, 3866 3 of 36

Energies 2023, 16, 3866  3  of  37 
 

 

managed to remarkably reduce its CO2 emissions in the electricity and heat production 

and industry sectors and, in most sectors, in a more or less significant manner. 

 

Figure 2. Comparison of CO2 emissions by sector globally and in the EU [12,13]. 

However, the one sector that goes against the trend is transport, which is not surpris-

ing given that it is one of the hard-to-abate sectors. This will be tackled later in the review 

since hydrogen technologies will be an important part of the decarbonisation of the sector. 

One reflection that can be obtained is that energy demand and, therefore, consump-

tion is increasing and will continue to do so in a context in which population (even though 

growth rate is around 1%) is set to increase by 2 billion people by 2050, reaching almost 

10 billion inhabitants. There will be an even larger demand for resources, and energy is 

no exception. 

It is also interesting to see the difference between the EU and the global trends. The 

European Union’s position can be associated with the fact that it already is a developed 

economy that can focus on environmental matters more than developing economies or 

economies in transition. 

The EU is, therefore, in a green transition, focusing on reducing energy demand and 

increasing energy efficiency and decarbonisation. This  transition, however, needs  to be 

safe and accessible for the population, but the market is susceptible to political and eco-

nomic instability and phenomena such as the COVID-19 pandemic. 

Actually, the global and especially the EU energy markets are currently facing the 

impact of Ukraine’s invasion executed by Russia in the beginning of the year 2022. This is 

evidently a huge humanitarian crisis and can be looked at from many angles, but in terms 

of this review, it is appropriate to focus on its impact on the energy markets. 

Figure 2. Comparison of CO2 emissions by sector globally and in the EU [12,13].

However, the one sector that goes against the trend is transport, which is not surprising
given that it is one of the hard-to-abate sectors. This will be tackled later in the review since
hydrogen technologies will be an important part of the decarbonisation of the sector.

One reflection that can be obtained is that energy demand and, therefore, consumption
is increasing and will continue to do so in a context in which population (even though
growth rate is around 1%) is set to increase by 2 billion people by 2050, reaching almost
10 billion inhabitants. There will be an even larger demand for resources, and energy is no
exception.

It is also interesting to see the difference between the EU and the global trends. The
European Union’s position can be associated with the fact that it already is a developed
economy that can focus on environmental matters more than developing economies or
economies in transition.

The EU is, therefore, in a green transition, focusing on reducing energy demand and
increasing energy efficiency and decarbonisation. This transition, however, needs to be safe
and accessible for the population, but the market is susceptible to political and economic
instability and phenomena such as the COVID-19 pandemic.

Actually, the global and especially the EU energy markets are currently facing the
impact of Ukraine’s invasion executed by Russia in the beginning of the year 2022. This is
evidently a huge humanitarian crisis and can be looked at from many angles, but in terms
of this review, it is appropriate to focus on its impact on the energy markets.

Russia is one of the leading producers of both crude oil and natural gas and is, indeed,
the world’s top natural gas exporter, with the EU being highly dependent on this trade. In
2020, the EU imported 29% of its extra-EU crude oil, 43% of its natural gas, and 54% of its
solid fossil fuel (coal) from Russia.



Energies 2023, 16, 3866 4 of 36

The COVID-19 pandemic had already contributed to the increase in energy prices,
with natural gas prices reaching 180 €/MWh in December 2021, and this conflict has made
things worse.

The sanctions imposed on Russia and the supply interruptions have led to a severe
increase in prices and lack of security of supply. The European Commission is already
taking action, having proposed a plan to overcome the dependency from Russia’s fossil
fuels before 2030, tackling the high natural gas prices and their effect on electricity prices
and gas storage.

One final takeaway could be that the green transition and the quest for climate neutral-
ity are the only way to at least mitigate the effects of climate change and global warming.
Furthermore, they can also be an opportunity for the development and deployment of new
low-carbon or decarbonised energy solutions that can be competitive while better for the
environment, and it is important to recognise how these technologies and ambitions can
constitute the energy context of the future and how hydrogen has a crucial role to play.

Hydrogen, and particularly green hydrogen, is a key potential alternative for decar-
bonisation and the phasing out of fossil fuels and also for energy system integration. It also
presents itself as a buffer for renewable energy production thanks to its storage aspect, and
this aspect can also contribute to security of supply and independency. It also represents
an option to reduce CO2 emissions in sectors difficult to decarbonise.

Its contribution to the sustainability of the EU’s energy system is not the only perspec-
tive to be taken into account, since procuring a competitive hydrogen economy represents
an economical opportunity. According to the European Parliament, the H2 economy could
entail the creation of up to a million direct jobs by 2030 and 5.4 million by 2050.

2. European Organisations, Initiatives, and Plans regarding Renewable Energy
and Hydrogen

It is appropriate to first explain some of the initiatives and plans that are crucial to the
hydrogen development topic and mentioned throughout the hydrogen strategy. Those are:

• Paris Agreement [9]: This agreement was already mentioned in the Introduction
section, which is not rare given that it is one of the most popular environmental
initiatives worldwide. As said before, through this initiative, different nations aim to
maintain the rise in global temperature in this century below 2 ◦C above pre-industrial
levels or even limit it to 1.5 ◦C.

Some of the crucial aspects of this pact to fight climate change, in addition to the
temperature goals and in addition to those mentioned in the introduction, are the achieve-
ment of the global peaking of GHG emissions, the establishment of “nationally determined
contributions” by each country, as well as National Adaptation Plans, and even the ability
to cope with the unavoidable negative consequences of climate change.

• EU Green Deal [14,15]: This European environmental strategy is the main approach of
the European Union to tackle climate change and its effects. The actions within the
Green Deal cover fields such as energy, industry, climate, environment, transport, etc.

The European Union member states have committed, among other things, to reduce
GHG emissions by 2030 by 55% compared to the GHG emissions in 1990. In addition to
the emissions reduction, the Green Deal aims to transform and bring innovation to the
European economy through the creation of jobs or the decrease in energy dependency from
other countries.

Within the Green Deal, many laws and strategies have been adopted, such as the
European Climate Law, the EU Industrial Strategy, the EU Strategy for Energy System
Integration and the European Strategy for Hydrogen, and the REPowerEU plan.

• REPOWEREU [16,17]: The REPowerEU Plan was recently issued by the European
Commission as a consequence of the effects of the Russian invasion of Ukraine on the
energy market, focusing mainly on achieving energy independency, so as to not be
subjected to Russian fossil fuels.
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Therefore, the plan includes measures that will accelerate the green transition, centred
on the production of renewable energy in the EU (reduces both emissions and dependency),
the saving of energy (through efficiency measures, for instance), and the diversification of
the EU’s energy supply.

• UN Sustainable Development Goals [18]: The United Nations developed the 17 sus-
tainable development goals as part of its 2030 Agenda for Sustainable Development;
all the UN member states committed to these goals in 2015, and every year, the UN
reports the progress achieved. While all of these goals are equally important and cru-
cial to sustainable growth, the ones concerning the topics of this review are: “Goal 7:
Affordable and clean energy”, “Goal 9: Industry, innovation and infrastructure”, and
“Goal 13: Climate action”.

These goals have targets and indicators associated with them.
The first one focuses on enabling access to sustainable and affordable energy for

everyone, and, for example, one target is to increase the share of renewable sources in the
energy mix by 2030 and the indicator associated is that share.

The second goal mentioned aims to promote sustainability for industrialisation and
innovation, as well as the creation of infrastructure. An example of the target is the aim to
improve research and promote growth in the number of researchers, which is why one of
its indicators is the number of researchers per million inhabitants.

Finally, goal 13 takes on climate change and the fight against it, one of its targets being
that member states include measures to fight climate change in their national plans and its
indicator being total GHG emissions per year.

Nevertheless, it is important to reiterate that all 17 goals are significant, and some
cover broader aspects that have an effect on the energy sector and, therefore, the role of
hydrogen.

That being explained, it is appropriate to take a look at some of the organisations
and plans that appear during the entirety of this review: those that are mentioned in the
European Parliament’s hydrogen strategy and also those that come up in the elaboration of
its analysis; therefore, by no means is this an exhaustive list of the bodies and strategies
associated with the hydrogen sector but a gathering of some that have come up during the
study.

The list can be seen in Figure 3, although there are more organisations, strategies, etc.,
appearing throughout the document. Out of the 36 listed, 28 are European, which can
mean that they were either founded, funded, or appointed by the European Commission
or by European companies. The other 8 are international and include the EU. Again, it
is not representative of the entire sector, but it is predictable that in an analysis of the EU
hydrogen strategy, the majority of bodies and plans referred to are European.

It is also remarkable to note that most of the hydrogen associations and plans were
created in these past years, and even some of those concerning renewable energy and
sustainability. This shows how hydrogen is actually having what is hopefully its definitive
breakthrough and how its role in decarbonisation is backed up by organisations, plans,
projects, etc.
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3. The European Strategy for Hydrogen

This section can be considered the core of the study since it consists of the review of the
document generated by the European Parliament, “A European Strategy for Hydrogen”,
expressing its goals and wills on this topic.

The European Parliament resolution of 19 May 2021 on a European Strategy for
Hydrogen [1] comprises three sections:

• Documents, reports, communications, directives, and just about everything falling
under the spectrum of information the European Parliament has regarded in order to
create this text.

• Goals and starting point for the hydrogen strategy.
• The statements made by the European Parliament.
• Moreover, the statements are also subdivided, facilitating the review and analysis.

These subdivisions, which are subsequently developed, are the following:
• Overall.
• Hydrogen classification and standards.
• Ramping up hydrogen production.
• Citizen engagement.
• Hydrogen infrastructure.
• Hydrogen demand.
• Research, development, innovation, and financing.
• International cooperation on hydrogen.
• The role of hydrogen in an integrated energy system.



Energies 2023, 16, 3866 7 of 36

Nevertheless, before commencing the thorough analysis of these sections, it is appro-
priate to go into detail about the bodies associated with this document.

In the first place, there is the European Parliament, the organisation behind the docu-
ment being studied. This legislative body is one of the three established in the European
Union and, along with the Council of the European Union, has the role of the legislator/has
the task to adopt EU legislation determined by budget matters. This Strasbourg-based
organisation comprises 705 Members of the European Parliament (MEPs) who are voted
into power and are organised in political groups and is presided over by Roberta Metsola.

Finally, it is pertinent to note that the European Parliament supervises the work of
different EU bodies, including the European Commission.

Second, the member states can be found mentioned all throughout the document.
Finally, across this European strategy for hydrogen, the European Commission is re-

peatedly alluded to, being urged, called on, encouraged, asked, or requested to accomplish
or execute something, among others, by the Parliament.

The European Commission is the branch of the European Union that enforces the law,
the executive body. It consists of an organisation headed by a President and 27 members of
the Commission or “Commissioners” or “the College of Commissioners” headquartered in
Brussels and currently presided over by Ursula von der Leyen.

The Commission is divided into directorates-general according to the various policy
areas (budget, climate action, defence industry and space, energy, etc),as well as service
departments and executive agencies to handle specific issues or programmes.

Regarding the Commission’s work, several roles and functions can be found, some of
them being: to develop and implement the European Union policies, to participate in the
elaboration of the EU’s overall strategy, to propose and ensure the correct implementation
of EU laws, to plan the European development policy and deliver aid worldwide, and to
propose and implement the European Union budget and manage its funding, among other
functions.

3.1. Statements

These statements are expressed by the European Parliament; therefore, this is the body
that stresses, welcomes, underlines, etc., all throughout the document, expressing its views
on a hydrogen strategy. For the review, per se, different excerpts from the document are
quoted literally, which are recognised by the use of italics and analysed by topic.

3.1.1. Overall

In this first section, there are six statements regarding different generic aspects of
hydrogen relevant to the strategy.

Some of those are that:

The EU hydrogen strategy [needs to] cover the whole value chain [and also has to] be
compatible with [the agreements, plans, and goals already existing, particularly:]
the Paris Agreement, the EU’s climate and energy targets for 2030 and 2050, the circular
economy, the action plan for critical raw materials and the UN Sustainable Development
Goals.

The EU Parliament:

Welcomes the hydrogen strategy for a climate-neutral Europe proposed by the Commission
including the future revision of the Renewable Energy Directive, as well as [ . . . ]
the Member State strategies and investment plans for hydrogen. [It] also urges the
Commission to align its approach on hydrogen with the new EU industrial strategy and
make it a part of a coherent industrial policy.

The Commission’s hydrogen strategy was actually released together with the European
Clean Hydrogen Alliance as part of the New EU Industrial Strategy and, therefore, is in
line with it.
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The New EU Industrial Strategy [19] was presented by the Commission in March 2020.
This policy aimed to support the twin transitions (digital and green), support SMEs, or
maintain Europe’s competitiveness, among other objectives.

However, as the Commission remarks, shortly after the COVID-19 pandemic was
officially declared, the lessons learned from that experience led the Commission to update
the industrial strategy in May 2021, keeping the same priorities but also adding some new
points:

• Reinforce the resilience of the single market.
• Support EU’s open strategic autonomy by addressing strategic dependencies.
• Accelerate the twin transitions.

Another aspect discussed in this section is:

The importance of the principle of technology neutrality, [specifically:] the EU Parlia-
ment underlines the importance of a resilient and climate-neutral energy system based on
the principles of energy efficiency, cost efficiency, affordability, and security of supply. [It
also] notes that direct electrification from renewable sources is more cost-, resource-, and
energy-efficient than hydrogen [ . . . ] but factors such as security of supply, technical fea-
sibility and energy system considerations should be taken into account when determining
how a sector should decarbonise.

One more point discussed in this section is:

The need to maintain and further develop EU technological leadership in clean hydrogen
through a competitive and sustainable hydrogen economy with an integrated hydrogen
market.

Indeed, the role of the European Union in relation to renewable hydrogen is that of
technological leadership, and maintaining that is fundamental to the hydrogen market.

Following this thinking, the Renewable Hydrogen Coalition exists to represent in-
vestors, entrepreneurs, companies, industrial off-takers, and more in the field of hydrogen
with the view of positioning Europe as the leader in renewable hydrogen technologies.

Moreover, the Commission declared in a press release in May 2022 that the Com-
missioner for Internal Market and 20 industry CEOs signed a joint declaration within the
European Electrolyser Summit committing to a tenfold increase in electrolyser capacity, as
detailed in the section, “Ramping up hydrogen production”.

In this joint declaration, it is stated that to reach the targets proposed, the EU needs to
ramp up its manufacturing capacities for renewable and low-carbon hydrogen production,
principally electrolysers, as this technology is regarded as the main backbone for green
hydrogen production [20,21].

Currently, the manufacturing capacity of electrolysers in Europe is approximately
1.75 GW of hydrogen output per year, and this number is expected to grow exponentially
following the Fitfor55 and RePowerEU targets.

This sector covers a larger spectrum of technologies: electrolysers manufacturers,
suppliers of electrolyser components and materials, infrastructure, etc. Therefore, the
European Clean Hydrogen Alliance will establish an electrolyser partnership to connect
them.

The companies that signed the joint declaration [22] are multinationals, and some are
Europe-based such as the Italian De Nora or the French Elogen. These enterprises have
committed to work on integrating the hydrogen value chain, to deal with the raw materials
dependency, to implement recycling systems, and to invest in research, development and
innovation in their fields. They have also committed to be aligned with the EU climate
goals and plans, making the reception of state aid or funding easier and faster.

This part mentions the hydrogen valleys too, since the EU Parliament:

Recognises the efforts undertaken by hydrogen valleys [ . . . ] throughout the EU [ . . . ],
underlines their important role initiating the production and application of renewable hy-
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drogen and urges the Commission to build on these initiatives, support their development
and help those involved to pool their know-how and investments.

Hydrogen valleys are defined as regional ecosystems that cover the value chain, linking
hydrogen production, storage, transportation, and various end uses such as mobility,
energy, or industrial feedstocks. They are also known as hydrogen hubs and are usually
recipients of multi-million EUR investments. Many projects have emerged worldwide and
are intended to impel economic development in the geographic regions they are located
in [23].

To determine the characteristics of the valleys, it is fitting to refer to the report issued
in the Mission Innovation Hydrogen Valley Platform in March 2021, Hydrogen Valleys,
Insight into the emerging hydrogen economies around the world [24].

According to the report, hydrogen valleys have some common traits despite the
different types of projects and the various circumstances that determine them. These
characteristics are:

• They are large in scale.
• They have a clearly defined geographic scope.
• They cover the value chain broadly.
• They supply to various end sectors.

Being large is something that could be deduced since it was mentioned before that
these projects involve multi-million EUR investments. Furthermore, they encompass
smaller projects within themselves, constituting the main hydrogen valleys.

They cover a delimited geography, and that is a characteristic present whether the
scope is local or international.

The considerable value chain coverage is, again, part of the hydrogen valley definition
and so is the wide range of end uses and sectors in which hydrogen is utilised.

One main attraction of the hydrogen valleys is the fact that they are integrated systems;
since they cover the value chain, they combine supply and demand. This means they are
crucial in the development of the hydrogen industry and economy.

Moreover, while climate change is still the principal motivation behind projects, there
are other significant purposes, including economic interest, energy security, or industrial
strategy.

However, and this is a topic that is going to appear eventually throughout this review,
regulation and policy entail barriers in the hydrogen sector. Some of the hurdles hydrogen
valleys can sustain are: difficulty with the authorization of permits for infrastructure or
end-use applications, overly strict safety regulation or no regulation at all, or taxes on
electricity from RES, among others [24–27].

In addition, in this section, the Parliament expresses the critical role of renewable
hydrogen, stating that:

Hydrogen produced from renewable sources is key to the EU’s energy transition as only
renewable hydrogen can sustainably contribute to achieving climate neutrality in the
long term, [but also] notes with concern that renewable hydrogen is not yet competitive.

The Commission and the member states are then urged to tackle this lack of competi-
tiveness.

Finally, the Parliament:

Highlights that hydrogen-derived products such as synthetic fuels produced with renew-
able energy constitute a carbon-neutral alternative to fossil fuels and can [ . . . ] contribute
[ . . . ] to the decarbonisation of a wide variety of sectors.

3.1.2. Hydrogen Classification and Standards

In this section, many topics are discussed. First, the matter at hand is the classification
of hydrogen.

According to the EU Parliament:



Energies 2023, 16, 3866 10 of 36

A common legal classification of the different types of hydrogen is of utmost importance,
[and] the classification proposed by the Commission [is welcomed] as a first step. [This
classification will require] comprehensive, precise, science-based and uniform EU-wide
terminology [that will enable the adoption of] national legal definitions; [therefore,
the Commission is urged to] conclude its work on establishing such terminology.

[Furthermore, the classification] should be determined according to an independent,
science-based assessment, stepping away from the commonly used colour-based approach;
[moreover, some desired characteristics for the classification are:]

• It should be based on the life cycle GHG emissions throughout hydrogen’s entire
production and transport process

• It should take into account transparent and robust sustainability criteria in line with
the principles of the circular economy

• It should be based on averages and standard values per category, such as the objectives
of sustainable use and the protection of resources, the handling of waste and the
increased use of raw and secondary materials, pollution prevention and control, and
finally, the protection and restoration of biodiversity and ecosystems.

Regarding these statements, the first question that arises is: What is the classification
proposed by the Commission?

The Commission’s proposed classification is elaborated according to the carbon content
of hydrogen, which varies based on the technology and energy source associated with the
hydrogen production. The different types are listed in Figure 4.
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However, the EU Parliament:

Notes [ . . . ] that avoiding using two names for the same category of hydrogen, namely
‘renewable’ and ‘clean’, as proposed by the Commission, would provide further clarifica-
tion, and [ . . . ] that the term ‘renewable hydrogen’ is the most objective and science-based
option.

As explained in the strategy, this categorisation can be a precedent or a model for
future classification, particularly in opposition to colour-based classification.
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The colour-based classification is the most frequently used. However, not only does it
not comply with the characteristics required by the Parliament, it also bears the burden of a
lack of homogeneity outside of the main three colours.

The principal hydrogen types within this classification are:

• Green Hydrogen: produced through the electrolysis of water; the electricity that
powers the electrolyser comes from renewable sources (wind, solar . . . ); therefore,
green hydrogen has no associated GHG emissions. It can also include hydrogen
produced from waste biomass.

• Blue Hydrogen: it is produced by steam reforming together with carbon capture and
storage (CCS).

• Grey Hydrogen: it is produced from fossil fuels, mostly by steam methane reforming
but without carbon capture and storage. Some sources include black and brown
hydrogen in this category.

• Brown and black Hydrogen: these types of hydrogen are produced through the
gasification of brown coal (brown hydrogen) and black coal (black hydrogen), although
some sources consider that hydrogen produced through the gasification of any fossil
fuel is black or brown hydrogen. Since there is no carbon capture associated, this is
the most environmentally damaging type of hydrogen.

• Turquoise hydrogen: this is the hydrogen produced through methane pyrolysis, result-
ing in hydrogen and solid carbon. There are no GHG emissions associated with the
production itself. However, depending on the source making the classification, there
are emissions associated with the mining and transport of the natural gas, emissions
associated with how the thermal process is powered, and emissions associated with
the use of the solid carbon generated as a by-product (whether it is used or stored).

• Pink/purple hydrogen: hydrogen produced through electrolysis powered by nuclear
energy. Sometimes this type is also called red or even yellow, depending on the source
making the classification.

• Yellow hydrogen: this colour for hydrogen demonstrates the lack of homogeneity
previously acknowledged, since it is used to describe hydrogen produced by electrol-
ysis using electricity from the grid, hydrogen produced by electrolysis using solar
power, hydrogen produced through direct water splitting, or as mentioned before, it
can sometimes be alluding to what is known as purple hydrogen.

• White hydrogen: this type of hydrogen is found in underground deposits, generated
by natural geochemical processes inside the Earth’s crust. While this is the main
definition, some sources also describe white hydrogen as the result of the direct
splitting of water molecules thanks to concentrated solar energy.

It is relevant to note that in December 2021 the European Commission released its
legislative package on hydrogen and decarbonised markets, which consisted of three legisla-
tive proposals. Particularly, in the proposed Gas and Hydrogen Directive, legal definitions
for renewable hydrogen and low-carbon hydrogen were stated that will hopefully clarify
the role of hydrogen regarding the regulatory framework and prompt the development of
the hydrogen market, infrastructure . . .

• Renewable hydrogen (as defined in the proposal directive to amend RED II): renewable
fuels of non-biological origin and biomass fuels that meet a 70% GHG emission
reduction compared to fossil fuels setting specific sub-targets for the consumption of
renewable hydrogen (50% of total H2 consumption for energy and feedstock purposes
in industry by 2030 and 2.6% of the energy supplied to the transport sector).

• Low-carbon hydrogen: hydrogen, the energy content of which is derived from non-
renewable sources, that meets a GHG emission reduction threshold of 70%.

Furthermore, it is pertinent to cite the EU Parliament, which states that:

The classification of different types of hydrogen would inter alia serve the purpose of
providing consumers with information and it is not meant to stall the expansion of
hydrogen in general.
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[Another matter at hand in this section is] the urgent need for EU and international
standards and certification. [The EU Parliament] stresses that the standardisation
system needs to be based on a holistic approach and must be applicable to imported
hydrogen; calls on the Commission to introduce a regulatory framework with robust and
transparent sustainability criteria for the certification and tracking of hydrogen in the EU,
taking into account its greenhouse gas footprint throughout the value chain, including
transport, in order to also trigger investment in sufficient supplementary renewable
electricity generation; also calls on the Commission to provide [ . . . ] a regulatory
framework for hydrogen that ensures standardisation, certification, guarantees of origin,
labelling and tradability across Member States.

In this regard, it is relevant to mention the project CertifHy, which has enabled the
elaboration of certification schemes in Europe (expected to go international), as well as the
creation of a stakeholder platform.

Its aim is to promote the production, procurement, and use of “non-renewable”,
“renewable”, and “low-carbon” hydrogen for all uses, supporting the growth of the H2
market.

CertifHyTM has developed guarantee of origin certificates, a system of electronic
certificates that authenticates, for a certain situation, the quantity of hydrogen produced
and the registered device used, as well as the process utilised. These GO certificates are
kept in the CertifHyTM Registry database. One of their features is the detachment from the
location since a certain amount of H2 can acquire the properties of the H2 associated with
the GO certificate.

The GO certificates are generated for each hydrogen quantity produced and registered,
and this H2 is tracked during its life cycle, meaning there is no double use within the
registry.

The CertifHyTM GOs consist of the elements in Figure 5, pictured below:
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These certificates can also have labels, particularly the “CertifHyTM Green hydrogen”
and the “Low-carbon hydrogen” labels.

Many advantages are linked to having a reliable certification system, as expressed in
the CertifHy website. Some of them are:
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• It incentivises the creation of a new business model through product differentiation.
• There is an increase in liquidity and transparency thanks to a globalised European market.
• It is a standardised solution recognised between the market players and makes it easy

to trade.
• It provides trust to end consumers.
• It allows consumers to transfer value towards the production method they want

to support.
• The use of renewable or low carbon H2 can be independent from the location.
• It increases the role of hydrogen in the energy transition.
• It measures the impact of CO2 emissions.
• Enables consumers disclosure.

About the certification itself, it is important to know about the GHG calculation and
allocation.

CertifHyTM performs a case study for each production technique (electrolysis, SMR+CCU,
chloralkali, etc.) and develops a dedicated GHG allocation method, which is then used as a
part of the CertifHyTM scheme.

The concept of GHG intensity used is based on CO2 emissions of the whole produc-
tion trajectory (“well-to-gate”) to produce hydrogen with a certain quality and pressure,
including the emissions of transportation to the production site.

This project is a consortium [29] led by Hinicio, requested by the European Commis-
sion, and financed by the Clean Hydrogen Partnership.

Finally, this section tackles the concept of safety regarding hydrogen. The EU Parlia-
ment:

Highlights that safety protocols in demand sectors need to be updated continuously
with regard to hydrogen use [ . . . ] [and] asks [ . . . ] that best-practice examples and a
hydrogen safety culture be promoted throughout the EU.

3.1.3. Ramping up Hydrogen Production

This section assesses several topics within the ramping up of hydrogen production.
First, and quite persistently, the EU Parliament asks for a regulatory framework for

hydrogen and comments on the need to reduce the costs of hydrogen, particularly the EU
Parliament:

Highlights that in order to ensure the internal hydrogen market functions well [ . . . ]
a [ . . . ] regulatory framework for a hydrogen market should be [ . . . ] proposed by the
Commission and calls on the Commission and the Member States to reduce regulatory
and economic hurdles in order to foster a quick market uptake of hydrogen.

[This framework] should be aligned with other relevant legislation [ . . . ]. The Commis-
sion [must] look [ . . . ] into the review of the Renewable Energy Directive, the Energy
Taxation Directive and the ETS Directive in order to ensure a level playing field and a
future-proof regulatory framework.

[Moreover, the EU Parliament] believes that the EU gas market design and the Clean
Energy Package could serve as a basis and example for the regulation of the hydrogen
market.

An adequate regulatory framework [is a requisite, together with] the necessary invest-
ments [and competitive renewable energy, to make] renewable hydrogen competitive
before 2030.

While very articulate, a few questions arise when reading this, such as: what are the
regulatory and economic barriers to the hydrogen market? What characteristics should the
regulatory framework have? How can the EU gas market design and the Clean Energy
Package establish a basis for the hydrogen market?

The hurdles, for instance, are:
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• Taxes and levies on renewable energy; the member states should reduce them in order
to eliminate double charging of taxes and fees on electricity generated from hydrogen
facilities.

• Missing regulation, poor regulatory environment, legal uncertainty, and inconsistency
across countries.

• Issues regarding permits (for construction, deployment, operating . . . ) due to the lack
of H2 experience of the permitting authorities and the missing procedures for this
sector; also, unclear requirements.

• High investments needed and high costs.

Therefore, the regulatory framework for the hydrogen market should be able to
overcome these barriers while also being:

Coherent, integrated and comprehensive, respecting the principles of proportionality,
subsidiarity and better regulation, [and allowing for the scaling up of the H2 market].

Finally, it is time to answer the remaining question: what are the EU gas market design
and the Clean Energy Package, and how can they serve the H2 market?

The Clean Energy Package is a 2019 energy policy framework aiming to help decar-
bonise the European Union’s energy system in compliance with the Green Deal objectives.
This package comprises eight laws regarding subjects such as energy efficiency, energy
performance in buildings, or electricity directive.

The EU gas market design, as well as the electricity market, has the goal of procuring
an unbiased and non-discriminatory market environment to develop liquid wholesale
markets. The experience from this market results in the identification of certain needs for the
H2 market, particularly regulatory principles such as third-party access, no discrimination,
unbundling from vertically integrated activities, and transparency.

Moreover, the hydrogen regulatory framework can be based on the internal energy
market for gas and electricity while also considering the particularities of the H2 market.

It is important to note that the hydrogen infrastructure is bound to evolve as a
monopoly, and the regulatory framework should reflect that. The hydrogen market should
be developed together with the required infrastructure, and a dynamic regulation could
incentivise investments for this while also being flexible to adapt to the different develop-
ments of the member states in terms of hydrogen market.

Afterwards, the EU Parliament:

Encourages the Commission and the Member States to devise specific solutions in order
to ramp up hydrogen production in less connected or isolated regions such as islands,
while ensuring the development of related infrastructure, including by repurposing it.

[Moreover, it] stresses the potential to convert some existing industrial sites into renew-
able hydrogen production facilities, planning such conversions of industrial sites with the
workers and their trade unions.

The EU has already taken an interest in islands, as proven by Clean Energy for EU
islands, a secretariat driven by the European Commission that serves as a platform for
the clean energy transition of the EU islands. It provides assistance and information on
policy, regulation, etc., including a national scope for the countries with inhabited islands,
necessary given the inherent challenges islands face, such as unsteady seasonal demand
due to economies based on tourism, lack of security supply, fuel import dependency, lack
of system stability, and limitations of energy interconnections [30].

Changing the subject, another message is that the EU Parliament:

Welcomes the ambitious goals of increasing the capacity of electrolysers and renewable
hydrogen production [and] calls on [this organisation] to develop a roadmap for the
deployment and upscaling of electrolysers and to forge partnerships at the EU level to
ensure their cost-effectiveness.

In the Commission’s 2020 hydrogen strategy, it was stated that the renewable hydrogen
electrolyser capacity in the EU wanted by 2024 was 6 GW (1 million tonnes of renewable
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hydrogen associated, where the current hydrogen production in Europe is 18–20 million
tonnes per year [3]). Therefore, it is in that document that the Commission discusses the
scaling up of production.

However, a month after the Parliament’s H2 strategy was released, in June 2021,
Delta-EE, a global hydrogen intelligence service, announced that the electrolysis capacity
reached by 2050 would be 2.7 GW, therefore, missing the 2024 target.

Nevertheless, Delta-EE later issued a whitepaper in March 2022 expecting a fulfilment
of the 2024 target. Moreover, as previously explained, there was a joint declaration signed
within the European Electrolyser Summit in May 2022. In this joint declaration, the partici-
pants committed to a tenfold increase in electrolyser capacity; also, it was acknowledged
that to produce 10 m tons of renewable H2, approximately 90–100 GW of electrolyser
capacity would be needed. That implies a considerable increase, although in the short term,
the electrolyser manufacturers in Europe expect a manufacturing capacity of 17.5 GW.

This escalation happened in the context of the RePowerEU communication, previously
reviewed.

The EU Parliament also expresses its views on fossil-based hydrogen and low-carbon
hydrogen.

[Particularly], recognises that there will be different forms of hydrogen on the market,
such as renewable and low-carbon hydrogen, and underlines the need for investment
to scale up renewable production [ . . . ] while recognising low-carbon hydrogen as a
bridging technology in the short and medium term.

[The Parliament also] calls on the Commission to assess approximately how much low-
carbon hydrogen will be needed for decarbonisation purposes until renewable hydrogen
can play this role alone.

[That being said, the Parliament] stresses the importance of phasing out fossil-based
hydrogen as soon as possible [and] urges the Commission and the Member States to [
. . . ] start planning that transition [ . . . ] so that the production of fossil-based hydrogen
starts decreasing swiftly, predictably and irreversibly.

[It also] highlights that effective support measures should be directed at the decarbon-
isation of existing fossil-based hydrogen production [and] urges that measures aimed
at the development of the European hydrogen economy should not lead to the closure
of the fossil-based hydrogen production sites, but to their modernisation and further
development.

Completely eliminating fossil-based hydrogen is not an easy task given that, currently,
it represents 95% of the hydrogen produced in Europe. On the other hand, low-carbon
hydrogen represents the 0.7% but is considered to be a bridging technology that will
contribute to the transition to a fully renewable hydrogen use. While the Commission is yet
to give an exact assessment on low-carbon H2, it has granted it its role in the Hydrogen and
Decarbonised Gas Package, issued in December 2021, although including it in a broader
category: low-carbon fuels.

In addition, in this section, the EU Parliament:

Underlines the role that environmentally safe carbon capture storage and utilisation
(CCS/U) can play in reaching the European Green Deal objectives and supports an
integrated policy context to stimulate the uptake of environmentally safe CCS/U applica-
tions [ . . . ] in order to make heavy industry climate-neutral where no direct emission
reduction options are available, noting the need for research and development in CCS/U
technologies.

Additionally, it is important to be aware of the role of renewable energy in the hydrogen
strategy, and that is why the European Parliament:

Underlines that a hydrogen economy requires significant additional amounts of affordable
renewable energy and the corresponding infrastructure for [ . . . ] [its] production [ . . . ]
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and its transport to hydrogen production sites and [ . . . ] to the end users; [also] calls on
the Commission and the Member States to start the roll-out of sufficient supplementary
renewable energy capacity to supply the electrification process and the production of
renewable hydrogen.

[It also] considers that the deployment of appropriate renewable energy capacity in
proportion to the need for renewable hydrogen can help to avoid conflict between the
capacity required for electrification, electrolysers and other purposes and the need to meet
the EU’s climate goals; welcomes, in that regard, the Commission’s plans to increase EU
renewable energy target for 2030 and its proposed strategy on offshore renewable energy.

[Moreover, it stresses that] renewable hydrogen can be produced from several renewable
energy sources such as wind, solar and hydropower, [and that . . . brownfields have
potential . . . ] to provide space for renewable energy production; [also, it] invites the
Commission [ . . . ] to assess how offshore renewable energy sources could pave the way
for the wide development and uptake of renewable hydrogen.

The premise of this subdivision is straightforward: an increase in renewable hydrogen
production implies an increase in renewable energy capacity.

Some questions that might come to mind are: how much renewable energy capacity is
enough to cover both the electrification process and the renewable hydrogen production?
What is the EU renewable energy target for 2030?

Within the climate target plan, the goal of reaching the target of a 40% GHG emissions
reduction by 2030 (compared to 1990) is increased.

The Commission’s objective is to achieve a 55% GHG emissions reduction by 2030
(also compared to 1990), and that means that the share of renewable electricity produced in
the EU is bound to reach at least 65%, and the gross final consumption share of renewable
electricity would reach almost 40%. This renewable electricity will help decarbonise many
sectors through direct electrification and also through renewable hydrogen.

Next, the Parliament comments on the strategy on offshore renewable energy and the
assessment of its role in relation to renewable hydrogen.

This strategy is in line with the 55% GHG emissions reduction previously mentioned
since offshore renewable energy will be part of the renewable energy installed to reach the
targets.

Offshore renewable energy encompasses different technologies, such as:

• Offshore wind technology, with bottom-fixed wind turbines;
• Floating offshore wind technology;
• Tidal energy technology;
• Wave energy technology;

and less developed:

• Algal biofuels technology;
• Ocean thermal energy conversion technology;
• Floating photovoltaic technology.

As of November 2020, the date the “EU Strategy to harness the potential of offshore
renewable energy for a climate neutral future” was issued, the installed offshore wind
capacity was 12 GW.

By 2030, the goal is to have at least 60 GW and 1 GW installed of wind capacity and
ocean energy capacity, respectively. By 2050, those numbers could increase, achieving
300 GW and 40 GW (respectively) of installed capacity. Within this strategy, it is estimated
that almost EUR 800 billion will be required.

The increase in renewable energy available can contribute to indirect electrification
through hydrogen and synthetic fuels. Furthermore, in the Commission’s hydrogen strat-
egy, the goal is to have 40 GW of electrolysis installed capacity, thus, there is a need for
renewable energy production.



Energies 2023, 16, 3866 17 of 36

One possibility to deliver the energy produced offshore to the mainland is through
hydrogen produced on site and transported through hydrogen pipelines or by ship.

This opportunity has not gone unnoticed by companies such as Siemens Gamesa and
Siemens Energy, who are already developing an approach to integrate an electrolyser into
an adapted offshore wind turbine to produce renewable hydrogen. The system consists of
their most powerful wind turbine, an electrolyser fed with the electricity produced by the
turbine and water obtained directly from the sea and treated in a desalination process and
a H2 dryer to purify the hydrogen.

This decentralised model entails a CAPEX reduction, an increase in the system ef-
ficiency, and an increase in the plant load factor in comparison to a centralised model
(electrolyser close to consumer facilities, not integrated in the wind turbine).

Another example of this sector’s growth is the case of the North Sea and its vast
potential in terms of renewable energy production, particularly offshore wind energy and
hydrogen production. The research program North Sea Energy studies its potential to be
an integrated system and is developing multiple research and pilot projects, such as the
PosHYdon project in the Netherlands, which combines offshore wind, offshore gas, and
offshore hydrogen.

Changing to a different subject, in this section, the Parliament also comments on the
taxes and levies associated with the hydrogen sector in Europe, particularly:

Calls for the revision of the Energy Taxation Directive; calls on Member States to consider
reducing taxes and levies on renewable energy across the EU [ . . . ] to eliminate double-
charging of taxes and fees on electricity generated from hydrogen facilities [ . . . ] and
to strengthen financial incentives to produce renewable energy, while simultaneously
further working towards the phase-out of fossil fuel subsidies, tax and levy exemptions.

The European Parliament demands a revision of the Energy Taxation Directive,
adopted in 2003, since this directive is not up to date with the hydrogen technologies
and market, nor is it aligned with the EU climate and energy policies.

The proposal for a revision of the Energy Taxation Directive was issued two months
after the Parliament’s hydrogen strategy, in July 2021.

The principal modifications were:

• A new tax rate structure is established using the energy content and environmental
performance of the electricity fuels as the criteria, not the volume. The most environ-
mentally damaging fuels sustain the highest minimum rates.

• The minimum rates are to be adapted annually to reflect the most recent prices.
• The taxable base is being extended; more products are included, and some of the

exemptions and rate reductions are removed.
• Kerosene and heavy oil used for air and maritime transport within the EU are no

longer exempt from energy taxation.

These alterations will hopefully help obtain a better indication of the environmental
impact of fuels and electricity and allow for cleaner decisions.

Another aspect also contemplated in the revision is the double taxation of electricity,
and this is particularly significant for electricity generated from hydrogen facilities, as
remarked by the Parliament.

In the revision, it is tackled, deeming that electricity storage or electricity transfor-
mation facilities could be regarded as redistributors when supplying electricity to avoid
it.

The Parliament also considers the member states’ different situations regarding their
hydrogen economies:

The transition to a climate-neutral energy system should be planned carefully, taking
into account [ . . . ] starting points and infrastructure, which may differ across the
Member States [ . . . ]. The Member States should be flexible when designing [ . . . ]
State aid measures, for the development of their national hydrogen economies; also asks
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the Commission [ . . . ] to provide more information on planned differentiation and the
flexibility of support measures.

Finally, in this section, the topic of resources emerges. The Parliament:

Underlines the significant amount of natural resources, such as water, needed for hydrogen
production and the problems this may cause for water-scarce regions in the EU; stresses
the importance of increasing resource efficiency, minimising the impact on regional water
supplies, ensuring the careful management of resources and land use for the production
of hydrogen and avoiding any contamination of water, air or soil, deforestation or loss of
biodiversity, as a result of the hydrogen-related production chain.

The resource depletion is a remarkably interesting topic that is relevant to every
technology and sector and is a broad subject that can be covered on its own.

In this project, however, the focus is on hydrogen production and the resources and
materials associated with it, particularly, as the Parliament mentions, water.

Water scarcity is increasingly becoming a concern for Europe, and it is growing worse
as a consequence of climate change. According to a report issued by the European Environ-
ment Agency (EEA) in October 2021 [31], currently, during an average year, approximately
20% of European territory is affected by water stress.

Water scarcity and droughts have a higher impact on southern Europe, as seen in
Figure 6. This Figure, taken from the EEA report, shows the projected change in annual
and summer precipitation in Europe in the 2071–2100 time span.
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Again, it is a vast subject and could be talked about exhaustively, but a brief conclusion
could be that there is a need to enhance water management and make it more efficient,
avoiding water scarcity and pollution, although it is explained in detail in the report
previously mentioned. It is pertinent to note that there are associations, such as Water
Europe, water directives, and even drought management plans by some member states.

Water consumption for hydrogen production differs depending on the technology
and the energy source. Hydrogen produced through SMR requires water as feedstock;
particularly, when using natural gas, 4.5 kg of water are needed per kg of H2 just as
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feedstock, although reaction efficiency, consumption for cooling, and other uses make this
number bigger.

Hydrogen produced through electrolysis requires 9 kg of water per kg of H2 produced,
but again, that is from the stoichiometric point of view, since reaction efficiency and other
uses increase this ratio. Furthermore, the electricity fed to the electrolyser also has water
consumption with it (cooling, mining, refining, etc., including renewable energy).

Water consumption also depends on the end use of H2. If the hydrogen is consumed
in a fuel cell for instance, then the by-product is water, although it is not clear whether
this water is returned to the body of water it belonged to. However, if the H2 is used in
chemical synthesis, the water is not entirely recovered.

As previously commented, the European Union’s goal is to produce 10 million tons
of renewable H2 per year by 2030 (where the current hydrogen production in Europe is
18–20 million tonnes per year [3]). In IRENA’s 2020 report, “Green hydrogen cost reduction:
Scaling up electrolysers to meet the 1.5 ◦C climate goal”, it is estimated that the water
consumption of the production of renewable hydrogen is approximately 18 to 24 kg per kg
of H2, and that is without taking into account the electricity source. Making a simplistic
calculation using the ratio of 20 kg H2O/kg H2, reaching the EU’s goal of 10 million tons of
renewable H2 per year would require 200 million tons of water.

One interesting solution to this issue is the desalination of salt water, which accounts
for 99% of the planet’s water. The main desalination process currently is reverse osmosis
and, while this tackles the resource aspect, the ratio of “freshwater obtained/saltwater
consumed” is up to 0.5, and adding desalination increases the complexity and energy
required of a project.

3.1.4. Citizen Engagement

Regarding citizen engagement, the EU Parliament underlines that:

[It] will play an important role in the implementation of [ . . . ] [the] energy
transition [and that it is important to ensure] that all stakeholders share the costs and
benefits in an integrated system.

[It also states] that renewable energy communities can be involved in the production
of hydrogen and recalls the obligation to provide them with an enabling framework in
accordance with Directive (EU) 2019/944 and requests that they benefit from the same
advantages as other stakeholders.

The significance of citizen engagement is also expressed in the Clean Hydrogen JU’s
Work Programme 2022, particularly in the call for proposals in “Public understanding of
hydrogen and fuel cell technologies”. It is stated that public acceptance of the hydrogen
technologies and applications is fundamental for the transition to a H2 economy, and this
organisation asks for projects that analyse, assess, and enhance the engagement of citizens.

Renewable energy communities are legal entities (associations, partnerships . . . ) that
allow citizens to participate and invest in energy assets and access the energy markets with
similar conditions to other market actors. These communities, in line with the directive
previously mentioned, can participate actively in the market by generating, consuming,
sharing, selling, or storing electricity, and the citizens benefit from lower energy prices.

They are also a way to earn public acceptance for renewable energy projects.
Regarding the guidance and assistance for these organisations, the European Commis-

sion with funding from the Parliament has created the Energy Communities Repository,
which was launched in April 2022.

Furthermore, in the revision of the Renewable Energy Directive the renewable energy
communities and citizens within them are encouraged to develop, involving them in the
clean energy transition.

[Afterwards, the Parliament] stresses that in order to have a properly functioning EU
hydrogen market, people with specialised skills are needed, especially with regard to safety
and underlines the necessity of a [ . . . ] training system; calls on the Commission to adopt
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an action plan aimed at guiding Member States to develop [ . . . ] training programmes for
workers, engineers, technicians and the general public, and to create multi-disciplinary
teaching programmes for economists, scientists and students [ . . . ] [also] calls for the
launch of an EU initiative focused on employment, training and development for women.

[It also] stresses the importance of preserving and tapping into the potential of workers
with technical skills employed in existing industries, and recalls the right of workers to be
trained and upskilled during working hours with their wages guaranteed.

In the pasts, projects regarding the safety training topic were developed. In the Euro-
pean context, for instance, HyResponse was conceived from 2013 to 2016. This project’s aim
was to create a hydrogen safety training platform and to instruct European first responders
to assess situations, make decisions, and be prepared for the emergency response level in
the event that an accident happened on site. The guidance was focused on hydrogen safety
regarding all aspects: production, distribution, storage, fuel cell cars, buses and forklifts,
refuelling stations, fuel cells for combined heat, and power, etc.

Following the steps of HyResponse and within the context of FCH JU (Clean Hydrogen
Partnership), HyResponder was created with the objective of developing a “train the
trainer” programme regarding hydrogen safety, also for responders in the EU. Beyond the
European Union, there are more organisations committed to this subject, such as HySafe,
the International Association for Hydrogen Safety.

Moreover, the EU (FCH 2 JU) also started the European Hydrogen Safety Panel, and
now, it will help ensure hydrogen safety in projects and programmes and promote a
hydrogen safety culture.

Finally, in this section, the EU Parliament:

Calls on the Commission to produce data on the possible impacts, opportunities and
challenges [ . . . ] in relation to the scaling-up of hydrogen [ . . . ] [and] suggests the
launch of an EU skills partnership on hydrogen under the Pact for Skills.

The Pact for Skills was established in November 2020 and is a knowledge, resource,
and networking hub for companies, partnerships, and other organisations to develop
skills in Europe. Regarding the commitments under this pact, some European industrial
partnerships are found, such as: the pact for skills in construction, the aerospace and defence
skills partnership, or the skills partnership for offshore renewable energy. Therefore, it is
appropriate for a skill partnership on hydrogen to be launched.

3.1.5. Hydrogen Infrastructure

In the hydrogen infrastructure section, a few topics are discussed.
First, the EU Parliament:

Emphasises the urgent need to develop infrastructure for hydrogen production, storage
and transport, to incentivise adequate capacity-building, and to develop demand and
supply in parallel [ . . . ] [also] notes the [ . . . ] benefits of combining hydrogen production
and infrastructure with other aspects of flexible, multi-energy systems such as waste heat
recovery from electrolysis for district heating.

The example given by the Parliament, waste heat recovery from electrolysis for district
heating, is actually an idea already being explored. As it is further explained in the
paper, “Power to hydrogen & district heating” [32], a considerable amount of waste heat is
produced in the electrolysis process, although the exact amount depends on the technology
used; according to this paper, the concept of waste heat potential encompasses process
excess heat, product gases and cooling of stack, convection, and radiation losses and it
can constitute up to 29% of the energy input, and this heat could be used, for instance,
for preheating the return line of the district heating network. It contributes to the energy
efficiency of the system, and it is an application worth considering since the electrolysis
capacity is bound to grow; again, it is further analysed (technologically, economically, etc.)
in the paper mentioned.
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Next, the Parliament:

Welcomes the Commission’s proposal to amend the TEN-E Regulation and appreciates
the inclusion of hydrogen as a dedicated energy infrastructure category.

Notes that [ . . . ] the planning, regulation and development of infrastructure for the
transmission of hydrogen over longer distances and storage, as well as adequate fi-
nancial support for that infrastructure, should already be being undertaken [ . . . ]
welcomes [ . . . ] the future inclusion of hydrogen infrastructure in EU plans, such as the
Ten-Year Network Development Plans.

The Trans-European Networks for Energy was first released in 2013 to stipulate the
guidelines for cross-border energy infrastructure in Europe, establishing nine priority
corridors (divided geographically) that connect regions, supporting the development of
their oil, gas, and electricity infrastructure, and also three priority thematic areas: smart
grid deployment, electricity highways, and the cross-border carbon dioxide network. The
Commission, as the Parliament indicates, proposed a revision in December 2020. The aim
of this revision was to adapt the regulation to the Green Deal objectives by supporting
infrastructure for clean energy technologies, including hydrogen, and doing the opposite
for fossil fuels.

This revised regulation is contributing to the elaboration of the regulatory framework
and planning of the hydrogen infrastructure, also tackling transport and electrolysis, which
will simplify bureaucratic operations and, therefore, stimulate investments.

This section also mentions the Ten-Year Network Development Plan (TYNDP), which
is a programme developed by the European Network of Transmission System Operators
for Electricity (ENTSO-E) every two years to regulate the European electricity transmission
network, and it is relevant to the development of infrastructure.

[The Parliament also] notes that [ . . . ] hydrogen assets may be newly constructed or
converted from natural gas, or a combination of the two. [It] encourages the Commission
and Member States to make a science-based assessment of the possibility of repurposing
existing gas pipelines for the transport of pure hydrogen and the underground storage of
hydrogen and it notes that repurposing . . . gas infrastructure . . . could maximise cost
efficiency, minimise land and resource use and investment costs and minimise the social
impact, [and could also] be relevant for the use of hydrogen in the priority sectors of
emission-intensive industries [ . . . ] calls on the Commission to assess where hydrogen
blending is currently used [ . . . ] with a view to identifying infrastructure needs.

It is often commented that the gas infrastructure can be converted to integrate trans-
portation and storage of hydrogen with fewer difficulties and inconveniences than other
options.

This topic is developed in the GIE position paper: Regulation of Hydrogen Infrastruc-
ture. GIE is the acronym for Gas Infrastructure Europe, the association that represents the
gas infrastructure operators that manage gas transmission networks, storage systems, and
LNG terminals.

Within the context of the Green Deal and the 55% GHG emissions reduction target,
and given the similarities between hydrogen and natural gas, GIE members are committed
to tackle these goals through hydrogen.

The hydrogen market is bound to develop, and the increase in demand implies an
increase in transport, storage, and import and export infrastructure to manage the large
volumes of H2. This infrastructure can be newly built in the cases that are economical, and
it can also be a result of retrofitting and repurposing the existing gas infrastructure. The
second option is linked to time and cost savings, the reduction in land resource use, and the
increase in social acceptance, taking advantage of the fact that gas infrastructure is fitting
for this conversion.

The current European gas infrastructure is well developed and has a wide scope,
allowing for the safe management of hydrogen and for the decarbonisation of the energy
system when used for hydrogen transportation and storage. An economic assessment by
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the European Hydrogen Backbone Initiative shares the following figure: the existing gas
infrastructure can be repurposed at 10–35% of the cost of building the H2 infrastructure
from scratch.

Regarding underground storage, which is an option that enables seasonal storage and
provides security in supply, the options considered are salt caverns, porous rock storage
sites, and aquifers, as explained in the storage section of this project. The first can be entirely
filled with H2 with no reactivity issues, but the last two require retrofitting to blend H2
with natural gas.

Finally, in relation to the LNG terminals in this paper, their suitable role is remarked
upon since they can be retrofitted and repurposed, allowing for the import and export of
hydrogen, being able to receive different H2-based energy carriers.

Afterwards the Parliament:

Stresses the importance of [ . . . ] integrated network planning with the guidance of
public bodies like the European Union Agency for the Cooperation of Energy Regulators
(ACER) and the participation of stakeholders and scientific bodies; suggests, in that
regard, that cost-benefit calculations for the location of renewable hydrogen production,
transport and storage infrastructure be made and that the need to build new ones be
examined [ . . . ] highlights the financial benefits of placing hydrogen production facilities
close to renewable energy production sites or the same site as demand facilities.

Indeed, ACER is one of the principal assisting organisations regarding the European
energy market and network, aiding the regulatory authorities of the different member
states and coordinating them. This body also collaborates on the elaboration of network
rules, monitors the energy market, and reports on that topic, among other tasks.

There are still barriers to overcome, and particularly in this section, the cost is dis-
cussed. It was already said that electrolysis is not the cheapest option currently, but it is
being promoted to be the main one in Europe and there is a clear need for driving down
the costs. In addition to research and development regarding the technology, there is the
possibility of choosing the location favourably, which might mean either placing the H2
production site close or in the renewable energy production site or placing it near/in the
demand sites. This is a way to make the most of the resources already available and/or
reduce the cost and complexity of the distribution system.

Making a distinction, these options can be named “centralised production” and “dis-
tributed production”. Centralised hydrogen production—producing all the H2 in one
facility near or in the same site as the renewable energy production site—has lower produc-
tion costs not only because the electricity is produced in close proximity to the facility but
mainly because of the economy of scale. However, the demand or end-use sites might be
far away from the facility, therefore, increasing the transportation costs.

For distributed production—producing H2 where the demand or end-use sites are—
this is the opposite, and so are the conclusions: the distribution costs are lower but the
production costs soar.

Both options are feasible, and some may be more adequate in a certain situation; for
instance, distributed or on-site production can be suitable for an industry with a high
volume of hydrogen consumption.

After that, the European Parliament:

Underlines the necessity of regulating hydrogen infrastructure and the need to uphold
unbundling as a guiding principle for the design of hydrogen markets [ . . . ] [since it]
plays a key role in ensuring that innovative new products are put on the energy market
in the most cost-efficient manner.

The principle of unbundling in network systems consists of the separation of the
activities that entail competition from those for which competition is not possible or
permitted. In the energy context, an example of the first kind is the production and
purchase of energy, and an example of the second is energy distribution; actually, in Europe,
the gas and electricity networks are monopolies.



Energies 2023, 16, 3866 23 of 36

The reason behind this principle is that a company that operates in a competitive
activity cannot participate in the related monopolistic activity, and this can be applied in
various degrees.

In terms of energy (electricity, gas, and eventually, hydrogen), the network and distri-
bution system are considered crucial, and access to it must be fair and non-discriminatory.
If unbundling were not present, a company, for instance, in the distribution system, can act
according to its own interests regarding its activities in production or consumption and can
work against a competitor by denying access.

Finally, in this section, the EU Parliament:

Stresses the strategically essential role of multimodal maritime and inland ports as
innovation pools and hubs for the import, production, storage, supply and utilisation of
hydrogen; underlines the need for space for and investment in port infrastructure.

Ports are an essential part of hydrogen distribution and trade but are also significant
participants in the adoption of hydrogen technologies, accelerating their own decarbonisa-
tion.

One example of the incorporation of hydrogen technologies is the H2Ports project,
co-founded by the European Union through Fuel Cells and Hydrogen 2 Joint Undertaking,
which has the goal of evaluating and demonstrating the use of fuel cells port equipment. It
takes place in the Port of Valencia (Spain) and will validate the use of the three applications:
a FC-based reach stacker, a FC-based yard tractor, and a hydrogen mobile supply station in
the daily, real port operations.

A second example is the Global Ports Hydrogen Coalition within the Clean Energy
Ministerial Hydrogen Initiative (CEM H2I) coordinated by the IEA. The CEM H2I is an ini-
tiative by which various governments aim to boost the deployment and commercialisation
of hydrogen and fuel cell technologies, and the Global Ports Hydrogen Coalition contributes
to that goal by enhancing collaboration in projects to scale up the use of hydrogen-based
fuels in ports.

3.1.6. Hydrogen Demand

This next section delves into hydrogen demand.
First, the EU Parliament:

Acknowledges that the focus on hydrogen demand should be on sectors for which the
use of hydrogen is close to being competitive or that currently cannot be decarbonised
using other technological solutions [ . . . ] the main markets [ . . . ] are industry, air,
maritime and heavy-duty transport; believes that, for these sectors, roadmaps for demand
development, investment and research needs should be established.

[Also] agrees with the Commission that demand-focused policies and clear incentives for
the [ . . . ] use of hydrogen [ . . . ] in order to trigger the demand for hydrogen—such as
quotas for the use of renewable hydrogen in a limited number of specific sectors, European
Investment Bank guarantees to reduce the initial risk of co-investments until they are
cost-competitive, and financial tools, including Carbon Contracts for Difference (CCfD)
for projects using renewable or low-carbon hydrogen—could be considered.

As mentioned, renewable hydrogen has high costs that halt its competitiveness and
progress, and although costs are expected to decrease, this development needs to be paired
with financial support and incentives.

One of the options proposed is quotas for the use of renewable hydrogen in some
sectors and applications outside of the EU Emissions Trading System.

In the paper “Analysing the impact of a renewable hydrogen quota on the electricity
and natural gas markets” [33], the renewable hydrogen quota is a policy tool to impel
the use of renewable hydrogen, and in this study, it is imposed on the demand side. The
conclusions of this study indicate that the implementation of this quota would lead to an
increase in renewable energy capacity, an increase in electricity price, and a decrease in the
prices in the gas market.
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The other example given is Carbon Contracts for Difference (CCfD), a funding mecha-
nism through which governments can give investors a guarantee on a price that rewards
CO2 emission reductions, a price different from what is established in the EU Emissions
Trading System. The goal is for this to be an incentive to accelerate investments in low-
carbon or renewable energy projects. Nevertheless, it is important to note that they might
produce distortions on the emissions market since they can disrupt the free price formation.

Moreover, the Parliament adds that:

[There is a] need to ensure that the compensation remains proportionate and to avoid the
duplication of subsidies for both production and use, the creation of artificial needs and
undue market distortions.

Subsequently, the Parliament expresses its interest in the use of hydrogen in the
industry:

Urges the Commission to promote lead markets for renewable hydrogen technologies and
their use for climate-neutral production—especially in the steel, cement and chemical
industries—as part of the update and implementation of the New Industrial Strategy
for Europe; calls on the Commission to assess the option of recognising steel produced
with renewable hydrogen as a positive contribution to meeting fleet-wide CO2 emission
reduction targets; further urges the Commission to soon come forward with an EU
strategy for clean steel.

The EU industrial strategy was already tackled, so in this section, the main character is
steel, particularly green or clean steel [34].

The first matter to elaborate on is the concept of clean steel itself. The steel industry
can be decarbonised in various ways: using carbon capture and storage (CCS) or by using
biomass as fuel and as a reducing agent instead of coke or electrification. Within the last
option, hydrogen-direct reduction is the principal path taken by steel companies in Europe.

For context, 5.7% of the total EU GHG emissions are a result of the EU steel industry,
making this sector a considerable target for decarbonisation.

According to the European Steel Association (EUROFER), which has even proposed a
Green Deal on steel, the hydrogen strategy is welcomed in the sector since the transition to
a zero or low-carbon steelmaking process would require around 5.5 million tonnes of H2.
Having a clear hydrogen strategy and strengthening the hydrogen economy and market in
Europe are key to maintaining Europe’s technological leadership and also establishing the
European industry as a reference in decarbonisation while still being competitive.

Clean steel, while more expensive to produce, will result in environmental benefits
(especially CO2 emission reduction) and regional synergies since the H2 network or hub
created for a steel plant can incorporate other consumers and bring on new jobs and
projects.

One month after the release of the Parliament’s hydrogen strategy that is being anal-
ysed, the EU Clean Steel Partnership was founded. Shortly after, its Strategic Research and
Innovation Agenda (SRIA) was issued.

In this document, it is stated that this partnership aims to contribute to reaching
the Green Deal and Paris Agreement targets by reducing steelmaking emissions and also
contribute to a circular economy in the EU. The partnership’s general objective is also
defined, which is to develop technologies to reduce the CO2 emissions linked to steel
production by around 80–95% of the emissions level in 1990; this objective is to be reached
without compromising the sector’s competitiveness. The complete approach can be read in
the agenda itself, including context, ambitions, and expected impacts.

Finally in the hydrogen demand section, H2 for transport is tackled. The EU Parlia-
ment:

Recalls that the transport sector is responsible for a quarter of CO2 emissions in the
EU [ . . . ] and underlines the potential of hydrogen to be one of the instruments used to
reduce CO2 emissions in transport modes, in particular where full electrification is more
difficult or not yet possible.
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As commented by the Parliament, full electrification is one option to decarbonise the
transport sector, but it is not possible for all types of transport. Aviation, maritime, and
heavy-duty transport are difficult or impossible to be electrified currently.

[Also] underlines [ . . . ] the importance of revising the TEN-T (trans-European transport
network) Regulation and the Alternative Fuels Infrastructure Directive to ensure the
availability of publicly accessible hydrogen refuelling stations [ . . . ] [and] welcomes
the Commission’s intention to develop hydrogen refuelling infrastructure under the
Sustainable and Smart Mobility Strategy.

[Moreover, the Parliament] underlines that hydrogen’s characteristics make it a good
candidate to replace fossil fuels [ . . . ] [and] stresses that the use of hydrogen in its
pure form or as a synthetic fuel or biokerosene is a key factor in the substitution of fossil
kerosene for aviation [ . . . ] stresses that stronger legislation is needed to incentivise the
use of zero-emission fuels.

[Finally], calls on the Commission to increase research and investment within the
framework of the Sustainable and Smart Mobility Strategy.

The Trans-European Transport Network Regulation (TEN-T) is a policy that handles
the development of transport networks, routes, terminals, etc., in Europe. It also defines
requirements for the infrastructure in terms of quality, safety, or environmental impact for
instance and incentivises sustainability and innovation.

Its network development can be divided into “Core Network” and “Comprehensive
Network”; the first one, to be finished by 2030, covers the key connections (identifying nine
core network corridors), while the second, to be finished by 2050, contains the rest of the
regions and connections.

However, these guidelines were first issued in 2013 and do not reflect the current situ-
ation and targets and, as the Parliament remarks, did not include hydrogen infrastructure.
The Commission itself has recognised the need for a revision of this policy to keep up with
new technologies and sustainability objectives such as the European Green Deal goals.
Subsequently, in April 2019, the review process commenced, and the revised guidelines
were released in December 2021 by the Commission.

Some of the revised topics are: utilisation of innovative technology, the demand for
certain cities to have urban mobility plans that are sustainable, and for climate-proofing
of projects, among many more. It is pertinent to remark on the requirement to develop
refuelling and charging infrastructure for alternative fuels applications, as asked by the
Parliament and in agreement with the Alternative Fuels Infrastructure Directive. There
are new milestones as well and a new phase, the “Extended Core Network, to be finished
by 2040”; the new network layout can be seen in Figure 7 while being compared with its
previous version.

Currently, the European Council and Parliament are in the midst of agreeing on the
final proposed regulation, having released a briefing in March 2022, in which it is indicated
that there are still a few steps until it is adopted.

The Parliament also mentions the Alternative Fuels Infrastructure Directive, which
dates back to 2014 and aims to establish measures for the development of alternative fuel
infrastructure, setting out requirements and technical specifications for said infrastructure.
The alternative fuel concept includes hydrogen, but the directive did not obligate the
member states to include hydrogen refuelling stations in their national policy frameworks.

In the Commission’s “Fit For 55” package presented in July 2021, there was a proposal
to revise this directive and convert it to a regulation. This proposal, according to the March
2022 briefing on its evolution, is awaiting committee vote. Some of the most relevant
modifications regarding the hydrogen subject are the mandatory targets for hydrogen
refuelling points and overall infrastructure.

The revision of the Alternative Fuels Infrastructure Directive was actually already
alluded to in the Commission’s Sustainable and Smart Mobility Strategy in 2020, which



Energies 2023, 16, 3866 26 of 36

was also mentioned by the Parliament as it will indeed be an instrument to reach the EU’s
sustainability targets and include hydrogen infrastructure as well.
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3.1.7. Research, Development, Innovation, and Financing

In this section, as indicated by its name, the Parliament lists its statements on research,
development, innovation, and financing in the context of the European hydrogen strategy.

First, the EU Parliament addresses the role of research, development, and innovation:

Stresses the importance of research, development and innovation along the whole value
chain and of carrying out demonstration projects [ . . . ] including pilot projects [ . . . ] in
making renewable hydrogen competitive and affordable.

Calls on the Commission to stimulate research and innovation efforts relating to the
implementation of large-scale high-impact projects.

Underlines that significant amounts of money need to be invested to develop and increase
the production capacity of renewable hydrogen [ . . . ] which would also require de-risking
renewable hydrogen investments, for example through Contracts for Difference.

Calls on the Commission to develop a [ . . . ] renewable energy and hydrogen investment
strategy aligned with national research and innovation strategies.

Welcomes the European Clean Hydrogen Alliance [and] the important projects of com-
mon European interest (IPCEI) amongst other renewable hydrogen initiatives. [Also]
encourages the Alliance to come up, in cooperation with [ . . . ] FCH JU, with an
investment agenda and a project pipeline.

Welcomes the renewal of the FCH JU under Horizon Europe; stresses the importance
of its work and asks the Commission to use it as a competence centre for hydrogen and
provide it with sufficient financial resources [ . . . ] [also] calls on the Commission to
make use of the experience gained through the FCH JU and to incentivise further research
into fuel cell and hydrogen energy technologies.

Believes that EU research and development efforts should focus on a wide range of
potential new renewable hydrogen sources and technologies, such as hydrogen from
photosynthesis, algae or electrolysers with sea water.

Concerning this subject, it is useful to refer to the Commission Staff Working Docu-
ment building a European research area for clean hydrogen—the role of EU research and
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innovation investments to deliver on the EU’s hydrogen strategy [38]—issued in January
2022.

In this document, the role of research, development, innovation, and funding is
analysed, remarking its importance in maintaining Europe’s technological leadership in
renewable hydrogen, and many member states have embraced research and innovation in
their own hydrogen strategies. The EU Research and Innovation Framework Programmes
have enabled the investment of more than 1 billion euros through two FCH JU to develop
hydrogen technologies and projects during the 2008–2021 period. However, there is still a
need for investments in the research and innovation field, especially to give non-competitive
but market-ready hydrogen technologies the means to be deployed and also to give an
impulse to the associated advantages, such as new jobs creation in the EU (up to 5.4 million
positions by 2050) and the increase in energy supply autonomy.

The development of a common Strategic Research and Innovation Agenda for renew-
able hydrogen is one goal of the European research area, although some of the necessary
research and innovation activities can be already defined:

• Encompass large-scale demonstration projects.
• Cover new renewable hydrogen production technologies.
• Support every renewable energy technology and source since the production of re-

newable hydrogen requires renewable energy in large quantities and low prices.
• Encourage investments to develop projects with large-scale integrated hydrogen value

chains.
• Stimulate the development of safe hydrogen infrastructure.
• Devise solutions for hard to abate transport sectors (aviation, train, heavy-duty vehi-

cles, maritime).

Furthermore, regarding some cross-cutting issues:

• Encourage circularity of hydrogen equipment.
• Address the impact of hydrogen technology (environmentally, socially, economically).
• Reduce the consumption of critical raw materials.
• Enhance safety and public acceptance of the hydrogen technologies.

Another concept mentioned by the Parliament is Important Projects of Common
European Interest (IPCEI), which is an instrument that will support hydrogen projects,
particularly large-scale and cross-border projects that are beneficial for the European
Union. In the Commission Staff Working Document previously mentioned, it is stated
that 22 countries that belong to the European Union, as well as Norway, agreed to the
establishment of IPCEIs in the hydrogen sector, having signed a manifesto in 2020, but it
has not been adopted yet. It did, however, gain the interest of the industrial sector.

Furthermore, a project pipeline is being developed in Europe by the Clean Hydrogen
Alliance, particularly regarding bankable investment projects that cover the entire hydrogen
value chain, and one significant outcome is the easier coordination of investments between
public and private stakeholders.

The Parliament also comments on the importance of FCH JU, which was mentioned
throughout this review; therefore, it is time to properly break down this partnership.

The partnership Fuel Cells and Hydrogen Joint Undertaking is both private and public,
and its objective is to support the research, development, and demonstration of hydrogen
and fuel cell technologies in Europe. This partnership was established in May 2008 joining
the European Commission, Hydrogen Europe (representing industries), and Hydrogen
Europe Research, working from 2014 under Horizon 2020.

However, the present tense might not be adequate to use; the partnership had a
second phase “FCH 2 JU” and finally terminated its functions in November 2021. Never-
theless, it was quickly followed by Clean Hydrogen JU (also Clean Hydrogen Partnership),
established the day after to be the successor of FCH JU.

FCH JU has indeed played a crucial role in the hydrogen sector’s development in
Europe; it has enabled the collaboration of different stakeholders; it has participated in the



Energies 2023, 16, 3866 28 of 36

deployment of 72 of the 159 hydrogen refuelling stations in Europe; it has also supported
the hydrogen valleys and created the TRUST database; and much more.

In short, this partnership has and will continue to contribute to the development of
hydrogen sector in Europe.

In this section the Parliament also:

[Enumerates some EU] financing instruments [and] programmes [that] have a
key role [in the] development of a hydrogen economy across the EU, [such as:] the
Recovery and Resilience Facility, Horizon Europe, the Connecting Europe Facility,
InvestEU [ . . . ], the European Regional Development Fund, the Cohesion Fund, the Just
Transition Fund and the ETS Innovation Fund.

[Also] stresses the need to make sure there are synergies between [ . . . ] investment funds,
programmes and financial instruments.

Some of the funding instruments are relatively new, such as the Recovery and Re-
silience Facility, aiming to alleviate the impact of the coronavirus pandemic. Horizon
Europe, for instance, focuses on research and innovation in different fields with 95.5 billion
euros as a budget. Another example mentioned is the Cohesion Fund, which supports
investment concerning member states with a GNI per capita below 90% EU-27 average,
regarding transport infrastructure and environment.

Regarding the synergies, the Commission does indeed support synergies between the
European funding instruments since they are key to uniting resources, which can lead to
operational agreements. The Clean Hydrogen Joint Undertaking, for instance, may benefit
from collaborating with other European partnerships, such as:

• 2ZERO;
• European Partnership on zero-emission waterborne transport;
• European Partnership for transforming Europe’s rail system;
• European Partnership for Clean Aviation;
• Processes4Planet;
• European Partnership for Clean Steel;
• European Partnership for Clean Energy Transition.

The final topic discussed in this section is:

The inclusion of hydrogen deployment in the general objectives of the Partnership for Re-
search and Innovation in the Mediterranean Area (PRIMA) [ . . . ] in order to strengthen
research and innovation capacities and to develop [ . . . ] innovative solutions across the
Mediterranean region.

This partnership is actually focused on sustainable water management and agri-food
systems in the Mediterranean region. It has been established since 2018 and ever since, it
has developed tens of projects, but none of them emphasise hydrogen technologies.

While there are still no projects about hydrogen, the deployment of H2 technologies
can indirectly have an effect on the water management and agri-food sectors, such as the
installation of desalination plants or the production of fertilisers with renewable hydrogen.

3.1.8. International Cooperation on Hydrogen

In this second-to-last section of the Parliament’s Hydrogen Strategy, the subject dis-
cussed is Europe’s international cooperation in the hydrogen sector.

It is emphasised that the EU’s leading role in the production of hydrogen technologies
presents an opportunity to promote EU industrial leadership and innovation on a global
level while reinforcing the EU’s role as a global climate leader; underlines [ . . . ] the goal
of increasing domestic hydrogen production, while acknowledging that Member States
may also [ . . . ] explore the possibility of importing energy or hydrogen.

Moreover, the Parliament calls [ . . . ] on the Commission and the Member States to
engage in an open and constructive dialogue in order to establish [ . . . ] cooperation
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and partnerships with neighbouring regions, such as North Africa, the Middle East
and the Eastern Partnership countries [ . . . ] underlines that this cooperation would be
beneficial for creating clean and new technology markets [ . . . ], enhancing the transition
to renewable energy and achieving the UN Sustainable Development Goals

[Furthermore, the Parliament] emphasises international cooperation on hydrogen
with non-EU countries, in particular with the UK, the European Economic Area,
the Energy Community and the US [ . . . ] in order to strengthen the internal
market and energy security; stresses that cooperation should be avoided with
non-EU countries that are subject to EU restrictive measures [ . . . ] and with
those that do not guarantee compliance with safety, environmental standards and
transparency requirements.

[Finally,] considers that hydrogen should become an element of the EU’s international
cooperation, inter alia within the framework of the International Renewable Energy
Agency’s (IRENA’s) work [ . . . ] and the European Neighbourhood Policy.

International cooperation is indeed of major significance to boost the green transition
worldwide and, particularly, to enhance the hydrogen economy in Europe not only in
relation to H2 production but also for imports.

The Parliament remarks on some of the benefits of creating international partnerships,
which is fitting given that the Commission is concentrating on multi-lateral collaborations
with industrial countries and emerging economies. The Commission is also supporting
cooperation with countries in close proximity to the EU and also Africa, Latin America,
and potentially, some Eastern countries.

One example of international cooperation in the hydrogen sector is the Mission Inno-
vation Clean Hydrogen Mission, which was established in June 2021 and was directed by
the Commission, the UK, the US, Chile, and Australia. One main target is the development
of at least a hundred large-scale, integrated, clean hydrogen valleys.

Another example is the participation of the Commission (and FCH JU) in organisations
such as the Clean Energy Ministerial Hydrogen Initiative, the International Partnership for
Hydrogen and Fuel Cells in the Economy (IPHE), and EUREKA.

Finally, it can be remarked that the Commission also works with the IRENA, the World
Energy Council or IEA, and particularly, the IEA Hydrogen Technology Collaboration
Programme in energy related matters and, specifically, hydrogen.

The Parliament also shows interest in making Europe the model, the reference point
in terms of hydrogen, stating that:

The EU should promote its hydrogen standards and sustainability criteria internationally;
[the Parliament also] calls [ . . . ] for the development of international standards and
the setting up of common definitions and methodologies for defining overall emissions
from each unit of hydrogen produced, as well as international sustainability criteria as a
prerequisite for [ . . . ] imports.

[Moreover,] encourages the Commission to promote the role of the euro as the reference
currency in the international trade of hydrogen.

This position is reasonable, especially when aiming to become the global hydrogen
leader. However, some sources such as the German Energy Agency (dena) and World
Energy Council—Germany in their report, Global Harmonisation of Hydrogen Certification,
do not have such an optimistic impression. In this report, the feasibility of implementing a
uniform global certification system for renewable H2 is analysed. Certain standards and
criteria from different countries and organisations are studied, and the conclusions express
the complexity of reaching uniformity. Moreover, it is also noted that in that scenario
of homogeneity of standards, the EU would have to give up some of its requirements
regarding renewable hydrogen. This thought leads to the notion that within the current
standardisation heterogeneity, the strict (stricter, when compared with other countries)
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requisites may result in a loss of appeal for the EU hydrogen market since companies would
choose less rigid conditions in other markets.

3.1.9. The Role of Hydrogen in an Integrated Energy System

In this last section, the subject is the discussion on how hydrogen fits in an integrated
energy system.

First, the EU Parliament:

Underlines the need for an integrated energy system in order to achieve climate neutrality
by 2050 [ . . . ] and reach the goals of the Paris Agreement; welcomes in that regard the
inclusion of hydrogen in the Commission’s Strategy for Energy System Integration [ . . . ]
considers that more emphasis needs to be placed on innovative projects combining the
production and recovery of electricity, hydrogen and heat.

This EU Strategy for Energy System Integration was released by the Commission in
July 2020 within the Green Deal and counts on the implementation of the Clean Energy
Package that was analysed in a previous section.

An integrated energy system translates as the interconnection of different energy
carriers and energy end uses with themselves and each other [39] Therefore, electricity,
heat and cold, and fuels can be linked to each other; industry, transport and buildings can
also be linked to each other; and they can all join and be an integrated system. This can
ease decarbonisation and optimise the energy system.

In relation to hydrogen in the strategy, its capacity to store energy from renewable
sources and its buffering ability are remarked on and so are its possible applications in
heavy-duty road transport, rail transport, industrial processes, and its use as synthetic fuel
in maritime transport and aviation.

Finally, the Parliament:

Notes that the development of the hydrogen economy can contribute to reducing imbal-
ances in the energy system [ . . . ] [since] hydrogen can play a key role in terms of storing
energy to compensate for fluctuations in renewable energy supply and demand.

Highlights that an ambitious and timely strategy for energy storage through the use of
hydrogen is required; notes, however, that the use of hydrogen for energy storage is not
competitive yet.

Underlines [ . . . ] the need to bring down costs for renewable hydrogen production [ . . . ]
therefore encourages the Commission to analyse options and capacities for hydrogen
storage.

The Commission is indeed taking an interest in analysing hydrogen storage, as proven
by the report issued in February 2022. The role of renewable H2 import and storage is
to scale up the EU deployment of renewable H2 [40] by the Energy Transition Expertise
Centre.

Some of the benefits of the deployment of hydrogen storage are recognised, such as:

• Security of supply, since having hydrogen stored allows for its use whenever needed.
• Enabling system flexibility; the H2 storage can help maintain the stability of the

network, can serve as a buffer in response to supply and demand variations, and can
help to meet extreme or peak demands.

• Optimal development of infrastructure.

Furthermore, for individual actors:

• For electrolyser operators, storage enables the decoupling of production and consump-
tion times.

• For H2 consumers, the stability provided by storage can prevent price fluctuations, and
can also contribute to the deployment of end uses affected by variations of demand.

Finally, although better detailed and explained in the correspondent document, Figure 8
shows some of the barriers and measures to confront them that were analysed in the report.
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From here on, the EU organisations and other involved actors need to carefully keep
developing the hydrogen storage sector and market.

3.2. Precedents

Given the Commission’s role of proposing and designing strategies, it is no surprise
to learn that there already is a European strategy for hydrogen, particularly a hydrogen
strategy for a climate-neutral Europe, developed by the Commission and issued in July
2020.

The documents considered are similar in theme; after all, they are both European
strategies for hydrogen. As seen in Figure 9, they have different structures but touch on
many of the same topics.

One remarkable aspect is that in the first document, the Commission is explaining
certain circumstances regarding hydrogen and what they are doing or will be doing about
them. The Parliament’s piece, however, is a constant appeal to the Commission and
sometimes also to the member states, calling on them to attend to several requests, as was
made evident in the previous section.

In terms of content, as mentioned before, there are clear similarities that can be seen
just by reading the section names; for example, the Commission’s “Boosting demand and
scaling up production” shares similarities with the Parliament’s “Ramping up hydrogen
production” and “Hydrogen demand”, and so do the Commission’s “The international
dimension” and the Parliament’s “International cooperation on hydrogen”, among other
sections.

Furthermore, the Parliament’s strategy was released almost a year after the Commis-
sion’s, and therefore, the Parliament uses the latter as reference. That is why it is not rare to
find the Parliament “welcoming” some of the Commission’s proposals or ambitions.

Another instance is the direct reference to the Commission’s hydrogen classification,
which appears in its strategy, pointing out the double use of renewable and clean for the
same category of hydrogen but welcoming it as a first step.

Regarding the differences between the content of the strategies, it can be affirmed that
the Commission’s document is more thorough about the subjects it analyses, and even
though it was issued previous to the Parliament’s document, it covers some aspects that
the former does not.

For instance, the Commission presents an investment agenda, giving estimations of the
investments required for electrolysers (EUR 24–42 billion), renewable energy production
(EUR 220–340 billion), retrofitting half of the CCS/U plants (EUR 11 billion), and HRS,
transport, distribution, and storage of H2 (EUR 65 billion).
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The Parliament does remark on the importance of having an investment agenda but
does not acknowledge the one now summarised.

Another aspect that the Parliament does not really acknowledge is the development
of the hydrogen economy through the phases that the Commission defines. These phases
express the renewable hydrogen electrolyser capacity for the coming years, as well as the
development of infrastructure and applications.

Finally, it is interesting to list some of the documentation that was released in between
the two strategies:

• The European Parliament’s resolution on a comprehensive European approach to
energy storage (10 July 2020).

• The European Parliament’s resolution on the revision of the guidelines for trans-
European energy infrastructure (10 July 2020).
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• The European Commission’s communication “Stepping up Europe’s 2030 climate
ambition—Investing in a climate-neutral future for the benefit of our people”
(17 September 2020).

• The European Commission’s report “2020 report on the State of the Energy Union
pursuant to Regulation (EU) 2018/1999 on Governance of the Energy Union and
Climate Action” (14 October 2020).

• The European Commission’s communication on an EU strategy to reduce methane
emissions (14 October 2020).

• The European Commission’s Pact for Skills (10 November 2020).
• The European Commission’s communication on an EU strategy to harness the potential

of offshore renewable energy (19 November 2020).
• The UN Environment Programme’s Emissions Gap Report 2020 (9 December 2020).
• The European Commission’s communication “Sustainable and Smart Mobility Strategy—

putting European transport on track for the future” (9 December 2020).
• IRENA’s report “Green hydrogen cost reduction—scaling up electrolysers to meet the

1.5 ◦C climate goal” (December 2020).
• The European Commission’s adoption of the proposal to revise the regulation on

trans-European networks in energy (TEN-E) (15 December 2020).
• The European Commission’s communication “Updating the 2020 New Industrial

Strategy: Building a stronger Single Market for Europe’s recovery” (5 May 2021).

Given all the reports, communications, and resolutions issued from strategy to strategy,
one can only imagine what changes will be implemented in the next hydrogen strategy type
of document, especially after the scale up of the conflict with Russia, which has and will
continue to affect the energy market and, therefore, the hydrogen economy development.

4. Conclusions and Policy Implications

This work has allowed for an overview and analysis of the European Union’s position
within the hydrogen sector.

Concerning the Parliament’s hydrogen strategy, it is appropriate to express its impor-
tance since it is the document that gives the reader an understanding of how the EU intends
to function in the hydrogen sector. Moreover, in the analysis elaborated, its effects can be
recognised in terms of projects developed or policies adopted.

It is also remarkable that in just a few pages, the European Parliament manages to
cover a wide range of topics, all of them significant to represent the entirety of the hydrogen
sector. It touches on subjects such as H2 demand, infrastructure, research, standards, etc.,
enabling a complete approach to the sector.

Another aspect that the strategy mentions is the intention of the EU to be a leader in
the hydrogen sector, and this purpose is corroborated by the large number of associations,
strategies, plans, and projects that are being established and developed by the European
Union and have come up throughout this review.

However, the supply of critical raw materials (CRMs) is an important aspect that needs
to be covered further, and dedicated policies need to be addressed [41]. IEA states that the
technologies for the energy transition require a significant increase in the use of CRM [42],
and hydrogen technologies are demanding important amounts of CRMs, such as PGMs
(platinum group metals), including not only platinum [43] but also other electrocatalysts
such as iridium.

Furthermore, it will be interesting to see how the EU updates its hydrogen strategy
given the current context of energy prices inflation and the conflict with Russia. As an
example, during 2022, the plans to expand the natural gas grid capabilities to transport and
distribute hydrogen within Europe, including Eastern countries, were clearly accelerated,
with announcements of further extension in terms of both km of pipelines and investments.

Finally, the most important conclusions to learn from this study are that hydrogen
has many of the right characteristics to make it the key to decarbonisation, especially in
hard-to-abate sectors, and that it is bound to be one of the main actors in the imminent
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green transition. Moreover, hydrogen seems to be having its breakthrough, particularly in
Europe, and this field’s development can have benefits not only from an environmental
perspective but also from an economical one, where the EU intends to lead the way into the
green transition and the fight against climate change according to the statements discussed
and published in its hydrogen strategy.
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Abbreviations

CCS/U Carbon capture storage and utilisation
CHP Combined heat and power
CO2 Carbon dioxide
CRM Critical raw material
DOE Department Of Energy (US Department of Energy)
EEA European economic area
EU European Union
EUR Euro
FC Fuel cell
FCEV Fuel cell electric vehicle
GHG Greenhouse gas
GNI Gross national income
GO Guarantee of origin
HRS Hydrogen refuelling station
H2 Hydrogen
IEA International Energy Agency
LWH Lower heating value
LNG Liquid/liquefied natural gas
LPG Liquefied petroleum fas
MJ Megajoule
NH3 Ammonia
PEM Polymer electrolyte membrane
PGM Platinum group metal
PV Photovoltaic
RES Renewable energy source
SME Small- and medium-sized enterprise
SOFC Solid oxide fuel cell
TJ Terajoule
UK United Kingdom
UN United Nations
US United States
USD United States dollar
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