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Given the vast potential for renewable electricity generation, the
production of renewable hydrogen, i.e. using renewable electricty
for producing hydrogenvia water electrolysis, is seen asa promising
option for decarbonising EU industry, in particular for hard-to-
decarbonise energy-intensive industry sectors.

Transforming the EU's energy system to a hydrogen economy is
perceived to provide benefits with respect tojob creation, economic
growth, innovation and air pollution. The European Commission
published its hydrogen strategy in 2020, with the aim of boosting
hydrogen use in the EU while fostering the uptake of renewable
hydrogen production. Recent activities, such as the launch of the
European Clean Hydrogen Alliance and the EU Innovation Fund, the
formation of hydrogen valleys and the promotion of important
projects of common European interest (IPCEls), provide promising
first steps to fosteringa European hydrogen economy.

Nevertheless, important policy gaps need tobe addressed toensure
the sustainable realisation of the EU hydrogen strategy targets, in
particular with respect to certainty for investors, cost-
competitiveness with fossil technologies, regulation of hydrogen
infrastructures, certification of renewable and low-carbon hydrogen,
as well civil society participation.

This study takes stock of the current situation with respect to the
realisation of the EU hydrogen strategy andidentifies policy options
that address gapsin the current landscape.
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The potential of hydrogen for decarbonising EU industry

Executive summary

The EU aims to become thefirst climate-neutral continentby 2050. To this end, it has developed the
European Green Deal, which is meantto make the EU the global leaderon green technologies, while
ensuring economic growth and a just transition. Experts and researchers agree that reaching
greenhouse gas (GHG) neutrality will require the decarbonisation of the whole economy. Some
sectors are assumed to be harder to decarbonise than others. In these sectors, thereis a need for
renewable fuels, as full direct electrification is not expected to be feasible. Given the vast potential
for renewable electricity generation, the production and use of renewable hydrogen is seen as
a key lever for the decarbonisation of hard-to-decarbonise sectors. Transforming the EU's
energy system to a hydrogeneconomy is perceived to provide benefits with respect tojob creation,
economic growth, innovation and reducing air pollution. Accordingly, the European Commission
published its hydrogen strategy in 2020 with the aim of boosting hydrogen use in the industry
and transport sectors, whilefostering the uptake of renewable hydrogen production.

The main objective of this study was to take stock of the realisation of the EU hydrogen strategy
and to identify policy options that address gaps in the current landscape.A synthesis of literature
review and expert interviews has led to the following key findings:

e Low-carbonand renewable hydrogen can be expected to remain arelatively scarce and
costly resource during the next decade. Therefore, the use of hydrogen should be
prioritised across sectors, as well as within energy-intensive industries. There is
high uncertainty about the future demand for hydrogen in the transport sector, while
its use in the building sector is of minor importance. With respect to industry, it is
important to focus on subsectors where hydrogen is a 'no-regret' option, i.e. no
decarbonisation option with higher cost-effectiveness is available. This applies in
particular to ammonia production and, at least in the mediumterm, to refineries, due to
the current use of fossil hydrogen. In turn, the use of hydrogen for producing steam
should not be a priority, since direct electrification may render it superfluous. For the
steelindustry, building direct reduction plants already allows for a strong reduction of
emissions when using natural gas, while a steady switch to renewable hydrogen is
possible.

¢ A major barrier to the market introduction of renewable hydrogen in industry is
higher costs compared to fossil fuels. This is particularly relevant for energy-intensive
industries, because the share of energy costsin gross value added is higher there than
in the rest of manufacturing. If the additional costs on the way to a GHG-neutral
economy cannot be compensated, then this represents a serious barrier to
transformation, because the industries concerned are in international competition. In
this regard, carbon contracts fordifferences, which are envisagedto fundthe difference
between the production cost and the market value of the delivered product, are a
promising option.

e The EU hydrogen strategy plans to ramp-up renewable hydrogen production via
electrolysis to 10 million tonnes of hydrogen by 2030, with an installed capacity of
40 gigawatt (GW) electrolysers. This massive scaling up of hydrogen and electrolyser
capacities needs to be flanked with adequate support policies in research and
innovation, as well as with investments. Despite the EU's production targets, the
required production capacities to satisfy the expected EU demand for renewable and
low-carbon hydrogen will nevertheless exceed the expected production capacities.
That means that a substantial share of hydrogen demand hasto beimported.

e The role of low-carbon hydrogen as a bridging fuel is a highly debatable issue. A
switch to alow-carbon hydrogen alternative is technically feasible, since the technology
of carbon capture is known and established in many production processes. The
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potential advantage of a quite speedy switch could evaporate due to technical,
economic and (in particular) societal impediments in respect to storing the excess
supply of CO,, which cannot be utilised due to too low demand for such carbon.
Furthermore, excessive installation of carbon capture and storage (CCS) facilities could
lead to fossil lock-ins, which should be avoided.

e Establishing a backbone hydrogen infrastructure can be expected to be an
important step in moving from individual pilot projects to a rollout of hydrogen. While
important areas for hydrogen production and use can already be anticipated, the
required amounts are still uncertain and the required infrastructure is hard to predict.
Building up the infrastructure too early may result in sunk costs, which will ultimately
be carried by the end-users. However, long-term planning processes require early
action, which means thatthe necessary provisions must be establishedvery soon, while
still leaving the option to navigate the rollout. All energy networks require a joint
planning to determine overall optimal pathwaysas soonas possible.

e Given the current lack of hydrogen markets and large-scale networks and the
regulatory principle of minimal intervention, there is no urgent need for their
regulation. However, the expected benefits of a hydrogen backbone infrastructure call
for establishing at least the general principles, in order to avoid a later need for
harmonisation of diverse regulations. Such main principles include free access to third
parties and overarching principles for remuneration. A promising optionis to start with
a few regionally focused test cases. Different approaches to regulation, based on the
same overarching principles, could be applied for a limited timeframe and compared
afterwards. An important prerequisite for shaping the market is a clear certification
scheme.

o |If the EU wants to form a hydrogen industry that is globally competitive, it must
ensure the fostering of research, development and innovation as well as
commercialisation, across all key technologies — electrolysis in particular. Once
electrolyser production reaches an economics of scale regime, continuous
improvementsof costand efficiency may occur, butthe initial market ramp-up depends
heavily on regulatory priorities and the availability of renewable electricity. The EU may
leverage its currently favourable technological position to lead the commercialisation
of sustainable hydrogen technologies. The important projects of common European
interest (IPCEls) on hydrogencurrently being established are a first step todeal with this
in a strategicway.

e Therealisation of a hydrogen economy requires broad societal mobilisation. In terms
of key actors, a strong movement supporting the new hydrogen economy in the EU is
witnessed, engaging mainly policy-makers and regulators, industries, small and
medium-sized enterprises (SMEs) and science. The hydrogen valleys approach, which
links allrelevant actorsin regional clusters, can also contribute substantially to fostering
hydrogen use. Nonetheless, weak civil society participation in the design of the new
hydrogen economy has been identified. In that sense, it is of high importance that
current lead actors take into account thatsociety will play a key role in the adoption of
hydrogen technologies.What is needed in the short termis a regulatory framework for
a level playing field in a green hydrogen economy.

In summary, recent activities such as the launch of the European Clean HydrogenAlliance and the
EU Innovation Fund, the formation of hydrogen valleys and the promotion of IPCEls provide
promising first steps to fostering a European hydrogen economy. Nevertheless, important policy
gaps need to be addressed to ensure the sustainable realisation of the EU hydrogen strategy's
targets, in particular with respect to certainty for investors, cost-competitiveness with fossil
technologies, regulation of hydrogen infrastructures, certification of renewable and low-carbon
hydrogen, as well as civil society participation. Some of these gaps are at least partially covered by
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the Fit for 55 package. Otherswill be addressed with the hydrogen and gas market decarbonisation
package scheduled for the end of 2021. The opportunity provided by the negotiations on these
packages should be used to ensure that the EU is on track to realising the benefits of a hydrogen
economy while limiting undesired side-effects.
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1. Introduction

1.1.A brief overview of the potential of hydrogen for
decarbonising EU industry

Asannounced inits strategiclong-term vision in 2018, which is enshrined in the European Climate
Law, the EU aims to become the first climate-neutral political entity by 2050. To this end, the EU has
developed a new growth strategy, the European Green Deal (European Commission 2019a), which
attempts to make the EU the globalleader ongreen technologies, while ensuringeconomic growth
anda just transition. Experts and researchers agree thatreaching greenhouse gas (GHG) neutrality
will require the decarbonisationofthe whole economy.Some sectors are assumed to be harder to
decarbonise than others. This applies particularly to the aviationand navigation sectors, butalso to
heavy industry (among others, the production of steeland basic chemicals). In these sectors, there
is a need for renewable fuels, as full electrification is not expected to befeasible.

Given the vast potential for renewable electricity generation, the production of renewable
hydrogen, i.e.using renewable electricity for producing hydrogen via waterelectrolysis, is seen as a
promising option. Moreover, hydrogen offers a much larger potential for storingsurplus renewable
electricity, compared to pumped hydro and batteries. Therefore, the production and use of
renewable hydrogen is seen as a key lever for the decarbonisation of the hard-to-decarbonise
sectors. Even more, transforming the EU's energy system to a hydrogen economy will provide
possible benefits with respect to job creation, economic growth, innovation and air pollution (Fuel
Cells and Hydrogen 2019). Accordingly, the European Commission published its hydrogen strategy
in 2020, with the aim of boostinghydrogen use in the industry and transport sectors, while fostering
the uptake of renewable hydrogen production (European Commission 2020e). In particular, it
includes the targetto ramp-up electrolysis capacityin the EU to40 GW by 2030, as well as to a similar
magnitude in neighbouring countries exporting to the EU.

1.2. Opportunitiesand challenges of a hydrogen economy

Today, the production of certain basic chemicals such as ammonia, methanol and petrochemicals
relies on the use of fossil hydrogen, produced from natural gas via steam reformation. In these
sectors, there is an immediate potential for the replacement with low-carbon or even renewable
hydrogen (Bruynetal. 2020). Meanwhile, the steelindustry considers hydrogen-based steelmaking,
via the direct reduction route,as the most promising optionto produce carbon-neutral steeland is
already planning thefirst industrial-scale plants. In addition, hydrogen can be used forthe provision
of high-temperature heatin many other industrial sectors, but also for space heating in buildings
via heat grids or even small-scale heating.

The potential of hydrogen for decarbonising the EU economy calls for an industrial-scale supply of
renewable hydrogen by 2030, and a following increase to reach the scale of today's fossil markets.
This comes with great challenges across all elements of the value chain. While the large-scale
production of hydrogen requires scaling up today's electrolysis capacities by several orders of
magnitude, industrial users, such as steel plants, need to make major investmentsin hydrogen
technologies thatin turn require regulatory and/or economicincentives fortheiramortisation (EPRS
2020b).

A particular challengein this case, is the need to balance the expansion of demand, productionand
infrastructure. To foster security of supply, it is useful to consider the options for importing
renewable hydrogen and also to open up productionto certain non-renewable routesfor a limited
period. Therefore, the EU hydrogen strategy also considers the use of 'low-carbon hydrogen’
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(European Commission 2020e). This is meant to include hydrogen production pathways with
substantially lower GHG emissions than fossil hydrogen. This includes the use of natural gas-based
production routes combined with the sequestration of carbon, in particular carbon capture and
underground storage (blue hydrogen)and pyrolysis (turquoise hydrogen).

Moreover, the hydrogen produced needs to be supplied to synthesis plants and end users. This is
likely to require the construction of an EU-wide hydrogen network by combining the partial
conversion of the currentgasgrids with new hydrogen pipelines, where a conversion is not possible
(Wang et al. 2020). This needs to be properly reflected in the regulatory framework for both the
existing gas infrastructure and the new hydrogen infrastructure.

These challenges need tobe addressed earlyenoughto harvest the benefits of a hydrogen economy
as part of the European Green Deal. The EU is planning to support the production, storage and use
of hydrogen with certain policy instruments.This includes investment aid in the upcoming InvestEU
programme, which combines several former investment programmes, improved cooperation via
IPCEls, research under the Horizon Europe programme, as well as the EU Innovation Fund and
carbon contracts for difference, covering the additional costs of not yet commercially viable
projects. Moreover, the EU wishes to ensure a level playing field for industries in international
competition via the carbon border adjustment measures. Finally, the EU plans to foster the
development of hydrogen markets and infrastructures via appropriate revisions of the TEN-E
Regulation and the regulation of its internal gas markets, to be tailored to decarbonised gases
(European Commission 2020e).

Based on the potential described above, therealisation ofa hydrogen economy in the EU is indeed
promising. However, there is high uncertainty about whether these benefits can actually be
achieved and how the existing challenges can be overcome. Moreover, systemic effects, including
unintended side-effects of a transformation to a hydrogen economy, need to be considered
carefully with respect to societalimpacts. In particular,the following questions require attention:

e Isthescalingup of production by several orders of magnitude feasible in the given time
frame? What does this meanforimports and investment requirements?

e How to prepareforand mitigate implications on the societal level, e.g. local resistance
to massive expansion of renewable energy generation capacity, increasing end-user
prices or the loss of jobs in certain industries/regions?

¢ To what extent are bridge technologies needed, e.g. direct reduction of natural gas in
the steelindustry?If so, should the bridge technologies be included in the same support
schemes as the use ofrenewable hydrogen?

e Istherearisk ofa lock-ininto carbon-intensive production routes, given thathydrogen
may be combined with fossil CO2in industry processes?

e How to avoid unnecessarily high costs due to profuse use of hydrogen, e.g. in
applications where direct electrification is possible, such as steam production?

e Aretheresafetyrisks in the use of hydrogen that need more detailed consideration? Are
there specific sustainability issues thatcould arise?

e What are the political and strategic implications if the EU cannot provide competitive
renewable hydrogen production or cannot satisfy the internaldemand?

This report reflects upon these questions when assessing the design of current and upcoming
policies, as well as relevant gaps in therealisationofthe EU hydrogenstrategy.
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1.3. Objectives of the study

The study contributes to three overall objectives:

e Stocktaking and potential: The study presentsand analysesthestate of play regarding
the potential of hydrogen for decarbonising EU industry.

e Current policies and gaps: The study analyses how the EU is currently performing,
including the main opportunities and challenges for implementing the hydrogen
strategy as proposed by the European Commission.

e Policy options: Based on the specific study results, the study offers and assesses policy
options for the creation of a hydrogen ecosystem in the EU that will enable the
replacement of fossil fuels in hard-to-decarbonise sectors.

The issues considered under the first objective go beyond the EU industry's production processes
and also cover the production of hydrogen and its transport to industrial users. Accordingly, the
potential of a hydrogen economy is considered along the whole value chain (sourcing of
renewables, production of hydrogen, its transport via networks and other means, hydrogen
applications) and a stocktaking of the current status is carried out.

Under the second objective, the studyaddressesthe targets of the European hydrogen strategy and
assesses the main challenges for achieving them along the value chain. Furthermore, it analyses
which policies are in place to address the main challenges, which impacts can be expected from
them and where there are gaps in the current policy landscape.

Under the third objective, policy optionsforimproving the performance of the present policies and
closing gaps in the policy landscape are derived along the value chain, in order to seize the
opportunitiesofa hydrogeneconomy, while limiting potential unintended side-effects.

This study hasa strongfocus onpolicy optionsto fosterthe use of hydrogen forthe decarbonisation
of EU industry. To this end, it is necessary to provide both a concise overview of the current status
onindustry-relevantaspects of the EU hydrogen strategyand to assess key topics related to current
and upcoming policies in more detail. The study is structured as follows. In Section 2, the
methodology and resources used for the assessment of the key topics is presented. Section 3
provides an overview of the five overarching topics 'Hydrogen use in industry’, 'Production of
hydrogen', '"Hydrogen infrastructures and markets', 'Actors and regions' and 'EU in international
perspective' and policy gaps are identified. Section4 summarises the main findings from the
stocktaking and the assessment of policy gaps. Based on these conclusions, Section 5 presents
options to overcome the policy gaps in each of the policy action fields in the EU hydrogen strategy.
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2. Methodology and resources used

In this section, the methodology and resources used for the assessment of the key topics is
presented. In general, the assessment is based on an in-depth evaluation of the available literature
on the key topics. The literature analysis is complemented by expert interviews, which are used to
cross-check the findings from the literature and to gain additional input on topics not yet covered
by the literature in detail. In the final step, the information is synthesised to identify policy gapsand
develop relevant policy options. The steps are describedin more detail in the following subsections.

2.1. Literature review

A thorough literature review lies at the core of this study. The study team considered academic
literature as well as reports and strategy documents. The different aspects of the study required a
wide collection of sources. They can be broadly structured along the following dimensions, whereby
each dimension touches on the five overarching topics 'Hydrogen use in industry','Production of
hydrogen', '"Hydrogen infrastructures and markets', 'Actors and regions' and 'EU in international
perspective".

e Current literature on technical and economicaspects Scientificand grey literature as
well as strategy reports served asthe basis forthe study. This allowed a review of current
technologies of hydrogen production, their market readiness and the implications their
use may have in terms of upstream technologies. Furthermore, technologies that
generate the demand for hydrogen were summarisedbriefly to provide an overview of
future demand options and quantities. In addition, the literature review covered the
latest reportson transport optionsand the respective infrastructure.

e Current and planned EU policies: A thorough review of existing EU policies described
the status quoand developsfuture options. We consideredrelevant actsand legislation
as well asaccompanying reports and analyses published by EU bodies along the whole
value chain of hydrogen production, transport and consumption.

e Position of key stakeholders: Position papers from industry associations, think tanks,
research associationsand non-governmental organisations provide significant input to
enrich theargumentson policy options. We also consider selected national and sectoral
strategies, whererelevant.

2.2. Expertinterviews

In the second step, the findings from the literature review were validated and complemented by
five interviews with distinguished experts in fields strongly related to the key topics. In order to
cover the different topics in adequate depth, we undertook overlapping interviews with respective
experts. The five overarching topics were grouped into the three domains 'Use and production’,
'Infrastructure and markets', and 'Actors and international perspective', with two interviewees per
domain. The domains can also be broadly linked to the key actions identified by the hydrogen
strategy:

e AninvestmentagendafortheEU
Boosting demand for and scaling-up production

¢ Designing an enabling and supportive framework: support schemes, market rules and
infrastructure

e Promotingresearch andinnovation in hydrogen technologies

e Aninternational perspective
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By selecting two experts per topic combination, we ensured thateach topicis coveredand different
viewpoints are reflected. The choice of experts reflected both the key topics to be covered and the
representation of views from different groups of actors, in particular policy-makers, industry
associations, transmission system operators (TSOs), regional actors and civil society think tanks.
Table 1 presents the topics and actions coveredby the interviews.

Table 1 - Topics and actions covered by the expertinterviews

. : Actors and international
Domain Use and production Infrastructure and markets

perspective

Hydrogen use inindustry

and other sectors Actorsand regions

Topics Hydrogen infrastructures and markets
Production and import EU ininternational perspective
of hydrogen

An investment agenda

Hydrogen for the EU An investment agenda for the EU Promoting research and

innovation in hydrogen

strategy i ; ; .
key action Boosting demand for Designing an enabling and supportive technologies
and scaling u framework: support schemes, market
addressed productiog P rulesand infrastructure The international dimension
Regulatory experts for EU-wide . .
Policy expertson regulation of gas infrastructure and POIICY ?per:{f:jom thellzndustry
Exparts European support markets. association Hydrogen Europe
interviewed schemes and investment . . Expert on hydrogen valleys
aid Policy, technical and regulatory

f he New E liti
experts from gas TSOs rom the New Energy Coalition

The interviews were semi-structured, following specific guidelines, but adapted flexibly to the
interviewee's answers. All interviews covered the following overarching areas, tailored to the
individual focus topics:

Introduction

Current and future developments
Opportunitiesand challenges
Socio-economicimpacts

Policy options

2.3. Synthesisand derivation of policy options

In each ofthe five policy action fields of the EU hydrogen strategy, we investigated certain aspects
of the future hydrogen economy, evaluated existing policies and developed policy options to fill
respective gaps. Under each of the five policy action fields, three options were developed, one with
a high level of control at EU level, one with overarching principles for Member States (Member
States) at EU leveland one with a highlevel of controlat the Member States level. The policy options
were compared on the basis of their performance againstsimilar criteria:

e Costand benefits

Feasibility and effectiveness

Ecological sustainability

Risks and uncertainties

Coherence with EU objectives

Otherimpacts (ethical, socialand regulatory).



STOA | Panel for the Future of Science and Technology

This allows policy-makers to respond to future policies, which will likely be discussed along these
criteria. An evaluation of these criteria including a semi-quantitative assessment for each of the
policy options can be found in the annex.
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3. Synthesis of the research workand findings

In this section, the available literature on the role of hydrogen for decarbonising EU industry is
summarisedand enriched by findingsbased on expertinterviews. The results are synthesised under
the following topics:

e Hydrogenuseinindustryand othersectors
Production and import of hydrogen
Hydrogen infrastructures and markets
Actors andregions

EU ininternational perspective

3.1. Hydrogen use inindustry and other sectors

The EU hydrogen strategy outlines a strategy for decarbonising industrial processes that requires
ambitious transformations (European Commission 2020e). For this, the EC proposes a two-stage
approach in which renewable hydrogen is used in the first stage (2020-2024) where carbon-
intensive hydrogen has been usedso far, e.g.in refineries and in the production of ammonia.In the
second stage (2025-2030), the use for new areas, e.g. in steel production, is to be pushed through
targeted demand-side measures.

3.1.1. Technical aspects that influence the market ramp-up of hydrogen

Overall, there is a broad consensusin the literature that hydrogen is a technically feasible and
promising decarbonisation option for industry. For instance, a study for the European Parliament
stresses the importance of hydrogen for the process industry (Bruyn et al. 2020). While today
hydrogen is mainly used in the chemical industry, particularly for ammonia generation (for
fertilisers) and for hydrocracking, in the futureit could also replace natural gas or coal as feedstock
for novel industrial processes. For the steel and chemical industries, hydrogen production with
renewable energies could be the most important technology for CO,-neutral production by 2050
(Neuwirth and Fleiter 2020; EPRS 2021¢). In the heat sector, hydrogen could take on a limited role
for high-temperature applications, alongside more efficient direct electrification (Bruynet al. 2020).

Thereis less consensus for the use of hydrogen in other end-use sectors. For example, the German
Advisory Councilon the Environment SRUassumesthathydrogen will remain a valuable and scarce
energy carrier forthe foreseeable future andtherefore recommendsthat it only be used where there
are no more efficient alternatives, e.g. not in passenger cars or in building heating systems (SRU
2021). Guidehouse (2020), on the other hand, sees relevant options for its use in buildings. The
following sections therefore focus on the industrial sector.

The use of hydrogen in industrial applications can be divided into three different categories (Agora
Energiewende and AFRY Management Consulting 2021). Firstly, as a chemical feedstock for the
synthesis of products in which it is a molecular component: Essential processes here are ammonia
and methanol production. Secondly, as a chemical reactant, where it participates in chemical
reactions butitis nota molecular componentof the final product, e.g. in steel production by means
of direct reduction, where the hydrogen is used to reduce the oxygenin the iron ore. Thirdly, as a
fuel for heat generatione.g., in high-temperature furnaces.

Steelindustry

In the steel industry, direct reduction with 100 % renewable hydrogenis seen as a long-term GHG-
neutral solution. Hydrogen is used here as a chemical reactant for the reduction of iron ore.
However, direct reduction iron (DRI) plants can also be operated with natural gas; in this case, the
necessary hydrogen is produced from the natural gas. This process is state of the art and already
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enables significant GHG reductions, compared to the stock of today's blast furnace-based steel
plantsin Europe, ataround 50-60 % (without CCS, Scope 1) (IREES 2021). Therefore, natural gas DRI
can be seen as a bridging technologyfor the decarbonisation of the steelindustry. With CCS, higher
emission reductions are possible with natural gas DRI, up to85 % according to EPRS (2021a), but the
sense of building a CO2 captureinfrastructure for these additional emission reductions is doubtful
if the long-term solution is to be 100 % use of hydrogenin the DRI."

Basic chemistry (especially ammonia and olefins)

In contrast to the steel industry, the technological field in the chemical industry is still somewhat
undeveloped. One main driver of hydrogen demand is the need for feedstock for the production of
plastics (made from olefins), for which hydrogen and carbon molecules are needed. Both are
currently provided by fossil naphtha. Converting the production process to renewable hydrogen
requires that additional carbon sources are integrated into the olefin production process.
Theoretically, more (especially chemical) recycling can significantly reduce the demand for
hydrogen and carbon, but research and especially the large-scale implementation of these
technologies is stillin its infancy (Solis and Silveira 2020). In addition, the use of CCS is a potentially
cheaper option, which could also generate negative emissions in combination with sustainable
biomass (so-called BECCS, cf. (European Commission 2018)).2 Another important driver is the
ammonia industry, where hydrogen is currently produced from natural gas using steam methane
reforming. On the premise that ammonia will continue to be produced in significant quantities in
the EU in the future, the scenarios consistently project considerable hydrogen requirements for
2050. Moreover, ammonia can also be used as a carrier medium for renewable hydrogen and can
therefore take on an additional functions in a hydrogenecosystem.

Refineries

Therole of refineries in the marketramp-up for a hydrogenecosystemin the EU is unclear.Hydrogen
is currently used in refineries to reduce the sulphur content in oil products to meet certain
environmental standards, and to upgrade low-grade heavy oil. In Europe, refineries account for
about 45 % of hydrogen demand; if methanol production is included, which usually also takes place
atrefinery sites, thefigureis 50 % (Hydrogen Europe 2020a). Part of therefineries"hydrogen demand
is covered by production from by-products of the refinery process (Noussan et al. 2021) assuming
that this share is about one third globally. But refineries differ. For Germany, the country with the
highest refinery capacities in the EU, the share is 78 % (dena 2018). Moreover, the scenarios
consistently project a sharp decline in demand for refinery capacities by 2050. So if renewable
hydrogen is to be used at refinery sites, the question at which sites this should be done s relevant,
sothat no sunkinvestments arise. Many refinery sitesalready produce methanol. This raw material,
if produced from renewable hydrogen,could play a central role in the transformation of commodity
chemistry, e.g.in the production of plastics via the methanol-to-olefin route. Some refineries could
thus become methanol producers in the medium- to long-term. For the use of hydrogen in
refineries, a medium- to long-term strategy for the refinery in question is therefore a reasonable
prerequisite.

Other sectors (especially relevant for heat)

In otherindustrial sectors, hydrogenis primarily a potential fuel for heat generation. About 40 % of
today's industrial natural gas consumptionin the EU is used for heat below 100°C, and another 25 %
for heat between 100°C and 500°C (Agora Energiewende and AFRY Management Consulting2021).

' Inprinciple, DRI plants can be operated with both energy sources, i.e. hydrogen can also be used in natural gas-fuelled

DRI plants, with modifications in principle up to 100 %. Thus, it is not necessary to build a new plant to switch from natural
gas to hydrogen, because this can be done step by step

2 Biomass directlyprovides carbon and hydrogen as a feedstock. However, the availability of biomass is a limitingfactor.
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Heat below 100°C can be produced with common heat pumps, requiring significantly less electricty
compared to the hydrogen option. In addition, heat above 100°C can also be supplied with high-
temperature heatpumps, wherebytemperatures of up to 150°C are achievable in the medium-term,
and evenupto 200°C in thelong-term (Arpagaus 2019).

3.1.2. Projections of hydrogen demand

In 2018, the European Commission (EC) published a documententitled 'A Clean Planetfor all’, which
presents and analysesoptionsfor along-term climate policy in the European Union (EU) (European
Commission 2018). Eightdifferentscenarios with differenttechnology focus were developed for this
purpose, whereby two of the developed scenarios achieve net-zero emissions, thus reaching the
ambition level of the current European climate policy. These two scenarios projected a hydrogen
demand of 800-900 TWh in 2050 (see Figure 1 for the sector split). Recent studies show partly higher,
and partly lower values. Forexample, McWilliams and Zachmann (2021) estimate a demand corridor
for 2050 that lies between 295 and 2080 TWh and (Guidehouse 2020) estimate 1710 TWh. Agora
Energiewende and AFRY Management Consulting (2021) estimate the hydrogen demand needed
to decarbonise certain industrial sectors and identify a demand of 270 TWh, which could be
considered as 'no-regret potential'. The projections for hydrogen demand in 2050 are therefore
subject to high uncertainties and are strongly influenced by the scenario philosophy of the
respective studies.

Figure 1 shows the estimated hydrogen demand of the studies mentionedabove, differentiated by
sector. It can be seen that there are huge differences between the sectors, both in absolute and
relative terms. For example, the gap between the maximum and the minimum estimate for the
industry sector is about 365 TWh, whereas the same gap is 830 and 560 TWh for sectors Transport
and Residential respectively. In addition, in the industry sector, the four lower values are between
270 and 340 TWh; the two higher values are between 620and 630 TWh.

Figure 1 - Hydrogen demand for 2050 differentiated by sector in different studies
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M Industry Transport M Residential & services B Power sector

Source: Own representation based on European Commission (2018), McWilliams and Zachmann (202 1), Agora
Energiewende and AFRY Management Consulting (2021), Guidehouse (2020).

Figure 2 shows the estimated hydrogendemandof the studies mentioned above differentiated for
industrial sectors. Forthe EC-Clean Planet Study, in additionto the two (1.5) scenarios listed above,
the Mix95 scenariois also shown.The 1.5 scenarios were developed with the PRIMES model, Mix95
was developed with the Forecast model.
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Figure 2 - Hydrogen demand for 2050 differentiated by industrial sectorsin different studies
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Source: Own representation based on European Commission (2018), McWilliams and Zachmann (202 1), Agora
Energiewende and AFRY Management Consulting (2021), Guidehouse (2020).

For the demand of the steel industry, the range between minimum and maximum estimate is the
smallest; five of the seven estimated values liein a corridor between 100 and 150 TWh. In scenario
Mix95, a lower demand is estimated; a key driver for this is an increase in the recycling (EAF) route.
For the chemicalindustry, the ranges between maximumand minimumare somewhatlarger, as the
values from the EC-Clean Planet 1.5 scenariosare quite lowat around 30 TWh. In the case of 1.5LIFE,
this is probably due to the scenario philosophy, which focuses on circular economy and lifestyle
changes that reduce the demand;in 1.5TECH, it is due to the balance limit, as the electricity demand
(about 100 TWh) is also used for the production of hydrogen, but is not differentiated. In Mix95, a
scenario for the sametarget (95 % reduction) from the same study, the demand is projected to be
around 480 TWh; here the chemical industry's feedstock demand is only very slightly reduced. In
~Agora - No Regret', the demand is projected at around 150 TWh, which is mainly due to the fact
that hydrogen demand for plastic production is also reduced there through chemical and
mechanical recycling, as well as through bio-based materials and (25 %) sustainable naphtha
imports. Refineries play a minor rolein all three EC scenarios and nonein ,Agora- No Regret'; only
in the Bruegel scenarios refineries still have significant shares in 2050. Other sectors, such as 'non-
metallicminerals' or 'pulp &paper' are only considered in the ECscenarios. In this sector, hydrogen
plays arole primarily for the provision of (high-temperature) heat.

Figure 3 shows a regional breakdown of the hydrogen demand for 2050 as estimatedin the Agora-
No Regret study (Agora Energiewende and AFRY ManagementConsulting 2021).

Figure 3 — Industrial hydrogen demand for 2050, broken down regionally
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Figure 4 shows the projection of industrial hydrogen demand from study Agora - No Regret over
time. It can be seen that the total demand does not increase significantly; the demand for methanol
production remains constant and the demand for ammonia production falls slightly over time.
Between 2020 and 2030, additional demand is built up for the chemical plastics recyclingandiron
and steel sectors. Between 2030 and 2040, the strongest changes take place; demand in refineries
almost disappears by 2040 and is more or less compensated by an increase in demand mainly in the
iron and steelsector, but also in chemical plastics recycling.

Figure 4 - Hydrogen demand over time differentiated by industrial sectors
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Source: Own representation based on Agora Energiewende and AFRY Management Consulting 2021)

Quintessence from the projections

The (absolute) corridor of demand projections for hydrogen in industry is lower compared to the
other sectors (cf. Figure 1). This may indicate that the studies have somewhat more consensus on
the needs of industry compared to the needs of the other sectors. However, the corridors of the
demand projections already differ quite significantly between the industriesin some cases, e.g. for
refineries. The demand projections for the iron & steel sector differ the least and, in addition, all
studies estimate a significant demand for the chemical industry. Presumably, these two industrial
sectors are particularly relevantfor building a hydrogenecosystem in the EU in the medium to long
term. Nevertheless, choices for specific technological pathways will play a crucial role in determining
how high the demand will be in 2050, but more importantly, how the demand will evolve over time.
This inevitably raises the question of whether some kind of technological prioritisation (within the
industry) is necessary to allocate the still scarce hydrogen volumes at the beginning of the market
ramp-up.

The European Parliamentary Research Service EPRS (2021c) proposes to decarbonise existing
hydrogen production first e.g., in the chemical sector, when ramping-up the market for renewable
hydrogen. The Rocky Mountain Institute (2020) analysed hydrogenas a decarbonisation option for
industry and considered the steel industry as a primary sector for hydrogen use, unless carbon
capture and storage (CCS) is a viable and scalable technology. Agora Energiewende and AFRY
Management Consulting (2021) analysed the hydrogen demand required for the decarbonisation
of specific industrial sectors, which can be understood as an expected (no-regret) minimum level of
hydrogen demand. For that, the industrial sectors chemicals, refineries and iron & steel are taken
into account. No prioritisation is made between the industrial sectors; from the time course of the
projections, it can be seen that the demand in refineries drops sharply from 2030 onwards, so that
it only plays a minor role in 2040, while the demand of the othertwo sectors,especially the ironand
steelsector, increases steadily from 2020 to 2050.
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Table 2 collects estimates of hydrogen demand for various sectors and categorises them in three
dimensions. It provides an overview of the order of magnitude of the estimated requirements, and
represents a startingpoint for a hierarchisation with regard to higher-level political goals.

Table 2 - Estimation of hydrogen demand for 2050 from some studies (categorised)

Min.

Category | Definition Sectors (TWh) Max. (TWh)
Ammonia 96
480
Olefins * 42+10M
Refineries ** n.a. n.a.
Applications that can be decarbonised by
hydrogen and otherwise only by either CCS | ¢ | 73 @ 123 M
No-regret  and/or biomass.
sectors
Applications that cannot be fully 2 Industry 270 570
decarbonised through electrification.
Aviation 0® 340
Shipping 2019 1200
Y Transport 20 460
Applications that can in principle be High-temperature heat 145@
decarbonised by renewable hydrogen, but
Nedleclin also by using renewable electricity.
sectors . ) ‘
However, itis currently unclear which of the = Heavy-duty vehicles 1003 200®
options is the more cost-effective and
whether one of the two options will prevail.
G Applications that can be decarbonised Passenger cars 0® 200 ®)
ame- -
. more efficiently through the use of
changing renewable electricity. However, other
sectors Y- ' Space heating (s 600 )

factors may lead to hydrogen use here.
“Part of basic chemistry, incl. methanol.  on the way to RES.

Sources: " Agora Energiewende and AFRY Management Consulting (2021), @ European Commission (2018),
Scenario Mix 95, ® McWilliams, B. and G. Zachmann (2021).

Key messagesaboutthefuturehydrogen demandin industry

The steel and basic chemicals sectors are seen in the scenarios as major consumers of hydrogen in the
medium- to long-term. In the steel sector, considerable GHG reductions can already be achieved along the
way through the use of natural gas. In basic chemicals, the demand is accounted for by the production of
ammonia and olefins (for plastics). In ammonia production, hydrogen is already produced from fossil
sources; here renewable hydrogen can therefore be used directly to reduce GHG emissions.

In olefin production, the situation is more complex. Hydrogen would be used here in combination with
captured CO2 as a feedstock substitute for the (fossil) naphtha, which would require new production
facilities. First, BECCS approaches might be a competitor to hydrogen routes. Second, the role of recycling
of plastics, which can have a very large impact on hydrogen demand, is unclear.

In the refining sector, demand is expected to decline in the medium-to long-term as demand for fossil fuels
falls. In the future, however, refineries could grow into the basic chemicals sector as methanol producers.
When using renewable hydrogen in refineries, long-term strategies are therefore recommended in order to
avoid sunkinvestments.
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Key messages about the future hydrogen demand of the transport sector

In the aviation and navigation sectors, full decarbonisation via direct electrification is expected to be practically
impossible in the next decades. So a need for zero-carbon fuels will remain in these sectorsalso in the longer term. Since
the potentials of sustainable biofuels are limited,synthetic fuels produced from hydrogen can be considered a no-regret
option here.The use of hydrogen in heavy-duty vehicles competes with other options such as electrification of trucks
and the preferred option is not clear, suggesting that scenarios with both high and low hydrogen demand in this sector
should be considered. For light-duty transport, battery-electric vehicles have clear advantages over hydrogen-fuelled
vehicles, so that no substantial use of hydrogen in this sector is to be expected.

Key policy instruments for fostering a reasonable use of hydrogen in the transport sector are the Alternative Fuels
Infrastructure Directive (AFID), the TEN-T Regulation as well as the provisions of the ETS Regulation on aviation and
navigation. Moreover, the current Renewable Energy Directive (RED Il) contains important provisions for hydrogen-
based fuels to count under the renewable energy target of the transport sector. An additional option is a quota for
hydrogen-based fuels, which should be focused on aviation and navigation, as long as the preferred option in the other
sectors isunclear.

3.1.3. Policy gaps

The market take-up of hydrogen in industry is closely linked to the issue of decarbonisation of
industry, as hydrogen is an important decarbonisation option in energy-intensive industry. To
support EU industry in its decarbonisation efforts, a number of measures have already been
implemented focusing on the promotion of research and pilot projects (e.g. under Horizon 2020),
thus reducing barriers in the area of research and development. The first main measure to achieve
the strategic goals of the hydrogen strategy was the establishment of a stakeholder networking
platform, the European Clean Hydrogen Alliance. The main objective of the Alliance is to build an
investment pipeline, with an estimated volume of up to €430 billion by 2030. The Alliance organises
six thematic roundtables. The demand side is represented through the topics of hydrogen for
mobility, residential applications and industrial processes (European Commission 2021d), (European
Commission 2021g).

Further measuresrelate to research and developmentand the promotion of investments. Here, the
creation of a new 'Important Project of Common European Interest (IPCEI)' for the field of hydrogen
technologies is a central component (European Commission 2020e). Calls for expressions of interest
to participate in the Hydrogen IPCEl have already started in the participating Member States, and
the first decisions on approved Hydrogen IPCEI projects are expected towards the end of 2021. In
Germany alone, a total of over 200 project outlines have been submitted, 62 of which have been
selected for funding, for which a total of over 8 billion euros is available. In thefield of industry, the
main projects are for the hydrogen-based production of chemicals (including methanol) and steel
(German Ministry for Economic Affairs and Energy 2021). In addition, the instruments Next
Generation EU, InnovFin, InvestEUand the EU Innovation Fund (EU IF) are to be used for the market
ramp-up of renewable hydrogen, with the EU IF in particular targeting the energy-intensive
industry. Currently, more than a quarter of the projects that have entered the second stage of the
two-stage selection process deal with the use or production of hydrogen (European Commission
2021f). Furthermore, the EU hydrogen strategy proclaims the development of a pilot project for a
'Carbon Contracts for Difference' programme, in particular to support low-carbon and circular
production of steeland chemical raw materials.

However, there remain important barriers in the area of costs, labelling/certification and lead
markets, which are addressed below.

Cost

A major barrier to the market introduction of renewable hydrogen in industry is higher costs
compared to fossil fuels. This is particularly relevant for energy-intensive industries, because the
share of energy costs in gross value added is higher there than in the rest of manufacturing (Fleiter
2013). For example, Bruyn et al. (2020) highlight thatcurrently'carbon-neutral energyis often 2 or 3
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times more expensive than fossil-sourced energy'. However, they also note that even if industrial
energy costs were to double, 'the carbonneutral economy would only result in price increases of 2-
11 % in the most energy-intensive sectors such as refineries, cement, fertilisers and iron and steel.
Therefore, Bruyn et al. (2020) do not consider it likely that a transition to a carbon-neutral economy
will wipe out the European base of energy-intensive industries, ascompanies have 30 years to adjust
to these price increases. Thus, possible price increases from a carbon-neutral economy would be
moderate,and moreover, thereis a plannable and longer-term time horizon to pass on these price
increases to the market, or to reduce themthrough economies of scale. However, the main purpose
of private sectorcompaniesis tomaximise profits.If the additional costs ontheway toa GHG-neutral
economy cannot be passed on or compensated, then this represents a serious barrier to
transformation, because the industries concerned are in international competition. Commodity
prices are usually indexed (e.g. on stock exchanges). Increased costs without the possibility of
compensation/pass-on could thuslead to a kind of 'first-mover-disadvantage'.

Lead markets

In response to the Paris Climate Agreement adopted in 2016, numerous companies have formulated
the goal of becoming GHG neutral in the coming decades, also at Scope 3 level (Mace 2020). This
means that emissions from upstream supply chains will increasingly come into focus and demand
for energy-intensive goods producedwith low or neutral GHG emissions willhave to increase in the
coming decades. Lead markets can accelerate this process by creating new structures in value
chains.However, these do not yet exist.

Labelling/Certification

The technical nature of products from energy-intensive industries is independent of whether the
production route was GHG neutral or not (e.g. green steel is basically the same as grey steel). This
makes it difficult to identify the GHG intensity of an energy-intensive product as an additional
product specification. Linked to this, it becomes more difficult to pass on additional costs for low-
GHG or GHG-neutralgoodsin the market,e.g. to develop lead markets.

3.1.4. Implications for future policy options

Costs

Policy-makers have recently become aware that higher operating costs (OPEX) are a major barrier
to widespread market introduction of many low-carbon technologies in the energy-intensive
industry. The EU Innovation Fund addresses this: it provides revenues fromthe ETS to finance low-
carbon technologies in industry, while operating costs are also eligible. A similar approach can be
found in the Netherlands, where the revenues from the Sustainable Energy Surcharge (ODE) are
used to finance a support programme for the deployment of low-carbon technologies (SDE++).
Here, the difference between the cost price of the technologies (the 'base amount') and the market
value of the product the technologies deliver (the 'market price') can be funded (Anderson 2021).In
Germany, a pilot programme for carbon contracts for differences (CCfDs) is currently being
developed, and afirst paperon key points has been published (German Ministry of the Environment,
Nature Conservation and Nuclear Safety 2021). The EU hydrogen strategy also envisages a pilot
programme.

Key instruments for refinancing operating cost subsidies could be CO2 prices or climate levies on
end products. Inthe case of the CO2 price on end products, for example, a charge can be levied on
the basis of the CO2 content of end products; in the case of the climate levy on end products, for
example, charges can be levied by weight on selected materials (e.g. steel, plastic, aluminium,
cement, etc.). A major strength of CO2 prices or climate levies on final products is that there is no
carbon leakage risk, as the levy would also apply to importers, i.e. imported and domestically
produced materials/products would be treated equally. A weakness of the CO2 price on end
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products, however, is that this instrument is hardly feasible in the long-term without product-
specific (in principle global) tracking of emissions, which makes it difficult to apply in complicated
value chains. The climate levy, on the other hand, could be limited to the most relevant products,
which is an opportunity, as the administrative burden is minimised, but also represents a risk,
because it can lead to unequal treatment of materials and thus to possibly unwanted material
substitutions if the scope of the levy is set too low. For example, if steel is subject to a climate levy,
butaluminium is not.

Lead markets

Currently, there are no dedicated policy instrumentsat EU level to create lead markets for products
from energy-intensive industry with low GHG emissions. (Agora Energiewende und Wuppertal
Institut 2019) investigate, amongothers, the following instruments for this area: sustainable public
procurement,quota for low CO2 materials. In sustainable procurement, for example, countries could
commit to high sustainability criteria in construction. A quota for low-carbon materials could be
implemented, for example, by obliging
manufacturers of consumer goods to use

) - X Key conclusions on the use of hydrogen
defined proportions of low-carbon materials.

Both instruments can create secure sales e Thereisabroad consensusthathydrogen
markets and thus increase planning security is a technically feasible and promising
for investments in long-lasting production decarbonisationoptionforindustry.
facilities. In this way, the hydrogen ramp-up e Operating cost subsidies are promising
can be indirectly flanked, e.g. by increasing for the start of the market ramp-up of
the demand for steel from hydrogen-fired hydrogen useinindustry.

DRI plants. However, a quota for low-carbon e Hydrogen use and CCS (e.g. BECCS) do
materials has weaknesses in terms of not have to be competitors, they can also
administrative burden, andthereis also a risk complement each other.

of creating trade barriers. In addition, e Labelling systems for energy-intensive
according to Agora Energiewende and products produced with low or zero
Wuppertal Institut (2019), it could be subject greenhouse gas emissions help to
to the requirements of the WTO Agreement decarbonise industry and thus indirectly
on Technical Barriers to Trade (so-called TBT support the hydrogenmarket ramp-up.
Agreement). So there is a risk of trade e From an energy system perspective,
barriers. The strengths of sustainable approaches can be derived with which
procurement lie in the fact that important the use of hydrogen can be hierarchised.
signals are sent to citizens and business and, The level at which such hierarchisation
in addition, there is the possibility here for should be applied (overarching political
policy-makers to act directly, since objectives, allocation of funds, etc)
sustainability criteria can in principle be used should be evaluated in greater depth
in all areas of publicprocurement. (also with regard to innovation effects).

Labelling/Certification

At EU level, there are currently no specific

policy instruments in this area. However, the need for action to label the footprint of energy-
intensive products in order to differentiate them has already been recognised in the industry. For
example, the Responsible Steel initiative has developed a voluntary system for labelling and
certifying the GHG intensity of steel (cf. Responsible Steel 2021). In the building sector, there are
labelling systems thatuse life cycle assessment approaches (e.g. DGNB certifications). However, the
situation is fragmented; moreover, there are nowidespread (market) standards forenergy-intensive
products. Thereis a lack of systems to (i) label the GHG intensity of energy-intensive products and
(ii) translate it into specifications of downstream products. So,for example, if a vehicle manufacturer
buys GHG-neutral steel: how can this be certified/documented? How can this be translated into
product labelling in order to demand additional prices from end customers,etc.? Or, ifa building is
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to be produced with low-GHG cement: how is the cement labelled, how can the labelling be
transferred to the life cycle assessment of the building etc.? At this point, thereis a need for action
on the part of policy-makers to encourage the development of labelling systems that can be
practicably used in value chains and, if necessary, to take a leading role.

3.2. Production and import of hydrogen

The EC sees in the production of renewable and low-carbon hydrogen a key priority to achieving
the aims as set out in the European Green Deal and Europe's clean energy transition (European
Commission 2020e). Basically, the EU intends to achieve a renewable hydrogen economy in three
phases (European Commission 2020e):

¢ In the first phase (2020-24), the manufacturing of electrolysers for the production of
renewable hydrogen, totalling 6 GW of power capacity, should be promoted. Each of
the electrolysers shall reach a size of up to 100 MW, to allow a large-scale production.
They should beinstalled close to demand centres in the EU, to reduce the investments
in new infrastructures. Such a capacity would allow production of 1 million tonnes of
renewable hydrogen by 2024. Furthermore, existing hydrogen plants shall be
decarbonised and the take-up of hydrogen in-end use applications shall be facilitated.

e The second phase (2025-2030) refers to the ramp-up phase. In this phase, the EU aims
at producing 10 million tonnes of renewable hydrogen in Europe by 2030. In order to
reach such a target, 40 GW of electrolysers should be installed in the EU by 2030. To
achieve this target different actions will need to be implemented and are currently
discussed widely (Chatzimarkakis et al. 2021; see below). Additionally, falling prices for
solar and wind energy will help to reduce the price of renewable hydrogenand thusto
improve its competitiveness. This phase will also see the development of an EU-wide
logistical infrastructure, establishing larger-scale storage facilities and planning a pan-
European hydrogen network, possibly including the repurposing of existing gas
infrastructure. Next to ramping-up the production capacities, it is likewise important to
reach cost-competitiveness of renewable hydrogen.

e Thethird phase (2030-50) refers to the market growth phase. Renewable hydrogen will
have achieved maturity while being largely used in hard-to-decarbonisesectors. In this
phase, supportive schemes adoptedin the previous phases should be removed. The EU
hydrogen strategy does not specify the required capacity to produce renewable
hydrogen in the EU, but it is expected that a quarter of the renewable electricity
production in the EU might be needed.

To succeed in achieving these aims, it is necessary to clarify the framework under which such a
transformation can be completed, and to provide certainty to potential investors. A clear
understanding acrossthe European Union is required on i) the hydrogen production technologies
that need to be developed in Europe, and ii) what can be considered as renewable and low-carbon
hydrogen (European Commission 2020e).

3.2.1. Current production patterns for fossil and renewable hydrogen and
costsinthe EU

In 2018 about 8.3 million tonnes (327 TWhuw) hydrogen were required in Europe, whereas the total
pure hydrogen production capacity accounts for about 9.9 million tonnes . Adding by-product
hydrogen, the total capacity rises to 11.5 million tonnes . The largest producer of hydrogen is
Germany, with a production capacity of 2.5 million tonnes, followed by the Netherlands (1.5 million
tonnes ) and Poland (1.3 million tonnes ). The demand for hydrogen takes place mainly in four
countries, i.e. Germany (share 22 %), the Netherlands (14 %), Poland (7 %) and Belgium (7 %)
(Hydrogen Europe 2020a).
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On-site hydrogen production is most common to hydrogen supply: about 7.5 million tonnes
production capacity or about two thirds. The hydrogen is mainly demanded for refineries (share
45 %) and ammonia industry (34 %). The chemical industry sharesabout 12 %, mainly for methanol
production. Emerging applicationsfor clean energy purposes claim less than 0.1 % market share, a
minuscule portion of the hydrogenmarket (Hydrogen Europe 2020a).

In 2018 the production of hydrogen was dominated by steam reforming of natural gas, or (less
commonly) partial oxidation or autothermal reforming. The most common feedstock were fossil
energy carriers, sharing about90.6 %. The production of renewable (share less than 0.1 %) and low-
carbon hydrogen (0.7 %) plays an insignificant role (Hydrogen Europe 2020a, EPRS 2021c). The rest
is a mixture of different feedstock, also including renewable energies. Nevertheless, a precise
assignmentis not possible.

The production of renewable hydrogen commonly takes place with renewable energy via water
electrolysis. Kanellopoulos and Blanco Reano (2019) estimate an electrolysis capacity of around 1

Low-carbon hydrogen

Therole of low-carbon hydrogen in the transformation process to a hydrogeneconomy is under
discussion (EPRS 2021b). The principal idea of low-carbon hydrogenis to couple existing (or new)
fossil-based hydrogen production sites, like steam-reforming of natural gas, with a carbon
capture and storage or sequestration (CCS) facility. As an alternative carbon storage and
utilisation (CCU) is also proposed. Carbon capture means separating mainly carbon dioxide from
the flue gas or exhaust gas, depending on the selected technology (Markewitz and Bongartz
2015). The technology is a known technology in industry, whereas for power plants the
technology is still under development (Markewitz and Bongartz 2015). The captured carbon
dioxide can be stored or re-used. According to different estimation the expected provision of
captured carbon would exceed the expected demand for carbon, mainly by the chemical
industry (Muller et al. 2015). Therefore, a successful market penetration of low-carbon hydrogen
would require sufficient and suitable storage facilities, i.e. mainly sandstones (Metz 2005; Kiihn
etal. 2015). Additionally appropriate transportinfrastructuresare needed (Bongartz et al. 2015).

The main advantage of low-carbon hydrogen is the use of a known technology to produce and
to capture hydrogen. Stillunder investigation are the challenges to store carbon in appropriate
facilities, although the technical challenges are seen to be manageable (Kihn et al. 2015). The
sameis understood in the case of transport(Bongartzetal. 2015). However, society’s acceptance
in regions with potentially suitable deposits cannot be taken for granted. Insufficient
information and unclear individual or regional advantages of storage facilities “in the
neighbourhood” aswell as risk aversion, which could differ between rural and industrial regions,
couldimpede theinstallation of storage facilities (Schumann 2015). The potential reluctance to
accept storage facilities in a region could slow down a speedy installation of CCS and thus, a
speedy switch to low-carbon hydrogen. The level at which such hierarchisation should be
applied (overarching political objectives, allocation of funds, etc.) should be evaluatedin greater
depth (also with regard to innovation effects).

GW in the EU, which amounts to 1.6 % of total hydrogen production capacity. However, since the
current electrolysersare built for industrial purposes and have to be fully dispatchable, it could be
assumed that mostof them are powered with the available electricity mix (Hydrogen Europe 2020a).
Ramping-up renewable hydrogen capacities would need sufficient capacities to produce the
required electrolysers, which are currently not available (Lambert 2020). A speedy alternative is
often seen in switching from conventional carbon-intensive hydrogen production, e.g. steam-
reforming of natural gas, to low-carbon hydrogen production by supplementing these sites with
CCStechnology. The main advantage is thata known and matured technology to produce hydrogen
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can be used. Carbon captureis a globally used technology (Markewitzand Bongartz 2015). The main
disadvantageof CCS technologyis the identification of geologically suitable and societally accepted
storage sites andbuilding up sufficient infrastructuresto transport captured carbon to the deposits
(Bongartzetal.2015;Kihn et al. 2015; Schumann 2015).

The estimated costsfor producing hydrogen using fossil fuels (high-carbon hydrogen) are 1.5€/kg
(38 €/MWh). This figureis the current reference for all other technologies. Under today's conditions
low-carbon hydrogen costs around 2 €/kg (50 €/MWh) whereas producing renewable hydrogen
under today's conditions will generate costs of around 2.5-5.5 €/kg (65-135 €/MWh) (EPRS 2021c).
Thus, turning high-carbon hydrogen to low-carbon hydrogen by installing CCS technology wiill
generate an additional cost factor of about 0.5 €/kg (12 €/MWh) or 33 %. It should be noted that in
practice the costs for low-carbon hydrogen will be very location-specific, depending on the
complexity of and distance to carbon storage (Lambert 2020). Consultants estimate that a 50-60€
per tonne CO2 price could make low-carbon hydrogen competitive in Europe (van Renssen 2020).
Refineries may have additional potential for low-carbon hydrogen production, since the majority of
CO2 emissions from refineries is caused by combustion of refinery fuel gases in process furnaces
(CONCAWE 2011).

The lower end of the cost range for renewable hydrogen seems rather optimistic at present,
although it may well be achievable in the longer term (Lambert 2020). Renewable hydrogen from
North African solar PV is expected to cost around 2 €/kg (50 €/MWh) in 2050 (Agora Energiewende
2018). The main cost drivers for renewable hydrogen are theinvestment costs of electrolyser and
the electricity costs. As long as the capital costs are high, to become competitive the costs for
electricity have to be low (near 0 €), with a high availability rate to allow for a high share of full load
hours (EPRS 2021¢).

3.2.2. Projections regarding production capacities

As shown in Section3.1.2, available studies covera wide range of future hydrogendemand, reaching
between 800 and 1,700 TWh with respect to the entire EU in 2050. Considering these different
estimates, the need for renewable electricity generation only for hydrogen production will vary
likewise. Assuming an average efficiency of electrolyzing of 74 % (International Energy Agency
2019) in 2050, the electricity generation requirement will vary between 1,080 TWh and 2,300 TWh.
Looking at the estimated hydrogen demand of industry of about 280 TWh in 2030 (Agora
Energiewende and AFRY ManagementConsulting 2021) and assuming an electrolyser efficiency of
69 % (International Energy Agency 2019), the additional renewable electricity requirement would
amount to about 400 TWh. Since the figures give only an estimation of the entire electricity
demands and capacities to satisfy the EU demand for renewable hydrogen, the figures give no
indication of the share of domestically produced renewable energy. Figure 5 breaks down the
electricity requirements as well as electricity capacities with respect to the hierarchy of hydrogen
uses discussed in Section 3.1.2.

Following the different estimations, the no-regret sectors would demandat least 400 TWh in 2050,
corresponding to an average electricity capacity of 240 GW. In case of the highest estimated
hydrogen demand, the respective figures are higher by a factor of 3.6, reaching about 1,400 TWh
renewable electricity and a capacity of 850 GW. According to the studies scrutinised, the demand
for additionalrenewable electricity of the game-changing sectors ranges from 0to 1,080 TWh and
thus, the needed capacities between 0 and 660 GW, while the demand for additional renewable
electricity of the no-lock-in sectors varies between about 210 and 470 TWh. Since there may be no
hydrogen demand at all in the game-changing sectors, the share of the no-regret sectors could
amount to up to two-thirds of the total additional renewable electricity demandand of the required
generation capacities; in case of the highest estimated hydrogendemand it stillamounts to almost
half. Further details are provided in the Annex.
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Figure 5 - Hydrogen demand, additional renewable electricity requirements and
generation capacitiesin2050 (splitaccording to hierarchy from Section 3.1.2)
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Notes: The estimations for power requirements assume an energy efficiency of electrolyses of 74.0 %
(International Energy Agency 2019). The calculation of the power capacity assumes an electricity mix with
wind onshore 47 %, wind offshore 15 % and photovoltaics 38 % (adapted from Xu et al. 2020). The assumed
full-load hours are wind onshore 1,936 h/a, wind offshore 4,032 h/a, photovoltaics 903 h/a (Matthes et al.
2020).

Source: Own calculations based on Agora Energiewende and AFRY Management Consulting 2021; European
Commission 2018; Matthes et al. 2020; McWilliams and Zachmann 2021; Guidehouse 2020; International
Energy Agency 2019;Xu etal. 2020.

Future import of renewable and low-carbon hydrogen - estimated amounts and
possible import countries

Despite the production targets of the EU, several studies conclude that the required production
capacities to satisfy the expected EU demand for renewable and low-carbon hydrogen will exceed
the expected production capacities (International Energy Agency 2019). That means thata notable
share of demanded hydrogenhas to be imported. In the 2030s, 40 GW of additional electrolysersin
non-EU countries are expected to be necessary to fill the EU demand gap (European Commission
2020e). Currently, potential export regions for renewable hydrogen are seen in the Mediterranean
countries of Africa and Middle East (MENA) as well as Brazil. Russiais also mentioned as a potential
export country, in particular with respect to a potential export of CCS-based low-carbon hydrogen.
The future position of West Australia as anexportregionfor the EU is currently unclear (International
Energy Agency 2019; Kardas 2020; van Leuuwen 2021).

In the short-term, the potential renewable hydrogen exporting regionsface the same challenges as
the EU, i.e. building up sufficient capacities of electrolysers and renewable electricity capacities.
Additionally, reliable and appropriate transport infrastructures are needed. Furthermore, hydrogen
is seen beyond the EU as an important option for the transformation of the economy, fuelling an
intense competition for globally supplied renewable hydrogen and thus inciting investment into
renewable hydrogen, but alsoenforcingthe price disadvantage (Hydrogen Counciland McKinsey &
Company 2021; Wietschel et al. 2020; International Energy Agency 2019). Thus, in the short-termit
cannot be expected that the demand for renewable hydrogen of the EU can be satisfied by imports.
However, the future development of the global hydrogen market depends on a large set of
competing conditions, like national policies in the main importing and exporting countries, the
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progress of technological development and installation of production capacities, requiring
additionalinvestigations.

With regard to the technologyofimports, experts have indicated that the technological pathway is
not yet clearly defined, indicating that liquid hydrogen is not the only option,and ammonia and
liquid organichydrogen are also underdiscussionto supply the demand for hydrogen.

3.2.3. Upcoming policies for scaling-up production

The EU has already established a broad set of supportive policy frameworks in order to foster the
production of renewable and low-carbon hydrogen, although, as discussed later, some of the
regulations are still contra-productive from the perspective of hydrogen production. The most
important are the Renewable Energy Directive (RED) and the Emission Trading System (ETS).
Additionally the Next Generation EU and the 2030 Climate Target Plan provide instruments and
financial resources to accelerate the efforts of the EU towards a sustainable recovery (European
Commission 2020e).

With the ETS, the EU has a market-based, technology-neutral instrument to create EU-wide
incentives to develop cost-effective alternatives to fossil use in hydrogen. Almost all technologies
relevant to the market and producing hydrogen which use fossil feedstock, such as steam-
reforming, are covered by the ETS. However, the sectors affected will face a significant risk of carbon
leakage. Consequently they receive free allocation at 100 % of benchmark levels (European
Commission 2020e). In the meantime, the respective benchmark was updated (European
Commission 2021e).

The goal of the Renewable Energy Directive (Directive (EU) 2018/2001 (RED II) is to establish a
common framework for the promotion of energy from renewable resources by setting mandatory
targets to be achieved by the Member States by 2030, regarding gross final energy consumption
and fuel supplies. Although RED Il does not address hydrogen directly, RED Il has an important
impact on the chances of success for hydrogen production. For the calculation of the mandatory
targets in the transport sector, renewable hydrogen can be included, as a renewable liquid and
gaseous transport fuel of non-biological origin. Importantly, these are also counted as renewable
when they are used as intermediate productsfor the production of conventional fuels (Article 25.1
(a)). Equally important, the share of renewable electricity shall be considered to be four times its
energy content when supplied to roadvehicles for (Art 27.2), encouraging these types of fuels over
other types of renewable fuels (e.g. biofuels and advanced biofuels) (Floristean 2019). However, it
should be noted that RED Il has only an indirect impact on promoting renewable hydrogen, as long
as competing renewable technologies have a competitive edge.

The 2030 Climate Target Plan aims at presenting an EU-wide, economy-wide GHG emissions
reduction target by 2030 compared to 1990 of at least 55 % including emissions and removals, and
to preview a set of actions (European Commission 2020a). While addressing renewable hydrogenas
a key priority to achieve the targets, no considerations are provided which would directly affect EU
production of renewable or low-carbon hydrogen.

With the EU Recovery Plan, measures are established which could help to boost the installation of
production facilities with respect to low-carbon and renewable hydrogen. The recovery plan sees
two components, the Next Generation EU fund and arevised EU budget, worth a total 750 € billion
and 1.100 € billion (Hydrogen Europe 2020b). Although hydrogen is not specifically addressed as a
key sector for decarbonising the European economy, an impactof the recovery plan on the chances
for establishing a hydrogeneconomy can be expected. The supportprogramme InvestEU will focus
on economically viable projects, addressing market failures and investment gaps that hamper
growth, and help to reach EU policy goals. The InvestEU fund will mobilise investments through a
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guarantee, i.e. collateral, that will back investment projects by an implementing partner, e.g.
European InvestmentBank (Hydrogen Europe 2020b).

The EU Recovery Plan also sets up the Recoveryand Resilience Facility. The Facility aims to 'support
investments and reforms essential to a lasting recovery, to improve the economic and social
resilience of Member States, and tosupport the green and digital transitions' (European Commission
2020c). Within that Facility, eligible hydrogen projects could receive grantsand loans to overcome
the impacts of the COVID-19 crisis. However, to be eligible, the facility has to be implemented in
country-specific Recovery and Resilience Plans. The reinforced Just Transition Mechanismis another
facility, which addresses specifically regions which would be affected by the transformation to a low
carbon-economy. Low-carbon or renewable hydrogen production facilities could be eligible to
receive funds.

With the launch of the European Clean Hydrogen Alliance, a forum has been established, bringing
together industry, public authorities and civil society, to coordinate investments for scaling-up
production and increasing demand. The hydrogen strategy has a clear focus on ensuring the
appropriate priorityand proper accessto finance for clean hydrogen projects, mentioning the need
for coherenceacross EU funds and EIB financing. The Alliance is expected to deliver an investment
pipeline and ensure adequate policy coordination (EPRS 2021c¢).

The European hydrogenvalleys Partnership initiative under the Commission's Smart Specialisation
Platform has the objective to facilitate cooperation between European regions that wantto develop
production, storage, distribution and consumption of hydrogen in a geographical area
(Chatzimarkakis et al.2021). A Hydrogen Valley constitutes an integrated eco-and business system
in which the production, storage, distribution and consumption of hydrogen is centralised in a
geographicalarea (Weichenhain et al. 2021). Currently, the EU has 18 hydrogen valleys distributed
in Austria (1), Denmark (1), France (3), Germany (5), ltaly (1), The Netherlands (3), Romania (1),
Slovakia (1) and Spain (2) (Fuel Cells and Hydrogen 2021).

Member States can collaboratively support specific innovation projects as important projects of
common European interest (IPCEI), subject to the criteria defined by the European Commission. In
December 2020, 22 EU Member States and Norway signed a manifesto to establish an IPCEl on
hydrogen. This would be the third IPCEI, after those on microelectronicsand batteries (EPRS 2021¢).
There is a clear potential for hydrogen IPCEls to go beyond the practice and use all the flexibilities
that the 2014 Communication offers in terms of supportto transport and energy projects,coverage
of 100 % of the funding gap and also in terms of operating costs eligibility (Chatzimarkakis et al.
2021).

Currently discussed, but not implemented policy instruments and regulations

As shown above, one impediment to ramping-up is the low competitiveness of low-carbon and
renewable hydrogen under current conditions. In the case of low-carbon hydrogen the main
increasing cost factoris the installation of CCS facilities, which will include the transport of captured
CO2tothestoragesites. The competiveness of renewable hydrogen is impeded by high investment
costs and the demand for low electricity costs.

From a supply side perspective different measures are currently discussed. In addition to different
procurement mechanisms, direct financial support, i.e. grants, is also considered an option. One
procurement option is toseta production tariff mechanism. The potential producers are guaranteed
to receive a set production tariff over a fixed time period. Whether such a tariff is fixed or maybe
indexed to adjust for inflation or other measures has to be clarified (Chatzimarkakis et al. 2021). The
production tariff could takeinto account the type of hydrogen and the different starting points of
Member States, in line with State aid policy. Production tariffs could guarantee bankability and an
acceptable return oninvestment. However, a fixed productiontariff would not provide price signals
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that reward electrolysers for the services they provide to the energy system (e.g. flexibility services,
augmenting renewable production levels, reducing burdenfrom renewable incentives).

Another option would be to provide market support schemes through competitive tenders or by
auctions. In tenders and auctions the tariffs is determined through competitive tendering, but
usually results in a similar contractual arrangement with the developers, as is the case for set
production tariff schemes, e.g., a 25 year off-take agreement. It should be noted that the auctions
have to differ between low-carbon and renewable hydrogen, if the former is also to see support.
Otherwise, due to the cost advantage of low-carbon hydrogen, bids from renewable hydrogen
suppliers would see no success. Also, hybrid systems, e.g., auctions for larger systems and set
production tariffs for smaller systems arecommon.

An alternative to procurement options is direct financial support to producers of renewable and
low-carbon hydrogen. The high investment and operational costs could prevent investors from
investing in hydrogen production facilities. The disadvantage is increased by the expected low
energy costs in potential hydrogen exporting countries. One possible arrangement could be to
finance theeligible cost gap, defined as the difference betweenthe positive and negative cash flows
over the entire lifetime of the investment. This is the approach taken by the Innovation Fund.
Anotherimportant example are CCfDs, which are discussed in detail in Section 3.1 and Section 5.2.2.

Together with other new emerging fuels the treatment of hydrogen within the Energy Taxation
Directive (ETD) needs a revision. The ETD does not ensure the preferential tax treatment of low-
carbon or renewable fuels, which could promote the competitiveness of renewable hydrogen
(Jovanand Dolanc2020), as hydrogen could also be used as a storage for electricity. The ETD states
that electricity shall be taxed, when it is released for consumption. How to treat supplying electricty
to hydrogen storage facilities is unclear, allowing double taxation (European Commission2019b). In
addition, a phasing out of fossil fuel subsidies, tax and levy exemptions would enforce the impact
on hydrogen production (European Parliament 2021).

Policy gaps according to relevant stakeholders and scientific studies

The starting point of all considerations of most stakeholders is the large cost gap between high-
carbon hydrogen production and low-carbon and renewable hydrogen, as well as the minuscule
share of low-carbon and renewable hydrogen at hydrogen production. All analyses see a massive
need for support by the EU and national governments.

Using the deployment of renewable energy carriers as an example, most stakeholders formulate
their expectation thata comparable supply-side focussed policy could achieve thesame results, eg.
a rapid decline of production costs with a considerable ramping-up of production. The support
would not only ensurea required level of returnon investment for private investors, but also reduces
the risks of market failures. Following from this, the propensity of the investors to invest in the
emerging technologies would increase considerably and thus, the volume of private capital
However, stakeholders differ in their preferences regarding the precise policy. For example,
Hydrogen Europe supports direct financial grants to reduce the capital and investment costs
(Chatzimarkakis et al. 2021). But also procurementoptions could lead the way. The massive support
by the EU and the national governments should endure as long as the European hydrogen
production is not competitive and the share of low-carbon hydrogen and renewable share is not
noteworthy (Chatzimarkakis etal. 2021; Energy Transitions Commission 2021). The financial support
for hydrogen production shall be accompanied by an appropriate carbon pricing. Such a policy
would not only diminish the competitive edge of high-carbon hydrogen, but would also enforce an
additionalincentive on the demand side (Energy Transitions Commission2021).

An open question is whether only renewable hydrogen production shall face massive support, or
also low-carbon production, atleastas long as renewable hydrogen production is not competitive.
Many stakeholders assume that low-carbon hydrogen would quickly reduce the GHG footprint of
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hydrogen production, since the technology of carbon capture is an established technology.
However, a massive installation of carbon capture technology would raise the question of how to
store carbon in a safe and acceptable way for society. Therefore, some stakeholders demand that
only renewable hydrogen shall experience State aid (Energy Transitions Commission 2021;
Chatzimarkakis et al. 2021; EPRS 2021b).

The discussed options to enforce a substantial increase of low-carbon and renewable hydrogen
production also represents the completefield in the academic discussion (Lambert 2020; Bataille
2020; Quarton and Samsatli2021; Song et al. 2020). All the propositions leave a number of questions
unanswered, particularly in the area of regulation. Implementing the policies considered above
would need major changes, in particular of competitive rulesand cross-border trade (Lambert 2020).
A main challenge is to identify appropriate criteria on how to avoid lock-in pathways, as well as
precise definitions, to identify matured hydrogen markets, which are seen as a pre-condition to
reduce therequired State aid (Chatzimarkakis et al. 2021; Energy Transitions Commission2021).

3.2.4. Implications for future policy options

Ramping-up the production of renewable or low-carbon hydrogen, according to the plans of the
EU, needs different policies and measures. Since the long-term aim is to establish an international
competitive and sustainable hydrogen economy, and considering the high investment costs, the
measures should not pre-determine an unsustainable pathway, i.e. avoid lock-in effects. Focussing
only on production, two different policy approaches to promote production can be identified:

e Policies and instruments which support indirectly or directly the production of
hydrogen.

e Initiatives gathering publicand private actors topromote hydrogen production, like the
European hydrogenvalleys Partnership and the European Clean Hydrogen Alliance.

Although the focus of this sectionis on production, a successful ramping-up of production should
not only focus on production, but be seen as a partofa value chain. The downstream perspective is
mainly covered in other sections,namely

e Demand for hydrogen (see Section3.1)
e Hydrogeninfrastructure and markets (see Section 3.3)

In addition, storage capacities for captured CO2 are relevant. A pre-condition to turn high-carbon
hydrogeninto low-carbon hydrogen is the appropriate capture of CO2. Since the expected amount
of captured CO2 will exceed the demand for utilised CO2, the excess has tobe stored in appropriate
sites, e.g. oil and gas reservoirs, deep saline formations, or un-minable coal beds (Metz 2005;
Markewitzand Bongartz 2015).

In the upstream perspective, there is a need for sufficient availability of electrolyser capacity. The
current electrolyser production capacity in Europe is wellunder 1 GW per year. Achieving the 2030
production goal of 40 GW requires a very rapid scale-up of electrolyser production or implies a
strong reliance on imported electrolysers, most likely from China (European Commission 2020e,
Lambert 2020). Moreover, there is a need for sufficient availability of low-cost renewable energies in
the case of renewable hydrogen and the respective grid to transport electricity to the production
site. To produce one kg hydrogen about 52 kWhelectricity is necessary (International Energy Agency
2019). Using renewable electricity as a feed, production on-site of demand centres will be not
possible; even nearby-site production will be the exception, as the demand centres are mostly
located in densely populated areas (Hydrogen Europe 2020a), demanding reliable infrastructure to
transportrenewable energy to hydrogen production sites (European Parliament 2021).
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One additional obstacle in hydrogen technologies is often seen in its safety. However, the fear of
unsafe hydrogen addresses mainly the application of hydrogen, less in respect to producing
hydrogen. Producing and handling of

hydrogen at production facilities is well- Key conclusionson hydrogen production
known. Hydrogen is already used extensively ~ and imports

in large-scaleindustrial applications despite its
high flammability. Similarly, ammonia is safely
produced, stored and transported globally
today despite its high toxicity. Nevertheless,
international standards need to be further
extended for hydrogen and its derived fuels: i)
to enforce minimum hydrogen leakage, which
is important from both a safety and climate
change perspective, and i) to support end-use
applications to facilitate the growth of
hydrogen demand. Local standards and
certification regimes will in addition be
required if hydrogen is to be used extensively
in multiple smaller-scale residential and
transport applications. These regimes should
provide publicassurance that hydrogen can be
safely deployed in all applications, which will
be critical to securing high levels of social
acceptance (Energy Transitions Commission
2021). In addition, quality standards and clean | -
hydrogen standards are required, which go satisfy the domestic expected

hand-in-hand with certification (see Section demand for renewable hydrogenon
3.3). its own.

e A fast ramping-up of hydrogen
production in Europe would need
comprehensive support by the EU
and MS sincerenewable hydrogenis
not price competitive, impeding
currently any private incentives to
invest.

e Asa bridge technology low-carbon
hydrogen seems to be promising.
However, geological and
infrastructural hurdles and societal
concerns could hamper a quick
transformation.

e The need for additional renewable
electricity capacities is noteworthy,
but depends on the demand for
hydrogen and the competitiveness
of hydrogen production in the EU.

e Probably the EU will not be able to

3.3. Hydrogen infrastructures and markets

The EU hydrogen strategy foresees the need for a Pan-European hydrogen infrastructure in the
long-term after 2030 (European Commission 2020e). In the first phase until 2024, the Strategy
expects that direct transport via pipelines, or pipelines on a business-to-business level will be
sufficient. In the transitional period until 2030, hydrogen networks could emerge locally and be
combined to a hydrogen backbone network, enabling a more flexible connection between
producers and users. The required investment in hydrogen transport, distribution and storage by
2030 is estimated to about EUR 65 billion (Fuel Cells and Hydrogen 2019).

Today, the need for transporting hydrogenin the EU is limited due to the low demand and local
production. Accordingly, the Europeanhydrogennetworkhas a length of about 1,600 km, which is
tiny compared to the pan-European gas grid of more than 3,000,000 km (EPRS 2021a), including
about 250,000 km of transmission lines. The hydrogen infrastructure consists of several non-
interconnected, privately run pipelines at chemical industry sites, mainly in Belgium (613 km),
Germany (376 km), France (303 km) and the Netherlands (237 km). Small-scale users are served by
trailers. However, the transport of hydrogen via pipeline is the cheapest option for transport
distances below 1,000 km (European Commission 2020d). Given that the large-scale production of
renewable and low-carbon hydrogen and its consumption are expected to be geographically
distinct, a large-scale application of hydrogen will lead to a need for a substantial expansion of the
European hydrogen network (Sensful et al. 2021). However, as described in Section 3.1, the future
hydrogen demand is deeply uncertain, resulting in large uncertainties about the exact future
infrastructure needs.
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The current Gas Ten-Year Network Development Plan (TYNDP) does not yet consider hydrogen
infrastructuresbut includesenergy transition projects forthe firsttime (ENTSOG 2020). It lists 44 ETR
projects related to the production and use of hydrogen, with only two of them at final investment
decision (FID) or advanced status. First infrastructure demonstration projects are also under
development (Hydrogen Europe 2020a), in particular on repurposing of gas pipelines (MosaHyc)
and on establishing a publichydrogen networkopen to new users and producers (GET H2 nucleus).

As described in Section 3.2, most hydrogen is currently produced on-site (two-thirds or about 7.5
million tonne production capacity) by refineries or ammonia production, mainly through steam
methane reforming. Only minuscule sharesare currently used for energy purposes (0.1 %). In terms
of production pathways, only 0.1% is produced as renewable hydrogen and 0.7 % as low-carbon
hydrogen (classificationis discussed below). A market for hydrogen per se currently therefore does
not exist, particularly for hydrogen from renewable electricity. This has been reconfirmed by
stakeholders. The formation and regulation of hydrogen markets - and even the need thereof - is
therefore under debate among stakeholders.

A clear and harmonised definition of the product does not yet exist. As recognised as necessary by
many, the EU hydrogen strategy mentionsthat 'a comprehensive terminologyand European-wide
criteria for the certification of renewable and low-carbon hydrogen' will be introduced. This is an
essential prerequisite to shape the market, as it defines what will actually be traded on the market.
The EU hydrogen strategy sets outdifferent categories, summarisedas follows.

o electricity based: hydrogenproduced by electrolysis of water

e renewableorclean:asabove, using renewable electricity

o fossil-based:fossilfuels are used as feedstock (coal or gas)

o fossil-based with carbon capture: as above,using carbon capture

e Jlow-carbon: is the combined category of 'fossil based with carbon capture' and
‘electricity-based hydrogen' with significantly reduced GHG emissions compared to
conventional production

This classification can only be the starting point for detailed regulation, and the EU hydrogen
strategy states thata harmonised terminology and certification criteria should be put in place for
low-carbon hydrogen, also stating that this should be based on either the Renewable Energy
Directive Il or the existing ETS guidelines, also referencing the CertifHy project. This is discussed in
more detail below.

3.3.1. Options and needs for infrastructures and regulation

European hydrogeninfrastructures

One option for transporting hydrogenfrom producers to consumersis to blend it in the natural gas
grid and separateit later if needed. However, admixtures of hydrogen can be transportedin existing
natural gas networks only up to 10 vol- %, which is only about 3 % with respect to the energy
content. For higher concentrations, dedicated hydrogen infrastructure would be more useful than
admixture to methane (European Commission 2020d). The main issuehereis not the networkitsef,
which could be adapted relatively easy, but the sensitivity of end-users. These often face strong
restrictions with respect to the purity of the gas consumed, e.g. gas turbines and gas stations
(Wachsmuth et al. 2019). The adaptation of all end-users to higher shares of hydrogen would be
more costly and also logistically challenging. The admixture of hydrogen is thus only reasonable to
ramp-up the production in an early phase, but not a viable long-term solution. The admixture of
hydrogen also requires a detailed monitoring of the gas quality to avoid local excession of the
threshold. Nevertheless, the option of deblending should be furtherexplored.

To build a hydrogen network, there are in principle the two options to build up new pipelines
dedicated to hydrogen, and to repurpose parts of the existing gas grids. The required investments

25



STOA | Panel for the Future of Science and Technology

for repurposing can be expected to be much lower, in particular if lines are already depreciated,
even though these are highlydependent onlocal circumstances (EPRS 2021a). The available studies
also agree that the specifictransportcostsin repurposed gas pipelines will be lower than in newly-
built hydrogen pipelines (whereever repurposing is possible), with levelised costs of transport per
MWh and 600 km of 4.60 —49.80 EUR for newly-built pipelines and of 1.26 - 3.70 EUR for retroffitted
pipeline (Agora Energiewende and AFRY Management Consulting2021).

However, repurposing only works when gas pipelines are not needed anymore. In the near future
will mainly arise due to the depletion of Dutch gas fields, or when there are parallel pipelines and a
decreasein the demand for natural gas makesone of the pipelines dispensable (Wang et al. 2020).
While the latter case becomes more common with decarbonisation, the dynamic process is rather
complex and requires detailed planning. In any case, it is clear that establishing a hydrogen
backbone will require closing gaps in the repurposed network with new lines, at least to a certain
extent. While the hard-to-abate industrial sectors with the largest potential for using hydrogen are
mainly energy-intensive industries, only a certain share of these is directly connected to the
transmission gas grids. In Germany, for instance, this applies to almost half of the industrial
consumers with consumption above 100,000 MWh/a and more than half of the gas plants with
capacity above 10 MW (Matthes 2021). This means thateven when the focus is on energy-intensive
industries, it is not sufficient to address only the transport grid; it is also necessary to consider
repurposing options on the distribution grid level, which has not yet been done in a systematic
manner.

Driven by major European gas TSOs, a potential designfor a European Hydrogen Backbone network
and its benefits was put forward by the Gas for Climate Initiative in 2020 (Wang et al. 2020). In April
2021, an update of the European Hydrogen Backbone was presented (Jens et al. 2021). While the
original version described a network of 23,000 km across ten countries, the revised proposal covers
39,700 km connecting 21 European countries by 2040. About 70 % of the proposed European
Hydrogen Backbone consists of repurposed gas pipelines. The 30% newly-built pipelines mainly
help to integrate countries with less developed gasgrids but potentially high hydrogen supply and
demand. The total required investment is estimated at 43 - 81 billion EUR, resulting in an average
cost of 0.11-0.21 EUR for transporting one kilogram of hydrogen over 1,000 km. The originally
proposed starting grid for 2030 covered 6,800 km of pipelines with an even higher share of
repurposed pipelines (Wang et al. 2020), which has also been updated (see Figure 6 for the fully
connected backbone in 2035). Deepened studies on a hydrogen backbone have been carried out
by German and Dutch TSOs (HydrogenEurope 2020a). A recent study commissioned by the German
Ministry for Economic Affairs and Energy based on multi-model cost optimisation finds that a
starting grid of 2,800 to 4,900 km length will be required in 2030, also mainly based on repurposing.
In the longer-term until 2050, the study finds a wide range for the required hydrogen grid (2,800 to
32,600 km), mainly depending on whether or nothydrogenis also used for heatingpurposes.

In a recent study, Agora Energiewende and AFRY Management Consulting (2021) look at the
demand for hydrogen in the mid and long term with a focus on no-regret uses of hydrogen (see
Section 3.1). With respect to the infrastructure needs, the study points out that the long-term
hydrogen demand across scenarios is only 20-40 % of today's gas demand, concluding that a
European hydrogennetwork will not reach the size of the present gas grid. Moreover, the no-regret
demand is even lower so that the infrastructure build-up should focus on the local clusters with
highest no-regretdemand until thereis more clarityaboutfuture demand. The studyidentifies four
such local clusters (in Spain, the Benelux area, Poland/Lithuania and Bulgaria/Romania). Only the
Spanish and the Benelux clusters are part of the European Hydrogen Backbone, which shows that
thereis asyet noagreement on therequired infrastructure.
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Figure 6 — European Hydrogen Backbone in 2035

- H; pipelines by conversion of existing natural gas pipelines repurpased)

Mewly constructed H; pipelines

== ExpOrtfim

* Helsink

* Tallinm
N il g
Munich s S ]
& A-.dcpea 1
™
Lyan i
= S0 ! 1!' = x -
] L i g * Ljubljdha r
- 'T Eilh - N
Iy
/--._\ L 5
Marsellle
b
Modrid [+ W E‘
Saroelana Rome
= volencia
} |
®Tarlfa = Almeria olen
¢ * AthEns w

Source:Jensetal.(2021)

In a future large-scale trading of hydrogen between producers and end consumers, there will also
be a need for sufficient large-scale hydrogen storage capacities (Agora Energiewende and AFRY
Management Consulting 2021). It has been demonstrated that technically, it is possible to use
depleted gas fields and salt caverns for hydrogen storage (Caglayan et al. 2020), in particular those
currently used for large-scale storage of natural gas. However, no large-scale hydrogen storages are
in place and their regulation with respectto economic operationas well as safety requirements are
lacking. Moreover, given the uncertainty about the future volumes of hydrogen markets, the
required volumes for hydrogen storage also remain largely uncertain. The levelised costs of large-
scale hydrogen storage range from6 - 104 EUR per MWh of hydrogen (EPRS 2021a)
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Regulation and market rules

Asnoted above, thereis currently no open marketfor hydrogen since most productiontakes place
on-site of consumers.Depending onhow themarketwill shapeinitselfand in relation tothe natural
gas market, it is debated how regulation should be developed over the course of time.

The EU hydrogen strategy recognises open and competitive markets as beneficial to balance
differences in demand and supply between Member States. For this, the related infrastructure
should be accessible to allon a non-discriminatory basis with neutral networkoperators, clear rules
for third party access and streamlined permitting and administrative hurdles. In addition, the
Strategy states that energyusers should be able to make informed decisions on the energy carrier
they wish to consume and whether they consumeit, retaining the energy efficiency first principle
and providing hydrogen to those who value it most. This speaks for clear defining criteria for
hydrogen product categoriesas discussed below.

Current regulation in the gas market (transposed through Regulation (EC) 715/2009 and Directive
2009/73/EQ) is scheduled to be revised in Q4 2021 in the so-called Hydrogen and Gas markets
Decarbonisation Package. Within this package, the Directive setsout commonrules for the internal
market in naturalgas based on the principle of free movementof goods, separating networks from
production and supply, andinstalling independenttransmissionoperators (unbundling). It defines
the rules of authorisation, monitoring and regional cooperation for storage and transmission and
distribution system operators as well as for accessing the system. The regulation further specifies
rules for access. However, thereis no mention of hydrogen in this regulation, which is expected in
therevision Q4 of 2021. After the transition to a decarbonisedand partly hydrogen-based economy,
hydrogen networks willmirror the current natural gas networks, likely in smaller scale (see above).
They will likely be mostly monopolistic infrastructures with high fixed costs recovered over longer
time periods. Until this state is reached, the creation of local hydrogen networks in the no-regret
clusters that are later integrated in a single network, is a promising option that should be explored
further (European Commission 2020d).

To prepare for thetransition towards ahydrogen backbone network, a secure and stable investment
environment is required. This points to the need for an early regulation of the transition, either by
setting out a clear roadmap of the transition or by determining today how the future market should
be shaped. In this respect, private investmentin new hydrogen networks can be insufficient. While
gas TSOs could play an importantrole in establishing hydrogen networks by repurposing of existing
infrastructure, decreasing revenues from natural gas transportmay pose an obstacle for investment.

As a prerequisite to shaping the future market, the EU hydrogen strategy sets out a rough
classification of hydrogen with renewable and low carbon hydrogen being the categories mainly
under discussion for shaping future markets (see above). In parallel, there isa common colour code
classification. Main categories here are often grey hydrogen - produced fromfossil feedstock, mostly
via steam methane reforming;?blue hydrogen -as grey hydrogen but with CCS; turquoise hydrogen
- produced via pyrolysis of methane, which leads to carbon in solid state as by-product, and green
hydrogen - produced via electrolysis of water using renewable electricity.*

While the colour code seems intuitive, it also does not provide the regulatory certainty to define
specific product categories, as does the classification according to the EU hydrogen strategy. It
states thata harmonised terminology and certification criteria should be putin place for low-carbon
hydrogen, also stating that this should be based on either the revised Renewable Energy Directive
(REDII) or the existing ETS guidelines. The RED Il set out definitions by which renewable fuels of non-

3 Notto be confused with grey electricity, which is that sourced from the grid (referring to a mix of renewable and non-

renewable origin) and sometimes complemented by black hydrogen as hydrogen using coal as feedstock.

4 Pink hydrogen denotes hydrogen produced via electrolysis of water using nuclear power.
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biological origin (RFNBOs) based on electricity can be counted as renewable (RFNBOs in this regard
overlapping in definition with the renewable hydrogen of the hydrogen strategy). The ETS
monitoring, reporting and verification guidelines could be applied as a guiding document to
develop a definition of low-carbon hydrogen. Asthisis moregeneraland also currently accounts for
hydrogen produced from steam methane reforming, this could be used as a reference document
for the definition of fossil-based hydrogen with carbon capture or other technologies, so for the
more generallow carbon hydrogen. The current (ETS phase 3) benchmark value for the production
of hydrogen via steammethane reforming is at 8.85 tCO2/t hydrogen, while the revised benchmark
for phase 4 (2021-2025) is defined at 6.84 tCO2/t hydrogen. How this will be translated into a
threshold for GHG emissionsfor low-carbonhydrogenis currently unclear.

The hydrogen strategy alsomentionsthe CertifHy project as a possibly reference to define life cycle
GHG emissions. This project has proposed criteria for CertifHy Green hydrogen and CertifHy Low-
carbon hydrogen. In order to count as low-carbon hydrogen, the CertifHy project has proposed a
threshold of 60 % GHG emission savings relative to a benchmark of 91 gCO2/MJ (lower heating
value, closeto the fossil comparator of 94 gCO2/MJset outin RED Il for biofuels), i.e. setting a limit
of 36.4 gCO2/MJ or 4,37 tCO2eq/tH2, with more specific requirements outlined in the CertifHy
criteria document (CertifHy 2019a). CertifHy Greenhydrogen also needs to meet this threshold,and
in addition sources only renewable energy, which in turn needs to be proven by cancelling
respective Guarantees of Origin for electricity gas or heat. In its second stage, CertifHy has
developed the scheme andits integration with existing regulation (CertifHy 2019b). Currently, the
CertifHy project is working to establish a Hydrogen Guarantee of Origin market and developing a
certification scheme for REDII.

3.3.2. Overview of current and upcoming policies and plans

As the regulation of infrastructures and markets is closely related, the following paragraphs give a
joint overview of respective current and upcoming policies.

e Revised TEN-Eregulation and TYNDPs

At the European level, cross-border energy infrastructure planning is covered by the TEN-E
regulation. When the TEN-E regulation was established in 2013, there was no need to consider
hydrogen.In 2020, the Commission has published a draft of the revised TEN-E regulation (European
Commission 2020f), which was publicly consulted recently. One particular objective of the revision
is to cover hydrogen infrastructure and electrolysis projects, in particular enabling such initiatives
to become projects of common/mutual interest (PCI/PMI). To this end, the draft regulation suggests
three priority corridors forhydrogenand electrolysers, one in Western Europe, one in Eastern Europe
and one in the Baltic Region, and lists potential types of projects, including hydrogen storage and
pipelines, both newly-built and repurposed ones. Moreover, it defines criteria for an assessment,
including the energy efficiency first principle, sustainability requirements and size thresholds.
According to the draft of the revised TEN-E regulation (European Commission 2020f), the TYNDP
2022 will need to also cover the hydrogen infrastructure and storage planning. For a project to
becomea hydrogen PCls/PMls, it needs to be part of the TYNDP before. As hydrogeninfrastructure
projects will be part of the TYNDP 2022 for the first time, the first such projects will not enter the
PCI/PMI list before 2024.

By end of 2023, the draft revision of the TEN-E Regulation also requires the European Networks of
Transmission System Operators ENTSOE and ENTSOG to come up with an integrated infrastructure
planning for electricity, gas and hydrogen. This is meant to make sure that there is sufficient
harmonisation between the different infrastructure plants. This seems to be imperative, given that
the build-up of the hydrogen infrastructure needs to be adjusted to the repurposing of gas
infrastructures, and thereis a trade-off between producinghydrogenclose to renewable electricty
sites transporting the hydrogen to end-users, and producing hydrogen at end-user sites
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transporting the electricity. Nevertheless, the current TYNDPs for electricity and gasgrids are based
on modelling of the individual infrastructures and thus cannot take into the mutual
interdependencies.

e TEN-T and AFIDto the extent relevant forindustry

The Trans-European Transport Network (TEN-T, based on Regulation 1315/2013) sets out the
regulations defining this infrastructure. The Alternative Fuels Infrastructure Directive (AFID,
European Parliament2014) sets outregulationsfor the infrastructure required to deploy alternative
fuels. Among others,hydrogenis defined as an alternative fuel. It is concerned solely with refuelling
stations for the transport sector and has limited direct influence on other sectors. It defines
standards for refuelling stations and obliges Member States to set up an appropriate number of
hydrogen refuelling stations, if they decide to include hydrogen refuelling in their national policy
frameworks.The report of the Commissionon the AFID (European Commission 2021c) summarises
that registration rates of hydrogen fuelled vehicles have remainedlow, with higher shares in buses
and trucks as an emerging field of application. There are currently (2020) 125 hydrogen stationsin
operation, with 600 in current plans by Member States. However, some currently do not plan any
infrastructure, which would lead to low connectivity (European Commission 2021c). This has also
been highlighted by the briefing to the European Parliament (EPRS 2020a), which points out that
similar concerns have been raised by car manufacturers. A revision of the AFID is planned as part of
the Flt-for-55 package in 2021.

e Expectations for the Hydrogen and Gas markets Decarbonisation Package

Currently, there are no commodity markets for hydrogen and thus no regulation which deals
explicitly with hydrogen. Accordingly, the current gas market regulatory package (Directive
2009/73/ECand Regulation (EC) No 715/2009) already in its title carries forward the focus on natural
gas as a regulated commodity. The legislation is foreseen to be revised as 'the Hydrogen and Gas
markets Decarbonisation Package' (indicated for Q4 2021) to better reflect a changing and
diversifying gas market (European Commission 2021a). This regulation shall in the future also
accommodate for hydrogen, but alsoother decarbonised gases, suchas biomethane and synthetic
methane. It willbe necessary to partly repurpose the existing natural gas infrastructure.The current
regulation does not foresee distributed production and injection facilities or changing gas quality.
Therevision will regulate a diversification of market participantroles, such as the question whether
TSOs are allowed to undertake hydrogen electrolysis, orthe role of local communities of production
and consumption. Consumer rightswill also be more adequately addressed. The upcomingrevision
will also address imports and storage aspects. Also, the future integration of different energy
markets requires that networks are jointly planned. The topic is described as one that cannot be
efficiently addressed by individual Member States, so an approach ensures that the EU targets are
tackled in a consistent manner, which avoids the costs of ex-post harmonisation (European
Commission 2021a).

e RenewableEnergy Directive Il (REDII) and related Delegated Acts

Anamendment of the RED Il (Directive (EU) 2018/2001) is planned as part of the Fit-for-55 package
in July 2021. Possibly moreimportantfor the definition of hydrogenclasses are the Delegated Acts
defining in detail the conditions under which electricity for the production of renewable fuels of
non-biological origin (RFNBOs, among which hydrogen) can be counted as fully renewable, and
which GHG thresholds shall apply. These Delegated Acts are scheduled for the end of 2021. RED Il
sets out these requirements for fuels to be defined as renewable for the transport sector, but thisis
one of the reference documents cited by the EU hydrogen strategy to be used a basis for a more
general definition of clean hydrogen. As implied by the energy source, the RED Il DA will only be
able to cover renewable hydrogen in the sense of the hydrogen strategy, so low carbon hydrogen
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will need to be defined by referencing a different document(e.g. the ETS guidelines or through the
CertifHy project, as discussed above).

REDII sets out three ways to define RFNBO:s. If the installationis connected to the grid, it may claim
renewable energy contentto the percentage of renewable electricity, as long as the GHG emissions
savings criterionof at least 70 % savings relative tothe fossil fuel comparator is met.The exact value
of this fossil comparator will be defined by the delegated act for GHG emissions of RFNBO expected
attheend of2021.In casetheinstallation producing RFNBOs is connected directly to a generator of
renewable electricity, it may claim 100 % renewable energy content if the installation generating
the electricity comes into operation after orat the time of theinstallation producing the RFNBO, and
proof can be delivered that the electricity used for producing the RFNBO has been sourced
exclusively from this installation (RED Il Art. 27.3). The third, most general case, defines criteria under
which the RFNBO can be seen as 100 % renewable even if the electricity is sourced from the grid,
and sets out respective criteria. Renewable electricity must be used exclusively and claimed only
once (RED Il Art. 27.3) with Recital 90 specifying that in addition, a temporal and a geographical
correlation with the electricity producer must be assured, and that 'there should be an element of
additionality, meaning that the fuel producer is adding to the renewable deployment or to the
financing of renewable energy (RED Il Recital 90). In sum, these requirements arestricterthanthose
put forward under the CertifHy project. The Delegated Actsrelated to these criteria will bring clarity
to the definition of RFNBOs under RED Il and whether they can be aligned or merged with the
provisions under CertifHy.

3.3.3. Policy gaps in infrastructure and market development

The academicliterature identifies importantgapsin the currentlegislation with regard to hydrogen.
According to a study by Oekolnstitutefor the Germanthink-tank StiftungKlimaneutralitat (Matthes
2021), there are several gaps in the current policies on hydrogen infrastructures. First, the usual
administrative procedures for commissioning of large-scale energy infrastructure projects take
severalyears. This posestherisk thata hydrogen backbone grid cannot be realised sufficiently fast.
Sothereis a need to accelerate the commissioning processes. Second, given thatthere s currently
no established regulation regime for hydrogen infrastructure, there is also a need for a separate
financing mechanism that targets so-called no-regret hydrogen pipelines, that is hydrogen
pipelines that appear useful in any futurepathway consistent with the EU climate targets. Third, the
unbundling principle requiresthat there is no cross-financing between hydrogen and gas networks.
However, the repurposing of gas pipelines entails financial impacts from one or the other
infrastructure for the owner of the pipeline. Therefore, the repurposing of pipelines calls for
additional provisions clarifying how to deal with such cases. According to the Gas Roadmap of the
German Environment Agency (Wachsmuth et al. 2019), the current regulation allows gas grid
operators to stop supplying gas to customers, when they can prove the supply is no longer
economically viable. A repurposing of gas pipelines to hydrogen on the distribution grid level may
then result in left-over gas users with the need for a different kind of supply. There is a need to
regulate ifand how such customerswillneed to be supplied.

Some positions state that blending in existing natural gas networks should be an option (ENTSOG
2021), while others highlight the need for purity (VIK 2021) or the advantages of local, network
independent production and supplyaltogether (WindEurope 2021). Blending of hydrogen into the
gas grids is seen an option for the earlyramp-up phase, which should be considered carefully given
therestrictions at the end-user applications.

A screening of positions regardingthe revisionof the TEN-E and the gas market package reveals no
principle opposition to adjusting this regulation. The EUP mainly welcomes the proposals by the
Commission on the regulation of hydrogen infrastructure, in particular the corresponding
provisions in the draft revisions of TEN-E regulation and the TYNDP. In addition, it points out the
need for gas infrastructure regulation to ensure thatall new gas infrastructure is hydrogen-ready
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and that there is clear guidance on the ownership of new and repurposed pipelines. In particular,
the unbundling principle should apply to avoid unnecessary costs forend-users. The role of network
operators, storage facility operators and producers need to be clearly defined, which is expected
with the gas market package.

The association of TSOs, ENTSOG, expects that the future hydrogen market will replicate the basic
attributes of the current natural gas market, i.e. a natural monopoly in the sense that it requires
networks used by many to be controlled for the purpose of transportation in a non-discriminatory
manner (ENTSOG 2021). The paper stresses the similarity in markets between natural gas and
hydrogen, excluding an initial period which serves to set up the market rules for hydrogen. ACER
and CEER on the other hand, have published a joint white paper, which highlights the need for a
gradualapproachto the rollout of hydrogen networks andalso regulation (ACER/ CEER 2021). They
warn that future demand is still uncertain so that a large-scale infrastructure rollout should be
avoided, until the future use of hydrogen in an integrated energy system becomes clearer. ACER
and CEER therefore suggest it is too early to intervene, but only to clarify the main principles of
future regulation of hydrogen networks, to provide investment security. In particular, such a
regulation should make sure that there is no double financing and avoid risks of stranded assets
resulting in higher consumer prices. Meanwhile, it is deemed useful that national TSOs already
identify existing gas infrastructure for potential repurposing to hydrogen.

With regards to hydrogen markets, the EU hydrogen strategy mainly references the hydrogen and
gas market decarbonisation package (European Commission 2021a), emphasising the need for a
liquid market open to all participants. It envisions that prices reflect production and carbon costs
and external costs and benefits. While this points towardsan alignmentof natural gasand hydrogen
markets, the details of the policy package are still open. While the final status of a liquid hydrogen
market is recognised as a value by most parties, the pathway and timeline towards reaching this
goal are debated. ENTSOG pushes towards a rapid adoption of natural gas markets rules, arguing
that the market will mirror the natural gas market and stating that early harmonisation will avoid a
costly readjustment of regulation at a later point in time. ACER/CEER on the other hand arguefor a
gradualapproach tothe market regulation as the scopeand size of the marketare not well-defined
currently. The two approaches also lead to differences in the financing of infrastructures. While
ENTSOG consequently argue to mutualise costs with natural gas network costs (expecting at least
partially overlapping customers), ACER/CEER argue against this, proposing to distribute costs
among a larger group. Certainty in regulation will also influence the risk perceived by investors,
transposed into higher risk premiums.

Hydrogen Europe, the European hydrogen association comprising more than 260 companies and
the 27 national hydrogen associations, published a position paper on hydrogen infrastructure and
markets, called 'A Hydrogen Act' (Chatzimarkakis et al. 2021). Overall, they argue that regulation
related to hydrogen is currently spreadacross various regulations, posing anobstacle for a coherent
framework. Therefore, they argue that there is a need for dedicated regulations on hydrogen
infrastructuresand hydrogen markets.With respectto a hydrogen infrastructure, Hydrogen Europe
calls for a distinct legal framework, which respects the principles of unbundling, third-party access
andtransparency for consumers. Moreover,they argue strongly for an early build-up of a European
hydrogen backbone infrastructure based onthe expected large-scale demandfrom the steel sector
and higher cost efficiency of centralised production. Hydrogen Europe also promotes support for
local hydrogen valleys in the conversion of regional gas grids to hydrogen as a test bed for
connecting allkinds of end-users.With respect to hydrogen markets, Hydrogen Europe expects that
continentaland intercontinental markets will emerge, building on the existing natural gas market.
The kick-start phase sees the needfor support policies beyond CAPEX support, proposing to exempt
hydrogen applicationsfrom eligibility thresholds in State aid guidelines. The ramp-up phase could
be characterised by a combination of tariffs and auctions, the formerpossibly linked to the carbon
price via carbon contracts for difference. The paper in addition proposesto set quotas, particularly
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for ammonia, steel and gas supply. In the market growth phase after 2035, hydrogen is seen to
become competitive and support can be reduced to certification. This is proposed to be
implemented through Guarantees of Origin (GOs), building on the work of the CertifHy project, with
GOs ultimately traded on an emissionstrading marketplace.

One recurring issue among replies to the gas market package is the need for a harmonised and
transparent nomenclature relying on the CO. footprint. The resolution of the EU Parliament
(European Parliament 2021) emphasises that a clear classification 'is of utmost importance'. The
resolution stressesthat this classification should serve to certify and track hydrogen in the EU, taking
into account the GHG footprint throughout the value chain, including transport. It should serve to
inform consumers of the type of hydrogen, setting out 'a regulatory framework for hydrogen that
ensures standardisation, certification,guarantees of origin, labelling and tradability across Member
States.' The report of the ITRE committee highlights a need for further clarification in this respect
(Geier 2020). In line with other actors, Hydrogen Europe proposes introducing a clear definition of
clean hydrogen based on the associated GHG reduction along the entire value chain
(Chatzimarkakis et al. 2021). They favour an approach with increasingrequirements, starting with a
relatively high threshold as proposed by CertifHy (4.37 tCO2eq/tH2). Guarantees of origin are often
mentioned as the prime option to certify hydrogen (CEER 2021; ENTSOG 2021; WindEurope 2021;
SolarPower Europe 2021; International Association of Oil & Gas Producers 2021), while details with
regards to technologies to be certified differ among stakeholders.

3.3.4. Implications for future policy options

The EU hydrogen strategy has sketcheda stepwise approach to the creation of a European hydrogen
network, from bilateral pipelines over local networks to a hydrogen backbone, which can be
extended further. The establishment of a backbone hydrogen infrastructure connecting main
demand and supply regions can be expected to be the crucial step to enable a rollout of hydrogen
to the mostimportantuses.Accordingly, theactorsfrom the hydrogen and gas sectors push for an
early and far-reaching realisation, while the regulators are more cautious. Evidence from scientific
studies is not clear about the necessary timing and extent, but points out that the long-term
planning processes require earlyaction, if a hydrogen backbone is to be realised by 2030. This means
that the necessary provisions need to be established very soon, while still leaving the option to
navigate therollout. The most promising option seemsto be given by starting with a few regionally-
focused test cases. Different approaches to regulation based on the same overarching principles
could be applied for an apriori limited timeframe and comparedafterwards. This kind of explorative
regulation based onexperimentation clauses has provenhelpfulin the regulation of smart grids, for
instancein Germany.

While the recitals to the draft TEN-E revision mention the important role of repurposing gas
pipelines to hydrogen transport, this is not yet fully reflected in the provisions. The provisions on
the scenarios for TYNPDs could point to considering the need to identify suitable gas pipelines for
repurposing. Moreover, the provision on infrastructure gaps could also address the
decommissioning of redundantgas, when gas demand decreases. The cost-benefit analyses in the
TYNDPs could then compare decommissioning of gas grids with their repurposing to the transport
of hydrogen. Furthermore, there will be substantial delay in establishing hydrogen PCI/PMIs based
on the currentdraft revision, in particular for hydrogen infrastructures, as the current TYNDP covers
only supply and demand projects. Here, afirst list of infrastructure PCls might be established earlier
by carrying out a cost-benefit analysis separate to the TYNDP. It is very important to start the
planning process early enough. Therefore, national TSOs should be obliged to assess the domestic
need for hydrogen infrastructures as soon as regulatory updates allow, and also to identify gas
pipelines that can be repurposed in a dynamic perspective, i.e. providing a schedule for potential
repurposing to hydrogenbased on expected future gas demand. Moreover, allenergy carriersand
related networks requirea joint planning todetermine overall optimal pathwaysas soonas possible.
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Given the current lack of hydrogen markets and large-scale networks and the regulatory principle
of minimalintervention, thereis no urgent need for theirregulation. However, the expected benefits
ofa hydrogen backboneinfrastructure call for establishingat least the general principles already in
the hydrogen and gas market decarbonisation package, in order to avoid a later need for the
harmonisation of regulations. Such main principles include free access to third parties and
overarching principles for renumeration. The renumeration of gas grids differs in certain regardsin
the Member States today. So there is room for experimentation here, for instance with respect to
splitting the funding between producers, consumers and the public. Once the network achieves a
sufficient load factor, the specific transport costs will be small compared to the production costs of
hydrogen. However, hydrogen projects will require large upfront investments with uncertain
revenues. Not allgas grid userswill benefit from a hydrogen network, while new actors may benefit
from it. This speaks against a mutual funding of the hydrogen grid by the gas grid users. The
expected need for hydrogen in decarbonisation and the benefits of a hydrogen network speak in
favour of public support for the establishing a

European HydrogenBackbone.Whethertospend  Key conclusions on hydrogen

public money or not should be based on an jnfrastructures and markets

individual cost-benefit analysis, as is common

practice in the identification of PCls and PMIs. e Hydrogen demand and

production can be expected not

The criteria for renewable and low-carbon to be strongly dispersed but tobe
hydrogen are not yet deﬁned, while this is a clustered in certain regionsin the
prerequisite for a liquid market of hydrogen. The EU.

Delegated Acts following from RED Il will e There will be regions with mainly
determine rules to ensure renewable energy only demand and mainly only
content of RFNBOs, while the CertifHy project is production.

going for less strict norms and thresholds. The e The interconnection of local
definition of criteria for RFNBOs in the transport clusters and the integration of
sector may be transposed also to other large-scale storage will provide
applications and it will then need to be assured strong benefits with respect to
that these are operationalised in a way similar to market formation and security of
the proposal put forward by CertifHy. This conflict supply, while the best network
will need to be resolved to build a market of

topology remainsuncertain.

There are strong arguments to
create a European Hydrogen
Backbone in an iterative and

renewable hydrogen, while the definition of low- .
carbon hydrogen will require a different basis. In

this regard, experts have raised the need for a
checklist of key sustainability assessment criteria adaptive manner, meaning that
as part of a certification system, and a monitoring its exact shape should not be
framework, for instance fugitive methane defined today but be based on
emissions for low-carbon hydrogen. This extends
to imports of hydrogen from outside the EU,
where the detailed regulations put forward here
may not apply.

emerging needs.

e First corridors need to be
established in the coming years
to avoid a delayed expansion. The
first infrastructure IPCEl can
already be used today to identify
priority areas for first regional
grids.
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3.4. EU in international perspective

Beyond the primary sustainability and climate targets imposed on itself, the EU strives for
technological and industrial leadership (European Commission (EC) 11/25/2020) including
hydrogen technologiesfor a variety of reasons: These include technology sovereignty, maintaining
and expanding value creation and employment opportunities, securing access to and strong
positions in future markets, but also increasing the ability to promote climate neutral technologies
in partnerships with third parties. The EU laid out its hydrogen strategy (European Commission
2020e), which is promoted by numerous policies such as dedicated research and development
funding within the Horizon Europe framework programme, dedicated infrastructure planning
(CEF/TEN), or strategic structural (EFRE etc.) and innovation (EU Innovation Fund) funding. Beyond
that, the EU designated hydrogen technology among areas for Important Projects of Common
European Interest (IPCEl) (European Commission 2019¢). This mechanismaims to overcome market
failures in the industrial ramp-upof novel technologies by enabling Member States to compensate
initially higher costs. Once a field has been designated for an IPCEI, interested Member States (a)
initiate a public call for interest and (b) form national consortia, before (c) the national authOQrities
aggregate those to an EU-wide application for (d) its final examination and approval by the EU
Commission (DG Comp) as basis for individual State aid approvals for industrial beneficiaries. The
initial implementation (on semiconductors) faced criticism for the duration of its approval process,
which was shortened from two to one year for battery IPCEls. The initial hydrogen IPCEIl process
recently entered phase (c).

In this section, we introduce and discuss the status and prospects of the EU regarding key areas of
hydrogen technology (as defined in sections 2.1 through 2.3 above) in comparison to international
partners and competitors (International Energy Agency 2019). This identifies particular strengths
and weaknesses of EU industries and applied research at present and enables an analysis of
technological opportunities for EU industry to claim its share in the emerging global hydrogen
technology markets, as well as technological threats suchas potential gapsin futurevalue chains or
lack in key competencies. In this light, we discuss strategic technology development (European
Commission (EC) 11/25/2020) and investment requirements necessary to secure the technological
sovereignty of the EU within the future global hydrogen economyand the continuous success of its
industries on global markets.

The generalfield of hydrogen technologies covers the entire chain of hydrogen generation, over its
distribution and storage, to its final utilisation in various sectors including mobility, grid scale, and
industrial use. Here, the EU acts in the context of international partners and competitors that may
strive for similar goals or may hold traditionally strong positions in certain technological aspectsin
the emerging field of hydrogentechnologies. A full global comparison of particular national policies
for hydrogen technology development policies is beyond the scope of the present study and may
produce misleading results, since strategiesand policies of key actors may not be publicin the first
place, or hardly accessible due to language barriers. However, Figure 7 shows a comparison
between published general hydrogen strategies of 16 nations, most of which explicitly include
support for national technology development among their priorities.

Evenif full and even access was achievable, the efficiency and efficacy ofinternational policy mixes
might be hard to predict. In contrast, werely on transnational patent analyses as a robust measure
to compare past technological trajectories and assess the present technological status of the EU
within an international comparison. While patenting activity is often seen as an indicator of
commercialisation of technologies, alternate motivations exist and vary widely between countries,
as do hurdles to and benefits of patents.In contrast, transnational patentapplications require more
substantial efforts, and thus clearly indicate commercial utilisation interests in multiple markets,
forming a far more valid foundationfor international comparison.
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Figure 7 — A comparison of national hydrogen strategies
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Hence, transnational patentactivities serve as arobust indicatorof current technological strengths
in a given field independent of potentially biased third-party judgements (International Energy
Agency 2019, Guidehouse 2020). Temporal trends foreshadow the perceived development of its
economic relevance in the future, but also may trace the effects of past policy objectives and
preferences attributed to that field. With regard to sustainable hydrogen technologies, generation
techniques play a specific key role, as evidenced by the data in Figure 8. An established hydrogen
economy continues to exist to support traditional industrial hydrogen demands, particularly in the
chemicalindustry (e.g.ammonia generation for artificial fertilisers or hydrocrackingin refineries).

Figure 8 - Transnational patent analysis comparing traditional hydrogen generation
technologies based on fossil fuels with electrolysis
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A substantial number of new transnational patents still covers the conversion of fossil resources
(including coal, oil, natural gas;thelatter beingthe dominant source) into hydrogen supply streams.
In principle, electrolysis promises a pathway towards a more sustainable hydrogen economy,
evading the direct utilisation of fossil fuels in the generation process and supporting its
decarbonisation when driven by a renewable electricity supply. Figure 8 shows a substantial
increasein electrolysis-related patenting activity overthe pasttwo decades, but stillonly roughly at
a level with fossil-driven generation techniques (such as coal gasification or steam reforming of oil
or naturalgas). Theremainder of substantial technology development in the latter field evidences
the continuous relevance of the established hydrogen economy (limited industrial use cases, local
generation, nomajordecarbonisation trendyet). Only a subtle decline of fossil hydrogen generation
technology occurred over the past decade, which may indicate a slow shift of priorities towards
renewable resources.

The latest data points likely only represent statistical noise, but a potential reversal of thattrend may
need to be considered as well. Rising political and societal interest in hydrogen technology as a
means of decarbonisation counterintuitively may also substantially increase economic interest in
fossil-based generation techniques, with at least questionable motivations and a potential for
detrimental side-effects. Legitimate interestin establishing bridge technologies (such as CCS) prior
toabundant availability of renewable resources may be hardly distinguishable from green-washing
and strategiclobbyism driven toleverage existent technology portfoliosand protect present capital
investments. In the worst case, path dependencies may effectively delay the overall transformation
process, or simply globally shift emissions (by import of fossil-generated hydrogen, or by
preferential export of green hydrogen).

Fortunately, technology developmentand diffusion policy of the EU may impact the overallglobal
development. Figure 8 shows that almost a third of all transnational patents covering electrolytical
hydrogen generation in the past decade stem from actors based within the EU, turning it to the
global leader of the field, followed by the USA and Japan. This strength not only creates an
opportunityfor technology leadership and economic growth in thefield, but also a responsibility to
scaleits application to enable cost-effective supply on a global scale (including fair licensing polices
as a decarbonisation incentive for developing economies). However, EU actors also filed a
substantial number of patents for fossil-based hydrogen generation techniques (only second to the
USA), which provides some leverage to enforce their responsible utilisation (in case relevant
measures and policies were developed). Note that alternative hydrogen generation techniques such
as direct photo-electrochemical water-splitting (driven by sunlight), or thermo-chemical water
splitting cycles (potentially driven by nuclear heat) largely remain research visions with rather low
expected impact for the foreseeable future (up to mid-term scale), as evidenced by only minute
transnational patentingactivity in these fields.

Hence, we can identify electrolysis asthe key enabling technology for the transition toa sustainable
hydrogen economy for the foreseeable future. Here, we can distinguish three major technological
strains (as shownin Figure 9): Traditional alkaline electrolysis, membrane-enhanced techniques (ie.
proton/anion exchange membrane, PEM/AEM) as well as high-temperature electrolysis enabled by
solid oxides.
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Figure 9 — Transnational patent analysis comparing major electrolysis technologies
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Figure 9 differentiates transnational patenting activity between the major fields of electrolysis
technologies. It clearly showsthatinitial rise of interestin electrolysis in the second half of the 2000s
decade can mostly be attributed to the emerging membrane-based electrolyser technologies
(combining PEM and AEM). The associated patentingactivity slightly dropped in the following years,
but consistently marked new peak levels most recently.In contrastto the earlier phase, activitiesin
all electrolysis technologies increased over the last years. In particular, renewed interest in
enhancing the established alkaline electrolysis technology (as evidenced by transnational patents
in that field) confirm the growing economic importance of renewable hydrogen generation. In a
global context, EU actors particularly excel in advanced electrolysis technologies. While they filed
roughly a quarter of recent transnational patents (comparable to both the USA and Japan)in the
established alkaline field, they account for nearly a third among the membrane-based sector (at
level with the USA). In contrast, high-temperature electrolysers based on solid oxides still only
represent a small but growing niche technology, which is largely dominated by European actors.

In contrast to theabove, technologies for hydrogen transport and storage may be less distinct or
specific, rendering according patent analyses less precise. Please refer to the Annex, and Figure 13
in particular, for a rough overview of transnational patenting activity in this field. In general, these
results indicate a rather high and slightly rising global patenting activity in the general field of
hydrogen transport and storage. In a certain analogy, also hydrogen utilisation branches out
substantially. However, we are able to identify a few crucial key technologies, while others rather re-
emphasise the relevance of hydrogen supply (and generation technology). The latter category
largely includes the chemical industry, where hydrogen utilisation has often been established for
many decades (such asthe Haber-Bosch processfor ammonia production or the Siemens process in
the silicon industry), but requires a transition to a renewable supply. Other aspects (such as
hydrocracking of heavy oils) may render obsolete in the longer term or transform substantially in
terms of artificial fuel generation (which is beyond the scope of the present study). In contrast, in
other industrial processes, a switch of the feedstock from a fossil fuel to hydrogen may constitute
the only credible decarbonisation pathway.In this regard, steel making stands out for feasibility and
potentialimpact when replacing traditional blast furnace processes by the direct reduction of iron
employing hydrogen (see above). Hence, we recognise substantial transnational patenting activity
in this particular field as shown in Figure 10.
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Figure 10 — Transnational patentanalysis on directreduction of iron involving hydrogen
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Here, we recognise a substantial increase of transnational patentingactivity, particularly around the
beginning of thelast decade. Yearly numbersfell back substantially after thatpeak, but the activity
rose again in recent years. Notably, EU actors filed about a third of recent transnational patents in
this field, followed by the USA. In contrast, Japan ranks fifth in this statistic after China and Korea
(which make up the 'Rest of Asia' almost entirely here). Overall, the field of individual actors filing
these patents remains less diverse, as steel making constitutes a rather consolidate branch with
many large-scale industrial entities who also dominate the transnational patent records on
hydrogen-based direct reduction ofiiron.

Beyond specific industrial use cases, fuel cells constitute the primary key enabling technology for
widespread hydrogen utilisation throughoutnumerous sectors, including industrial and residential
power supply, for grid-scale storageand subsequent re-generation of electricity, and for hydrogen-
based mobility solutions, of course. Please refer to the Annex, and Figure 14 in particular for an
overview of transnational patent activities in this field. In general, fuel cell technologies remain
deeply entangled with the promise of a future sustainable hydrogen economy as they offer versatile
re-conversion opportunities, but primarily beyond primary industrial sectors. Technologically, we
recognise substantial overlap with electrolysis, as both fundamentally represent electrochemical
conversion stepsofinverted order.

Overall, we recognise EU actors currently holding a strong position for various key enabling
technologies for the emerging sustainable hydrogen economy in international comparisons. Our
findings based on transnational patentanalyses is in line with current perceptions of the involved
industries as confirmed by experts. The expert interviews pointed out two potential bottlenecksin
maintaining this positionand its commercial exploitation:

(a) The EU technological advantages in the hydrogen field are often based on smaller industrial
players that only recently outgrew the small- and medium-sized enterprise (SME) category or still
reside within it. Their rather small size and particular demand for capital to sustain growth and
expansion may easily turn them into objects of mergers and acquisitions also by non-EU actors
which, thus, may effectively gain control over their intellectual property and know-how. Experts
exemplified this perceived threat for European technology sovereignty with a recent take-over in
theelectrolyser branch.

(b) Administrative and regulatory hurdles may slow down the development of hydrogen technology
markets within the EU, which constitutes the highestimportance for domesticactors. For instance,
experts claimed that the current implementation of the additionality principle largely prevents
privateinvestment in wind-powered electrolysis capacity.

The present global position of the EU in terms of hydrogen technology also confirms the overall
success of earlier EU research and development policies. Hence, keeping hydrogen a focus in
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Horizon Europe and subsequent framework programmes appears helpful. Traditionally, EU often
lags behind the commercialisation of scientific results, thus the conversion of invention into the
diffusion of innovation. EU start-ups and SMEs may lack sufficient access to equity (due to the
underdeveloped venture capital environment). Mitigation opportunities include the further
development of an innovation chain beginning with established research funding (Horizon Europe),
to novel technology implementation and diffusion mechanisms such as the Innovation Fund and
the InvestEU programme. However, the elaborate creation of a prosperous domestic market for
hydrogen technologies (such as electrolysers) may constitute the most effective measure for the
development of a dedicated hydrogen industry in line with the EU industrial strategy (European
Commission (EC) 11/25/2020).

Here, it might be of utmostimportance to Key conclusions on the international
develop a credible long-term policy perspective
perspective balancing primary (carbon

emission reduction) and secondary objectives * Transnational patentsreveal current
(growth of a successful domestic hydrogen strengthsofthe EUin key hydrogen
industry, becominga net exporter of hydrogen technologies.

technology). It might form a foundation to * Inparticular, electrolysers constitute
resolve shorter-term trade-offs (International a key element of the transformation
Energy Agency 2019) (such as ramping-up to a sustainable hydrogen economy
electrolysis without immediate abundance of - and EU actors carry substantial IP
renewable electricity). In the long run, in the field.

achieving a regime of economics of scale for e East Asia and North America will
key technologies such as electrolysers earlier likely ~become major global
may constitute the most effective measure to competitors  for hydrogen
reduce local and global carbon emissions. technology leadership.

Beyond direct and indirect support of e The results confirm success and
according investments (e.g.in the frame of the efficacy of EU and member state
IPCEI mechanism), an environment of fundamental R&D policies.
predictable market growth (by ramp-up goals e The EU traditionally lags behind in
for electrolysis, quotas for hydrogen feed-in, technology commercialisation
etc.) may constitute the mosteffective support (scaling  production, growing
for the emerging EU hydrogen technology markets).

industry. Defining a balance between e Present policy initiatives (such as
conflicting (short-term) objectives may IPCEI, Innovation Fund) already aim
constitute a primary policy challenge, in the toresolve such shortcomings.

light of massive interests (e.g. corporate

investments in established technologies, public acceptance issues for renewable infrastructure
projects) and relevant lobby groups (where SME and novel technologies may often be
underrepresented).

3.5. Actorsand regions

This section presents an analysis of current and potential actors and regions involved in the
hydrogen economy in Europe, focusing on the industrial sector.The section alsodiscusses research
and policy gaps in respect to socio-technical-economic aspects, and provides suggestionsfor future
hydrogen policies. Main barriers identified are acceptance issues for production and infrastructure
site selection, environmentalimpacts due to expanding renewable energies and required material
flows (i.e. water), and socio-economicimpactsdue to job and just transitionsand end-user costs.
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3.5.1. Societal networks (actors)

Weidentify four main actors in the hydrogen economy, which are discussed in detail below:

e hydrogeneconomy enableractor network (upstream perspective)

¢ value chain adaptation actornetwork (downstream perspective)

e (pro-andcon-)stakeholder organisationsand interest groups

e peopleand companies (in-)directly concernedand impacted by the hydrogen economy

The hydrogen economy enabler actor network consists of actorsactively pushing the transitions
towards a hydrogen economy. This relates to innovators in research and development, in science,
business and industry, and political decision-makers. Enabling the technology refers to process
engineering, plant construction and supply chain organisation from pilot technical feasibility to full
market scale (e.g.transport, storage). In addition, policy regulatorsand stakeholder groupsactively
supporting the transition,are part of the enabler network.

In such a context, the European Commissionthroughthe hydrogen strategy set the ground for the
development ofa hydrogen economy in Europe. The hydrogen strategy includes the formation of
the European Clean Hydrogen Alliance, which is a central enabler actor network by joining
stakeholders and facilitating investments in the hydrogen value chain. In addition, most of the EU
Member States have already included hydrogen in their National Energy and Climate Plans and
some have created strategic plans to increase the participation of hydrogen in national energy
systems (Gérard et al. 2020). At the current stage, the hydrogen economy in Europeis at a
demonstration-scale level. All this stimulates the debate among actors and investors in the
hydrogen value chain. For instance, Hydrogen Europe representing industry players, large
companies and SMEs suggested a frameworkthat integrates regulations of infrastructure, demand
and production of hydrogen in a hydrogen infrastructure act and a hydrogen market act
(Chatzimarkakis et al. 2021). At the national level, actions can also be observed in EU countries via
IPCEI projects to push forward the hydrogen economy (e.g. the German government just
announced 8billion Euros ofinvestmentin 62 of IPCEI projects in Germany (Bundesministerium fur
Wirtschaft und Energie 2021b). Moreover, soon after the release of the European hydrogen strategy,
a group of eleven gas infrastructure companies suggested a European hydrogen backbone acoss
10 European countries (see Section 3.5.3). Thus, it becomes clear that transport infrastructure
development is an essential component of a hydrogen economy. Establishing large-scale
infrastructure willmost likely play a crucial role for localand national acceptance issues. However, it
is striking is that thereis a lack of current hydrogeneconomy public perception research available.

The value chain adaptation actor network relates to direct beneficiaries of a hydrogen economy
from a downstream value chain perspective. This is the actor network of energy intensive industry
as the main target group for substituting fossil fuels with green hydrogen. Actors involvedin the
energy-intensive industry relate to branches such as cement, aluminium, steel, glass etc. Since the
EU is home to these industries, such (potential) actors can be found across the EU. Nevertheless,
current beneficiaries of 'mini' hydrogen economies are concentrated in the Member States of
Austria, Denmark, France, Germany, Italy, The Netherlands, Romania, Slovakia, Spain and Portugal.
These countries are largely those in which the 22 (planned, being implemented or already
implemented) EU hydrogenvalleys are or will be located (Fuel Cells and Hydrogen 2021).

Currently, thereis a lack of value recognition in the industrial valuechain of hydrogen. This is mainly
because the development of a (green) hydrogen market is still at an initial stage, and the final use
of green hydrogen is still not valorised (e.g. steel cannot be labelled as 'green’ if produced using
green hydrogen seeInternationale Organisation fiir erneuerbare Energien 2020). Nevertheless, the
transition towards a European hydrogen economy offers a big industrial opportunity for climate-
friendly innovation. Science, business and industry innovators in the field of process innovation,
engineering, plant construction, energy system integration, and business case developers may
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profit both at a large company level and at the SME level. On a macro-economic level, it provides
the opportunityto raise EU competitiveness within a future climate protection regime. Forthis, it is
important that the EU and its Member States set clear visions and framework regulations to pave
the way towards a hydrogen economy (see policy implications below). However, what is currently
still missing is a level playing field with a regulatory framework which favours substituting fossil
based energy with green hydrogen energy. Value chain adaption requires a competitive business
model based on green hydrogen.

The (pro and con) stakeholder organisation and interest groups consist of stakeholder
organisationand interestgroups centred on pro-and con positions within the publicdiscourse and
the policy-making arena. The network comprises the whole range of organised interests, including
associations of employers, unions, non-governmental groups (NGOs) such as environmental
groups, and consumer associations. In such a context, socio-economic aspects related to added
value and job creation; sustainability of the hydrogen economy (including socio-environmental
impacts); social (non-) acceptance of hydrogen-related projects; and plurality of stakeholders
leading the hydrogen economy are important (see below). What can be seen is that stakeholders
from business and industry (and correspondingassociations),and federal state and national policy-
makers arelargely in favour of enabling a hydrogen economy. However, environmental and societal
groups are more reserved towards a hydrogen economy, expressing the need for compliance with
sustainability criteria and for limited use of hydrogen in selected areas (e.g. usein industry, non-use
in transport).

With respect to adding value and employment creation, scenarios have pointed out that the
hydrogen economy can generate up to 29 billion EUR annually of value-added and up to 357,630
direct and indirect jobs in the EU28° by 2030. Four Member States (Germany, Italy, France and Spain)
are foreseen to concentrate the major share of value addedand employmentgenerated in the value
chain of hydrogen (Gérard et al. 2020). Another study suggests that green hydrogen could create
from 300,00 to 450,00 direct and another 650,00 to 900,000 indirect jobs by 2050, in particularin the
construction andindustry sectors(Navigant 2019).

Another factor refers to different shades of social acceptance covering production, storage, and
transport.In respect of the use of salt caverns for hydrogen storage, it should be noted that about
half the Member States have underground salt layers that could be used to store hydrogen. Some
Member States are already using salt caverns for the storage of natural gas that can be partially or
fully converted for hydrogen storage. While studies have highlighted the possibility to store
hydrogenin salt caverns as a way to increase seasonal energyflexibility (Chatzimarkakis et al. 2021;
Gérard et al. 2020), we identify that little or no attention has been given to the societal acceptance
ofthe use of salt caverns for hydrogenstorage.

The social acceptance of CCS facilities for CO2 storage in the production of blue hydrogenis another
important point to be further addressed by research and policies. The EU in its hydrogen strategy
has highlighted the need to investin low-carbon hydrogen production in the short-and medium-
term, as a strategyto reduce CO2 emissions of current carbon intensive hydrogen production, and
to accelerate the hydrogen economy (European Commission 2020e). However, previous research
has identified resistance in European society in respect to the acceptance of CCS facilities and
storage. The case of CCS in Europe around the year 2010 shows that in several countries (e.g.
Germany, The Netherlands) local resistance and non-acceptance among environmental groups
(besides lack of coordination and long-term strategies scaring off investors) led to the failure of an
EU CCS ramp-up (Oltra et al. 2012; Scheer et al. 2017). The analogy shows that such societal

5 The study refersto the EU28, including the UK Gérard et al. 2020.
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resistance can impose burdens and challenges to the current plans of the EU to invest in blue
hydrogen or store hydrogen in salt caverns.

For the supply of green hydrogen, the EU intends to increase wind and solar energy projects in
Europe (in the north and south, respectively) for the production of green hydrogen cross country-
borders, as wellas to increase theimport of green hydrogenfrom non-European countries. In both
cases (local production and import),the hydrogen should be transported and distributed mainly by
trucks and pipelines across European countries. In relation to additional wind and solar energy
projects, itis important to address how willing European society is to accept such new projects for
the production of hydrogen, considering the existing societal resistance to local projects for
renewable electricity production (e.g. NIMBY phenomena). The same is valid for ways of transport
anddistribution of hydrogen cross-countriesin Europe, in particularin the case of new pipelines. To
conclude, acceptance issues may play a fundamental role in establishing renewable energies,
hydrogen productionsites, and hydrogen transport infrastructure, and little attention has been
given to societalacceptanceissues in the design of a hydrogeneconomy.

With respect to the plurality of stakeholders supporting the hydrogen economy, it is worth noting
that the Clean Hydrogen Alliance (one of the main proponents of the hydrogen economyin Europe)
is mostly composed of oiland gas companies (PfEU 2020). In such a context, our study identifies that
increased engagement of civil society, NGOsand local authorities in the Clean Hydrogen Alliance or
other hydrogeninitiatives and associations will stimulate legitimacy and acceptance. In addition, a
transition towards a hydrogen economy should be understood as a socio-technical transition in
which society will play an essential role in determining the means and ways of such a transition.
Therefore, stakeholder consultation and enhanced participation with the publicis necessary.

One additional socio-related issue can arise in respect of the environmental sustainability of a
hydrogen economy, in particular in relation to water use for the production of hydrogen, not only
in Europe but also in regions with a scarcity of water supply (e.g. MENA countries). One should note
that for the production of one tonne of hydrogen, nine tonnes of pure water, or about 20 tonnes of
impure water, are needed on average (Slav 2021). In this sense, in regions with a shortage of water
supply, society can react against the production of green hydrogen because such hydrogen
production canresultin an additional source of water stress. The hydrogeneconomy needs a set of
sustainability criteria and requirements which take critical issues into account.

Finally, we have people and companies (in-)directly concerned and impacted by the hydrogen
economy referring to people who live nearby technology and infrastructure installations, or
consumers and companies suffering higher product prices due to the hydrogen transition. Also
those people suffering potential side-effects froma hydrogeneconomy (e.g. job losses in hydrogen
transition and water competition in regions with a scarcity of water supply) can be included in this
group of actors. In such a context, policies addressing just transitions (detail below in policy
implications) are of high importance to avoid or minimise undesired side-effects of a hydrogen
economy, in particular over disadvantaged populations and social groups (e.g. people already
suffering water stress in MENA countries).

3.5.2. Regions
A twofold differentiation of regions within a hydrogeneconomyis reasonable. These are:

1 Hydrogen feasibility and demonstrationregionsin the EU
2 (Potential) hydrogen full-scale supply regions in and outside the EU, including EU-
strategic partnerships abroad countries (e.g. MENA region Africa, Australia)

Regions demonstrating the technological feasibility of a hydrogen economy on pilot and
demonstration scale for decarbonisation of industry using hydrogen refers to high technology
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regions mainly within the EU, which are suitable for proving technology feasibilities (integration of
renewable energies, electrolysis, CO2 capture, hydrogenstorage and use, etc.).

Currently, such demonstration regions can be foundin the EU in those countriesthat already have
hydrogen valleys (i.e. Austria, Denmark, France, Germany, Italy, the Netherlands, Romania, Slovakia
and Spain). Hydrogen valleys are pioneers of the hydrogen economy and will be decisive for
demonstrating the roles that hydrogen can play in decarbonising the European economy, in
particular industry (Weichenhainetal.2021).In the medium term, hydrogen valleys are expected to
be interconnected via a European backbone using gas pipelines adapted for the transport of
hydrogen. Most of the current pipelines used for the transport of gas are already suitable for the
transport of hydrogen blended with natural gas (Chatzimarkakis et al. 2021). Existing pipeline
infrastructure adapted for the use of hydrogen is a crucial enabler for connecting a Europe-wide
hydrogen economy which mostlikely will not suffer non-acceptanceissues.

Security of supply for green hydrogen will be most important for industry customers when
substituting fossils with hydrogen energy. Among the main barriers for the implementation and
running of hydrogen valleys, are: (a) securing publicand private funding for therealisation of local
andregional projects;(b) securingcommitmentsfrom clean hydrogen buyers, in particular forlong-
term agreements; (c) permission issues at the local and regional level for the implementation of
hydrogen-related projects and infrastructure; and (d) technological readiness and feasibility
(Weichenhain et al. 2021).

Hydrogen full-scale supply regions, in contrast, will be located in and outside Europe with suitable
conditions for efficient green hydrogen production at large scale volume (e.g. sufficient renewable
energy and water resources). One may expect thatsome of the demonstration regionsin the EU will
become full-scale supply regions in the long run. Additional concerns refer to regional Hydrogen
Valley clustering as a strategic approach for production, storage, distribution and consumption of
hydrogen feasibility demonstration in Europe. In this domain, additional research could explore
which roles hydrogen valleys play in just transition, and what this means for countries and regions
without hydrogen valleys, in the aim for a just and low-carbon economy that should 'leave no-one
behind'.

Hydrogen valleys can be found not only in the EU but around the world, and are expected to grow
and mature over the 2020s. Currently, non-EU hydrogen valleys can be found in Australia, United
Kingdom, Japan, China,USA, Chile, Thailand andOman (Weichenhain et al. 2021). It will be essential
for the EUto establishstrategic hydrogen alliances worldwide and tofind the right balance between
EU and abroad HydrogenValley siting.Full scale hydrogen supply fromnon-EU countries may mark
the long-term hydrogen strategy. Due to cost and resource efficiency, the EU aims at strategic
partnerships with other countries in order to establish a global importinfrastructure for scaled-up
hydrogen supply. From a technical efficiency point of view, these countries need to have at their
disposal sufficient space, sun, wind and water resources. Regions foreseen as strategic partner
countries are, for instance, the MENA region in Africa and Australia.

A major challenge thus refers to establishing a sustainable large-scale hydrogen economy in EU
Member State countries,and in particular in non-EU countries. Increasing competition of waterand
renewable energy use may occur, especially in regions where there is already scarcity of drinking
water supplies. Thus, a key success factorwill be a sustainability criteria and certification regime for
green hydrogen, which still needs to be established, with environmental and societal groups
participating in its development. The development of a sustainability certificationregime needs to
build on current efforts (e.g. Certificate of origin according to RED Il, EECS and CEN/CENELEC 16325;
the CertifHy-Project developing a H2 certification scheme for RED Il). Besides focusing on green
hydrogen, there is also a need to consider the sustainability of blue hydrogen in order to prevent
undesirable developments. A recent study elaborated on sustainability issues of hydrogen, which
arelistedin Table 3.
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Table 3 - Sustainability aspectsin the certification of imported hydrogen

Colour of the Sustainability

hydrogen Aspects Examples of issues to be addressed

® Renewable electricity from additional, new plants
No negative externalitiesin the local power system
Electricity ® No impediment to local energy transition by depriving
local residents of existing RE sites

® Additional electricity generation for local population

Minimisation of water requirements for H2 production

No increase in water prices
Water ) )
No aggravation of scarcity

Additional water supply for local population
Green hydrogen

Area No ecological and cultural protected areas

No areas subject to international law

® Enable value creation in the exporting country
Economic effects ® (Consideration of local companies & workforce
®  (apacity building onsite

i Gl & Compliance with corporate due diligence requirements

SDGs ® Independent project-specific risk assessment regarding
SDGs
Methane emissions ®  Seamless recordingincl.the natural gas supply chain
Blue hydrogen
Final disposal ® Recording of CO2 emissions, safety

Note: aspects that are considered to be less critical for imports from European countries but are relevant for
imports from non-European countries are highlighted in light gray.

Source: (Matthes 202 1) (own translation)

Besides structural changeissuesvia hydrogen valleysand pipelines, as well as sustainability criteria
and certification, this study identifies additional factors that can contribute to developing the
hydrogen economy in the EU Member States, in particular in those Member States in which
hydrogen does notyet play any important role. These are:

A. national strategic plans to increase the participation of hydrogen in national
energy systems;

B. just transition — jobs creation/reformation and industry reformation (intensive
industries candidates for substituting fossil fuels with green hydrogen and/or bio-
economy and phase-out of coal energy);

C. potentialforincreasing renewable energies solar and wind; and

D. valuerecognitionintheindustrial value chain of hydrogen.

Also concerning these factors the Member States differ significantly. For instance, currently only
Austria, France, Germany, the Netherlands, Norway, Portugal and Spain have elaborated national
hydrogen strategies (Chatzimarkakis et al. 2021). Thus, looking to the different conditions
mentioned above that can promote the hydrogen economy in the Member States, the most
promising countries are currently Austria, Denmark, France, Germany, Italy, the Netherlands,
Romania, Slovakia and Spain. These are the countries that already present advances in the
conditions discussed above (e.g. via the existence of national strategic plans for hydrogen or the
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existence of hydrogen valleys). The furtherdevelopment of the hydrogen value chain in the above-
mentioned Member States, as well as in additional Member States that currently do not play a
significant role in the hydrogen economy in Europe, will be key to reduce the dependence on
imported hydrogen in the medium-and long-term.

3.5.3. Implications for the design of future hydrogen policies

Regarding implications for the inclusion of stakeholders and just transition, a possible
concentration of value added andjob creationin a few EU countries (e.g. Germany, Italy, France and
Spain) point to theimportance of policies addressing just transitions within thehydrogen economy.
In this sense, EU policies should give more attention tothose EU countries thatcurrently are not 'big'
playersin the hydrogen transition, consideringthe solidarity spiritof the EU and an inclusiveenergy
transition. Policies to promote just transitions would be relevant not only for EU countries but also
from non-EU countries, considering that the EU expects to import a considerable part of the
hydrogen thatshould be consumed in Europe.

Also, policies that promote the (re)qualification of industrial workers are of importance to minimise
joblossesinthe new hydrogen economy in Europe. In addition, policies addressing inclusivity in the
hydrogen strategy across Europe are relevant, and in particular with respect todiversestakeholders
in the hydrogen economy. This could increase stakeholder pluralityand avoid the dominance of oil
companies' related interests (which in generalhave low trust levels amongthe public) in hydrogen
initiatives.

In respect to societal acceptance, this study notesthat European and non-Europeansocieties may
react in opposition to the implementation of infrastructure projects (in)directly connected to the
hydrogen economy (e.g. storage of hydrogen in salt caverns, CCS(U) technologies, new pipelines
and additional renewable energy projects in (non-)European countries for the production of
hydrogen). Also societal resistance to the use of water in the hydrogen economy is possible. Thus,
policies addressing the sustainability of the fullhydrogen value chain are highly relevant toincrease
societal support for hydrogen-related projects, and avoid or at least minimise burdens and side
effects of the European hydrogen economy

onsociety (Europe and abroad). Key conclusions on actors and regions

Regarding hydrogen valleys and (long-
term) hydrogen supply regions, additional
(risk mitigation) policies are important to
help overcome the barriers identified above
(Section 3.5.2), such as for securing public
and private fundingfor the realisation of local
and regional projects and securing
commitments from clean hydrogen buyers.
Also policies at the European and national
levels on setting and/or strengthening the
regulatory  framework  for further
development of hydrogen demonstration
and full-scale supply regions are important.
In such a context, particular attentionshould
be given to providea clear procedural vision
for investors and authorities, guaranteeing a
level playing field at the local and regional
levels, since permission issues are still a
bottleneck for the implementation of local
and regional projects (Weichenhain et al.
2021).

e Little or no attention has been given
to the societal acceptance of the full
value chain of hydrogen.

e The establishment of new large-scale
infrastructure can be influenced by
local and national acceptanceissues.

e A transition towards a hydrogen
economy should be understood as a
socio-technical transition in which
society will play an essential role in
determining the means and ways of
such a transition.

e Policies addressing just transitionsare
of high importance to avoid or
minimize undesired side-effects of a
hydrogen economy.

e Hydrogen Valleys located in the EU
have the potential to become
hydrogen full-scale supply regions.
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In relation to non-EU hydrogen imported to the EU, additional policies are important to create a
system seeking to guarantee the origin of green hydrogen consumed in industrial processes, in
particular for hydrogen produced abroad (e.g. via certificates). On the one hand, such policies may
add valueto end-use applications of hydrogen as wellas enhance local sustainability of hydrogen
production, in particularin non-EU countries. Onthe other hand, such policies maylead toeconomic
burdens for green hydrogen producers and users. In this sense, policies should be rigid enough to
promote the sustainable production and consumption of green hydrogen and flexible enough to
avoid additional burdensto green hydrogen producersand users.
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4. Conclusions

The main objective of this study was to take stock of the current situation with respect to the
realisation of the EU hydrogen strategy andto identify policy optionsaddressing gapsin the current
hydrogen policy landscape. In Section 3, we provided an evaluation of the scientific literature and
position papers along the whole hydrogen value chain, while also covering cross-cutting aspects
such as the role of actors and regions. Here, we provide a summary of the main findings and the
derived implications for future policy options.

Low-carbon and renewable hydrogen can be expected to remain relatively scarce and costly®
resources during the next decade, which raises the question of prioritising its use. For passenger
cars and heating buildings, electrification is more efficient from an overall energy system
perspective. Widespread use in these areas is therefore questionable. In heavy-duty transport, it is
still open whether hydrogenand its derivatives or direct electrification will prevail, or whether both
systems will exist in parallel. So thereis large uncertaintyabout the future demand for hydrogenin
the transport sector. With respect to the role of hydrogen use in industry, there is a broad
consensus that hydrogen is a technically feasible and promising decarbonisation option. From a
technical viewpoint, ammonia production and refineries are potential first adopters due to their
current use of fossil hydrogen. However, the need to reduce fossil fuel consumption implies that
transformation plans are required for use in refineries, which outline how hydrogen will be used
thereinthefuture (e.g.toproduce renewable methanol). Forthe steel industry, the useof hydrogen
is also considered very important due to the limited alternatives, whereby the operation of direct
reduction plants with natural gas already enables large emission reductions, while a steady switch
torenewable hydrogenin these plantsis possible. The use of hydrogenfor heat generation is likely
to be limited, as more efficient electrification options exist in many areas.

A major barrier to the market introduction of renewable hydrogen in industry is higher costs
compared to fossil fuels. Thisis particularly relevant forenergy-intensive industry, because the share
of energy costs in gross value added is higher there than in the rest of the manufacturing sector. If
the additional costs on the way to a GHG-neutral economy cannot be passed on or compensated,
then this represents a serious barrier to transformation, because the industries concerned are in
international competition. This hasalready been addressed by the recently launched EU Innovation
Fund. Moreover, policy-makershave become aware that higher operating costsare a major barrier
to widespread market introduction of many low-carbon technologies in the energy-intensive
industries. A pilot programme for carbon contracts for differences (CCfDs), which is envisaged to
fund the difference between the cost price of the technologies and themarket value of the product
the technologies deliver, is seen as a promising option by both policy-makers and industry actors.
While the concrete design remains open, the provisions of the Innovation Fund can serve as a
blueprint.

Current European hydrogen consumption (11.5 million tonnes including by-products) is mainly
produced on-site via steam methane reforming with only very minor shares (0.7 %) to be considered
low-carbon hydrogen. Nevertheless, the EU hydrogen strategy plans to ramp-up renewable
hydrogen production via electrolysis to 6 GW capacity in 2024, producing 1 million tonnes,
achieving the production of 10 million tonnes of hydrogen by 2030, with an installed capacity of
40 GW electrolysers. This massive scale-up of hydrogen and electrolyser capacity needs to be
flanked with adequate support policies in research and innovation, but also with policies to foster
investment. However, the exact amount of investment requirements are not yet clear due to the

6 Low-carbon hydrogen can be expected to stay more costly than natural gas in the coming decade, evenin view of the
strong increase of EU ETS and natural gas pricesin 2021.However, these developments substantially reduce the cost gap
of renewable hydrogen to conventional and natural-gas-based low-carbon hydrogen.
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large uncertainty about the extent of its future use. Despite the EU's production targets, the
production capacities required to satisfy the expected EU demand for renewable and low-carbon
hydrogen will exceed the expected production capacities. That means that a notable share of
renewable and low-carbon hydrogen demand willhave to beimported.

The role of low-carbon hydrogen based on CCS as a bridging fuel is a highly debatable issue. A
switch from high-carbon hydrogen to a low-carbon alternative is technically feasible, since the
technology of carbon capture is known and established in many production processes. The
pretended advantage of a quite speedy switch could evaporate due to technical,economicand (in
particular) societal impediments in respect to storing the excess supply of CO2, which cannot be
utilised due to low demand for such carbon. Furthermore, excessive installation of CCS facilities
could generate lock-in pathways, which should be avoided.

Establishing a backbone hydrogen infrastructure can be expected to be an important step to
move from individual pilot projects to a rollout of hydrogen. While important areas for hydrogen
production and use can already be anticipated, the amounts required are still uncertain and the
infrastructure required is hard to predict. Buildingup the infrastructure too early mayresult in sunk
costs, to be carried by end-users. However, long-term planning processes require early action, if a
hydrogen backbone s to be achieved by 2030. This means that thenecessary provisions need to be
established very soon, while still leaving the option tonavigate therollout. Therefore, national TSOs
should be obliged to assess the domestic need for hydrogen infrastructures as soon as regulatory
updates allow, and also to identify gas pipelines that can repurposedin a dynamic perspective, ie.
providing a schedule for potential repurposing tohydrogen, based onexpected future gas demand.
Moreover, all energy carriers and related networks require joint planning to determine overall
optimal pathways as soon as possible.

Given the current lack of hydrogen markets and large-scale networksand the regulatory principle
of minimalintervention, there is no urgent need fortheirregulation. However, the expected benefits
of a hydrogen backbone infrastructure call for establishing at least the general principles in the
forthcoming hydrogen and gas market decarbonisation package, in order to avoid a later need for
the harmonisation of regulations. Such main principles include free access to third parties and
overarching principles for remuneration. The remuneration of gas grids differs in certain regardsin
the Member States today. So there is room for experimentation here, for instance with respect to
splitting the funding between producers, consumersand the public. Therefore, the most promising
option seems to be by starting with a few regionally-focused test cases. Different approaches to
regulation based on the same overarching principles could be applied, for an a priori limited
timeframe, and compared afterwards. An important prerequisite for shaping the market is a clear
classification and certification scheme, possibly based on Guarantees of Origin as proposed by
CertifHy, but also considering the optionsto classify RFNBOsas put forward in REDIl.

If the EU wants to form a hydrogen industry that is globally competitive, it will need to make sure to
maintain and foster research, development and innovation as well as commercialisation across all
key technologies. In international comparison, EU actors currently hold a strong position
throughout key enabling technologies for the emerging sustainable hydrogen economy, as
evidenced by transnational patent analyses and confirmedby experts.Here, electrolysertechnology
is recognised as being of utmost importance for (a) the immediate decarbonisation of the pre-
existing hydrogen economy (mostly serving keyindustrial processesbased on on-site conversion of
fossilfuels); (b) the decarbonisation of majorindustrial processes (such as steel making) by replacing
their traditional feedstock; and (c) the potential general diffusion of hydrogen technology as a
sustainable energy supply option throughout various sectors. Once electrolyser productionreaches
an economy of scale regime, continuous improvements of cost and efficiency, and thus
competitiveness, may occur, but the initial market ramp-up critically depends on regulatory
priorities and the availability of renewable electricity. The EU may leverage its currently favourable
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technological position to lead the commercialisation of sustainable hydrogen technologies, but
other regionsmay competein this regard. Here, expertsrecognise threatsin the draining of relevant
intellectual property and in the consistency and priorities of EU regulation, while policy-makers face
a complex balance of short-and long-term decarbonisation goals, industrial and technological
leadership, and complex stakeholder interests. The important project of common interest (IPCEls)
on hydrogen currently being established are afirst step to deal with this in a strategic way.

With respect to hydrogen actors, a strong movement engaging mainly policy-makers and
regulators,industries, SMEs and scientists can be observed as bringing thenew hydrogen economy
forward in the EU, in particular in the European Clean Hydrogen Alliance. In this sense, it can be
stated that, in general, the EUfollows a strategicapproach to stimulate and implementa hydrogen
economy in Europe. The approach builds on a momentum combining industry and competition
policy with transformational change towards sustainability. Establishing a low-carbon hydrogen
economy could pave the way for providing defossilised energy for industrial use. Nonetheless, this
study has identified weak civil society participation in the design and construction of the new
hydrogen economy. Studies investigating societal aspects, including acceptance, of the hydrogen
value chain have been concentrated on mobility (end-user), while societal aspects related to
production, storage, transport and use of hydrogen in industry have received less attention from
academics and stakeholders. What is still needed is an integrative impact assessment covering
multi-criterial dimensions of economic, ecological and social impacts of hydrogen valleys. In that
sense, it is of high importance that stakeholders currently leading the new hydrogeneconomy take
the development of such an economy as a socio-technical development, in which society will play
a keyrolein theadoption and use of hydrogen technologies.

With respect to hydrogen regions, these can be found in and outside Europe. The approach of
hydrogen valleys involving different actors can contribute substantially to fostering low-carbon
hydrogen in the medium term and renewable hydrogen in the long term as important energy
carriers for the achievement of the ambition of climate neutrality by 2050. Most of the current
regionalinitiatives are demonstration projects, forming 'mini' hydrogen economies demonstrating
technical feasibility. Currently, there are 36 hydrogen valleys around the world (planned, being
implemented or already implemented), 22 of them in the EU and 2 in the United Kingdom. In
Europe, hydrogen valleys are expected to be interconnected in the medium term via a European
backbone that will take advantage of the current gas pipeline infrastructure. Such demonstration
regions can become hydrogen full-scale supply regionsin the medium and long term. In this sense,
the EU has a promising ecosystem that can lead to a global leadership position in the entire value
chain of hydrogen in the long term, including a functioning market. However, a regulatory
frameworkis neededin the short term thatprovidesa level playing field for a renewable hydrogen
economy.

In summary, recent activities such as the European Clean Hydrogen Alliance, the launch of the EU
Innovation Fund, the formation of hydrogen valleys and the hydrogen IPCEls seem to provide
promising first steps to fostering a European hydrogen economy. Nevertheless, important policy
gaps remain to ensuring the sustainable realisation of the EU hydrogen strategy's targets, in
particular with respect to certainty for investors, cost-competitiveness with fossil technologies,
regulation of hydrogen infrastructures, certification of renewable and low-carbon hydrogen as well
as civil society participation.Some of these are atleast partially addressed by the revised regulations
proposed with the Fit for 55 package, where the details remain to be negotiated though. Others will
likely be addressed with the hydrogenand gas marketdecarbonisation package scheduled for the
end of 2021. The opportunity provided by the negotiations of these two policy packagesshould be
used to ensure that the EU is well on track to realise the benefits of a hydrogen for decarbonising
industry while limiting undesired side-effects.

50



The potential of hydrogen for decarbonising EU industry

5. Policy optionsandtheirassessment

In this section, we outline and compare a selected set of optionsin key policy actionfields under the
EU hydrogen strategy, which were developed based on the conclusions fromthe literature research
and expert interviews presented in Section 4, in particular the policy gaps identified. While the
policy options presentedcan be helpful with getting started onfilling the main policy gaps, it is clear
that the realisation of the EU hydrogen strategy will require a much more comprehensive
framework. Before turming to the policy options, we provide an overview of the identified policy
gaps. More details about the policy optionsand their comparison can be found in the annex.

5.1. Overview of identified policy gaps

Therealisation of the EU hydrogen strategy will require large investments, in particularin the longer
term but to a certain extent also up to 2030. However, hydrogenis and will stay an energy carrier
with high costs. Therefore, it should be used predominantly in applications without more cost-
effective routes for decarbonisation (such as direct electrification). Clear guidelines for preferred
hydrogen use cases including a hierarchy of priority uses are lacking, which results in high
uncertainty for investors.

Forarollout of hydrogen production and usein line with the EU hydrogen strategy, thereis a need
for additional support schemes, as currently support schemes are mainly tailored to individual
demonstrationprojects. Supportschemes forboosting demand and fostering production also need
to consider where to prioritise the use of hydrogen.

Currently, there is no European-wide hydrogen market and no large-scale hydrogen network.
Accordingly, a European regulation of hydrogen infrastructures does not exist. This leads to high
uncertainty for both market participants and operators of a hydrogen infrastructure. It is therefore
of utmost importance to clarify at least the general rules of future market and infrastructure
regulation.

The trading of hydrogen bothwithin the EU and beyond requires an exact specification of the traded
products, in particular renewable and low-carbon hydrogen. Certification schemes are under
development, but the specific criteria to be applied have not yet been agreed.

Finally, acceptance issues and the involvement of civil society have not been addressed to a
sufficient extent. Moreover, therole of hydrogenin just transitions 'leaving no-one behind' is yet to
be defined. Thus, future policies need to support the participation of additional stakeholder groups
across all European regions and also foster a sustainable approach to international hydrogen
partnerships.

5.2. Policy options

5.2.1. Options to foster investments

The considerations of the investment requirements in hydrogen-use technologies, hydrogen and
renewable electricity production, as well as hydrogen infrastructures, have shown that there is a
need for largeinvestments in particular in the longer term, but to a certain extent also up to 2030.
An important measure to stabilise investors' expectations about future investment conditions is
seen by many, but not all, stakeholders in the implementation of a dedicated target system
(European Commission 2021b). The most common starting pointfor a targetsystem is the demand
for renewable and/or low-carbon hydrogen at the EU and/or the Member State scale, expecting
trickle-down effects on the production, transport and imports of such hydrogen, on building-up
necessary renewable energy plants and storage facilities as well as electrolyser manufacturing
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capacities. The trickle-down impacts are influenced by the precise design of the target system, eg.
how imports of renewable and/or low-carbon hydrogen is treated. Legal and trade-related
implications are beyond the scope of this study.

It is debatable whether target systems for a specific technology are useful to most effectively and
efficiently establish a climate-friendly hydrogen economy.The main concerns address the lack of
knowledge in respect to economy-wide impacts and on the R&D activities of potentially more
appropriate alternative technologies, since the dynamics of markets, economicand societal frames,
as well as theimprovement of technical knowledge, are neglected. Streamlining target systems by
taking into account the techno-economic impediments to reducing GHG emissions can help to
overcome some of the above-mentioned concerns. For example, the target systems should focus
onthe'no-regret' sectors,i.e.ammonia,olefins, refineries and steel, as well as aviation and shipping.
Since these sectors could contribute to half of the expected hydrogen demandin 2030 and 2050,
supporting these could speed up the establishment of competitive hydrogen production (see
Sections 3.1and 3.2).

Target systems could be either indicative or compulsory. The success of a target system depends on
the grade of commitment and the respective sanctions. The grade of harmonisation of the targets
and commitments could be also crucial for success. Three different options will be discussed in the
following:

A. Compulsory targets for the EU: In a joint consultation, the European Commission,
European Counciland European Parliamentdefine a compulsory targetsystem for
the EU with no binding agreements for each Member State. The EU Commissionis
responsible for achieving the targets. However, if the targets set by the Member
States are insufficient toachieve the targets forthe EU, the Commission can initiate
additional hydrogen projects based on the renewable energy financing
mechanism (European Commission 2020b).

B. Compulsory targets for each Member State: In a joint consultation, the European
Commission, European Council and European Parliament define binding targets
for each Member State in compliance with sanctions. The Member States are
responsible for achieving the targets. Necessary measuresto achieve the national
targets haveto beinaccordance with therules set out by the EU.

C. Indicative targets at EU level: At EU level, the EU hydrogen strategy is updated, but
the decision whether a compulsory target system shall be implemented is left to
each Member State. In case a Member Stateexecutesa targetsystem accompanied
by respective measures, it has to follow the generalrules of EU, such as the single
market rules.

Assessing the different options, a rather diverse picture emerges, with no clear 'best option..
Option B 'Compulsory targets for each Member State' could generate the highest benéefit for the EU
hydrogen strategy and should show the highest effectiveness, but the lowest feasibility and the
lowest chance to deal with possible risks. If the Member States, in compliance with the European
Commission, EuropeanParliamentand the European Council, could find acommon ground for the
targets, sanction mechanisms and a frame for possible national policies, theimplementation of the
systems agreed on should be rather smooth, although possible delays at national level are also
possible. However, Option B may resultin intensive bargaining before the implementation of the
national target systems, affecting the feasibility of (@ambitious) targets. The same will be truein case
of necessary adjustments to the implemented system, due to changing political, economic,
technical or societal conditions globally or in the EU.

The main strength of Option A 'Compulsory targets for the EU' is the achievement of high benefits for
the EU hydrogen strategy, comparable tothose of Option B. Ex-ante, however, a precise comparison
between both options with respect to benefits is hard to achieve, since the setting of the predse
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targets could differ between both options. Compared to Option B, this option should perform better
with respect to feasibility and dealing with risks, since Option A provides Member States and the
European Commission with higher flexibility. The main disadvantageis the resulting burdenfor the
EU budget. Also, the effectiveness of Option A could be lower compared to OptionB. This results
mainly from the non-binding nationaltargets, possibly requiring additional bargaining between the
European Commission and Member States in respect of appropriate gap-filling measures, even if
the political, economic, technical andsocietal conditions would notchange but the national policies
will not allow for the EU targets to be achieved. The effectiveness of Option A could be increased, if
the European Commission could initiate the financing mechanism independently from available
voluntary national contributions. With the European Commission being responsible for achieving
the target system, it could be expected that other EU objectives, like a just transformation, will
obtain higher relevance compared to Options Band C.

From the EU perspective, Option C 'No activities at EU level' seems to be the least desirable option.
Although the feasibility and dealing with risks are the highest of all considered options, in respect
of benefits, effectiveness, ecological sustainability, and coherence with other EU objectives,
Option C has the lowest grade. The main reason for this is the low expectation that the Member
States will themselves set ambitious targets in all Member States or for the entire EU without
consultation between the European Commission, European Parliament and European Council.
Option Ccould encourage a 'beggar-thy-neighbour'policy in the Member States.

5.2.2. Measures for boosting demand and scaling up production

The stocktaking of supporting measures for boosting demand and fostering production showed
thatthereis a particular needto compensate forthe high OPEX, bothin the production of renewable
hydrogen andits use.

Carbon contractsfor difference (CCfDs) are identified as a key option to overcome the funding gap
to large scale application in the area of low-GHG production technologies for energy-intensive
products, thus also for the use of renewable hydrogen in industry. Currently, the Netherlands has
developed a CCfD-like system (SDE++) and Germany has presented overarching principles for a
CCfD pilot programme (CCfD-Pilot). The Innovation Fund also contains CCfD-like elements.
However, the main differenceis that the Innovation Fundfocuseson the demonstration aspects, as
it targets highly innovative technologies and large-scale flagship projects. The other two
approaches also support innovative projects, but are more focused on market diffusion of these
technologies.

A comparison of the funding conditions of the existing approaches and programmes shows that the
award and subsidy mechanism of all three approaches are similar. In terms of eligibility, there are
clear differences between the Innovation Fund, SDE++ and CCfD-Pilot. The German CCfD pilot
targets industrial sectors with process emissions and sets thresholds for GHG emission reductions
for eligible projects (>50% at start, >90 % long-term), while under the Dutch SDE++, projects are
eligible if certain eligible technologies are used; sector affiliation is notrelevant here. The difference
in the area of CCS is worth highlighting; while this is explicitly also permitted for permanent
underground storage in SDE++, this option is explicitly excluded in the German CCfD-Pilot. The
Innovation Fund funds projects fromenergy-intensive industries, as well as in other sectors. Carbon
capture and storageis an explicit funding pillar.

The differences foundraise the question of whether there is a need for harmonisationat European
Union level. We discuss this in respect of the following three basic principles.

A.  Fullregulation at EU level: CCfD programmes are being developed at EU level that
exceed the scope of the existing Innovation Fund, both in terms of funding scope
and existing funding budget.

53



STOA | Panel for the Future of Science and Technology

B.  EU directive to be elaborated at Member State level or EU regulation with direct
applicability: A directive will provide Member Stateswith a frameworkfor the design
of CCfDs. If the directive is correctly transposed into national law, a State aid
assessment is no longer necessary. Alternatively, a regulation could be drafted that
determines how CCfDs should be specifically designed if the Member States do so.

C.  Full control of CCfD programmes at Member State level: No harmonisation efforts are
made on the part of the EU.

The benefits of Option A lie particularly in the fact that access to CCfDs can be improved for
companies in the EU across all Member States. In addition, positions on technologies can be
harmonised across the EU, which can be of great advantage for cross-border projects. In principle,
thereare nodirectrisks, butin terms of feasibility, the question is whether sufficient capital can be
made available for a European CCfD programme. A benefitoverthe existinglnnovation Fund would
be to go beyond innovationfunding and support the market diffusion of technologies, which may
well require a large budget.

The benefit of Option Bis that the harmonisation goals in the EU can beachieved with comparatively
low (only administrative) costs. However, the pitfalls here lie in the details. If a directive allows too
many degrees of freedom, the harmonisation goals will not be achieved. In this case, the directive
would not be effective and change little compared to the current situation. If the directive allows
too few degrees of freedom, it may not be implementable because it does not take the different
characteristics of the Member Statesintoaccount. Acommon directive, however, has the advantage
that State aid notification of individual CCfD programmes would likely not be necessary due to the
nature of the directive.

Doing nothing (Option C) hasthe benefit of notincurring any costsand not limiting Member States'
ability to design CCfD programmestofit into their respective energyand climate policy architecture.
A risk, however, is that certain Member States lack capitaland know-howto set up their own CCfD
programmes, and companies in these countries may fall behind other Member States in terms of
transformation.

In summary, Option A offers the greatest benefits but also involves high costs, which hampers
feasibility. Option C does not incur costs but does not change current policy design and therefore
does not deliver benefits compared to the current situation. Option B offers policy design options
at comparatively low cost, but here, whether benefits can be achieved compared to the current
situation, dependson the details.

5.2.3. Howtodesignasupportive framework (market rules and infrastructure)

The synthesis of the scientific literature, stakeholder position papers and expert interviews in
Section 3.3 has revealed that a stepwise approach for building hydrogen networks is crucial for
fostering the European hydrogen economyand thatthe corresponding legislation needsto ensure
a quick expansion while being flexible with respect to the exact infrastructure needs. Certain key
principles have provenusefulin developingtheinternal energy markets atthe EU level. In particular,
the natural monopolies associated with the ownership of energy infrastructures have led to the
requirement of non-discriminatory access for all interested parties, which goes hand-in-hand with
both the vertical and the horizontal unbundling of the network system operators. However,
different splits of costs between users, suppliers and the publicare possible. In particular, it is clear
that the high up-frontinvestmentsin hydrogennetworks can be prohibitive for an expansion of the
infrastructure, as long as supplies and users of hydrogenare limited.

A key conclusion on the regulation of hydrogen infrastructure is that, while currently there is no
immediate need for an overarching regulation as there are almost no cross-border networks in the
EU yet, clarification is needed as to what the overarching principles will be and which concrete
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setups seem favourable. To provide clarity on when the legislation for hydrogen networks will be
established or start to apply, the definition and monitoringof key indicators and thresholds may be
useful. Such indicators could include the length of cross-borderhydrogen networks, thevolumes of
cross-border hydrogen transport and trade, as well as the number of actors, i.e. potential market
participants. We elaborate below on several options to address these issues within the hydrogen
and gas market decarbonisation package to be drafted by the Commission before the end of 2021.
In principle, the EU has three overarching options to deal with the present lack of a regulatory
framework for hydrogen infrastructures:

A. Full regulation at EU level: The hydrogen and gas marketdecarbonisation package
is expected to establish an EU-wide regulatory framework comparable to the
existing gas infrastructure legislation, with EU-wide fixed rules on unbundling,
third-party access, roles of system operators, network codes and remuneration of
costs.

B. EUdirective to be elaborated at Member States level: The hydrogen and gas market
decarbonisationpackageis expected to establish EU-wide principles, in particular
on unbundling and third-party access, and to announce thresholds for key
indicators triggering further regulatory steps, but to leave room for
experimentation at Member State level during a certain pre-defined period, in
particular with respect to roles of system operators, network codes and
remuneration of costs. This has similarities with the concept of regulatory
innovation zones, which have been useful for testing the regulation of peer-to-
peer electricity trading in Germany.

C.  Maintain control at Member States level until further notice: The EU could announce
thresholds forkey indicators triggering regulatory steps at the EU level but leaving
to the Member States to decide if and how to establish a regulation for hydrogen
networks duringa certain pre-defined period.

All options may include a stepwise approach, forinstance requiring third-party access only after a
certain period. Option A, with the mostcomprehensive EU-wide legislation, shows advantages with
respect to fostering an integration of regional networks into a hydrogen backbone and
environmental sustainability. In turn, Option A would lead to the highest administrative efforts.
Moreover, it could also turn out to be not politically feasible in the near future and ineffective in
finding the best regulatory setup due to a lack of experience with the regulation of hydrogen
networks and markets. The more flexible approach of Option B could lead to higher political
feasibility and effectiveness in finding the best regulatory arrangement. However, this comes with
moderate disadvantages dueto less certaintyabout laterintegration andenvironmental stringency
as well as for investors. Finally, Option C leads to the lowest administrative effort and the highest
flexibility for the Member States, but comes with high risks for subsequent integration of regional
networks in a European backbone and the resulting uncertainty for investors and about its
effectiveness.

5.2.4. Options for promoting research and innovation in hydrogen
technologies

Hydrogen technologies exemplify EU strengths in fundamentalandapplied research (as established
in Section 3.4). However, Europe has often lagged behind otherglobal regionsin the conversion of
scientificinsight into economic success in the past. Currently, the EU aims at overcoming this gap
through novel innovation support mechanisms (such as the Innovation Fund), by emphasising
innovation in Horizon Europe (in particular with the European Innovation Council programmes), and
by establishing the IPCEI mechanism (enabling Member States to support first industrial use of
critical technologies). In general, EU policy needs to balance enhancing the industrial-scale
commercialisation of presentstrengths in fundamental andapplied research, while maintaining and
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extending the latter in the future. Here, we discuss specific policy options to enhance the EU position
in hydrogen technology implementation, i.e. maintaining a strongposition in related fundamental
and applied research while specifically promoting increases in their commercialimplementation.

A. Establish adedicated R&D frame: Beyond promoting key hydrogen technologies in
the frame of Horizon Europe, the EU could create a designated research and
innovation framework for critical hydrogen technology (such as electrolysers), to
combine leading research groups in the field in a single, long-term funding
programme that enables effective division and coordination of research tasks,
systematicexchange on present resultsand future directions, as wellas combined
innovation support initiatives through industrial spin-off projects and by
establishing unified support activities. Coherence of the measure and some
degree of effective self-governance may be a key factor for its success. Careful
analysis of success of and issues with earlier FET Flagships may provide some
guidance for theimplementation.

B. Enhance support for hydrogen research and innovations across existing programmes:
So far, the first calls under the EU Innovation Fund have attracted a particularly
high number of applicationsfromhydrogen projects, while the desired broad split
across sectors may limit the success rate. Including the option of dedicated calls
on key technologies in the Innovation Fund Regulation could offer the opportunity
to address the commercialisation of hydrogen technologies more explicitly.
Similarly, dedicated calls on hydrogen could be launched under the EIC. As both
explicitly allow for blending with other national and EU funds, this could trigger
substantial additionalinnovation activities with respect to hydrogen.

C. Enable Member State action: State aid regulation strictly limits innovation support
for technologies close to the market, but the IPCEI mechanism intends to mitigate
market failures that hamper the diffusion of critical technologies. Hydrogen has
been assigned to this category, and an initial hydrogen IPCEIl is well into its
preparation. Interested Member States already held public calls and prioritised
individual projects, which are currently combined into a single, EU-wide IPCEI
application for approval by European Commission Directorate-General for
Competition (DG COMP). On this basis, Member States will obtain individual
permission to supporttheir beneficiaries on the costs of firstindustrial deployment
of hydrogen technologies (including pilot production, but prior to mass
application), to close the current hydrogen cost gap compared to already
established technologies. The systematic continuation of this policy would enable
further hydrogen IPCElinitiatives and streamline theirimplementation process.

Option A would establish a comprehensive research and innovation entity for critical hydrogen
technology for long-term, mission-oriented research and industrialisation supportin the field (in
analogy to the FET Flagship programme). It would require additional funding and changes to
current policies (that favour rather loose coordination through independent coordination and
support actions), but promises substantial benefits in ensuring the best utilisation of funds and
resources and promoting exchange across borders, disciplinesand betweenrelevant industries and
researchers. In contrast, Option B would focus hydrogen topics in existing programmes, which
would strictly limit organisational and budgetary burdens, except binding funds that would
therefore not benefit other goals within these programmes. Option C constitutes a powerful
measure to enhance thefirstindustrial use of hydrogen technologies, and an initial hydrogen IPCEl
is already in preparation. The mechanism does not require major budgets at Union level at all (as
funding is exclusively provided by participating Member States that directly fund their national
beneficiaries). This advantage mayinduce somedownsides, as little coordinationand oversightmay
occur at Union level. Strategicfunding gaps may not be detected, while redundant capabilities for
other aspects may be built in several Member States. The programme may also increase economic
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imbalances within the Union over time (as Member States with already strong industries might
provide most support).

5.2.5. Measures for fostering international cooperation

Important conclusions from the consideration of hydrogen production and cooperation with
international regionswere that the import of renewable hydrogen will be crucial for the EU, and that
sustainable cooperation with full-scale supply regions will be needed. To achieve a credible
transition towardsan extended use of hydrogen,imported hydrogen should be subject to the same
classification and criteria as hydrogen producedwithin the EU. However, ashasbeen outlined above
(see Section 3.3), as yet there is no standardised nomenclature at the EU level. The common
classification systems, as provided in the EU hydrogen strategy, REDIl, the CertifHy project and the
common colour code, are discussed above.

These regulatory stepping stones can all serve as a basis to define a clear nomenclature for
hydrogen. The EU aims to estabish its leadership and set technical standards and regulations on
hydrogen.The most common criteria applied in the regulations above are minimum threshold for
GHG emission reduction compared to a fossil comparator, and the additionality of renewable
electricity use. CertifHy works with electricity guarantees of origin to prove a renewable share.
However, stricter approaches are under discussion. These include the requirement to enter into an
exclusive PPA with renewable electricity providers. Alternatively or in addition, the correlation in
time of the production of hydrogen with the generation of renewable electricity in the same
geographicor grid area are discussedto prove the renewable nature of the hydrogenproduced. In
its third phase, the CertifHy project will also work to incorporate some of these requirements, if they
become part of theregulation of RFNBOsto be developed by the end 0f 2021. The proposal related
to the revised German Renewable Energy Sources Act takes a different approach and defines a
maximum number of fullload hours (5 000 hours per year) to classify hydrogen fromelectrolysis as
renewable. A similar approach with much smaller full load hours (reaching 2330 hours in 2026) is
taken by the Dutch support programme SDE++ (see Section 5.2.2), where this threshold is used to
limit theamount of funding supportavailable to a project.

Expanding on the technical definitions, a hydrogen certification scheme could include criteria to
define sustainable hydrogen productionin a broader sense. These could include aspects such as
propositionsfor the use of water or other compliance requirements with environmental standards,
the use of land areas, economic effects or human rights and the compliance with the SDG's.
Respective aspects are discussedabove and are summarised in Table 3.

If imports of hydrogen are subject to the same requirements as hydrogen produced inside the EU,
the question of monitoringand verification arises. To facilitate this process, it would be advisable to
establish an international third party standard. The EU could establish this international hydrogen
certification body and therebyassurethat the international certificationis compliant or compatible
with its own regulation. As this is not part of the proposed regulation at EU level itself, options in
this regard are not further discussedbelow.

We further investigate the following options to establish a hydrogen nomenclature within the EU.
Theannexprovides a detailed assessmentof these options.

A. Fully harmonised regulation at EU level: This option is much discussed by different
stakeholders to define renewable and fossil-based hydrogen. A fully harmonised
hydrogen classification scheme with clear criteria could be established by an EU
regulation. It could cover different sectors and harmonise the approaches under
REDII, ETS and CertifHy. Following the terminology used in the EU hydrogen
strategy, a limited number of different types of hydrogen could be established. A
trading and certification system could be implemented which builds on the
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CertifHy project but incorporates the harmonised regulations set out above, and
would in this sense be more strict than the current CertifHy GOs. Imports of
hydrogen would be classified according to this scheme.

B. Fully harmonised EU regulation with sustainability criteria: A fully harmonised
regulation could be established at EU level, incorporating the aspects under
Option A.In addition, a coherent set of sustainability criteria could be established
for the definition of sustainable hydrogen. This could include propositionson the
supply of water and on land use, as well as criteria on human rightsand SDGs.

C. No further action at EU level: No further action could be taken at EU level, meaning
the provisions of RED Il would define criteria for transport sectorfuels and CertifHy
would remain a non-binding project. Likely, more independent labels would
appear as there is a general need to achieve clarity on the consumer side.
Producers would define criteria for self-regulation. As there is no unified
nomenclature at EU level, some Member States may fill the gap and set up a
separateregulation. These classifications would exist in parallel to each other and
to a remnant EU regulation. Imported hydrogen would be classified either
according to a different, possibly international standard, or one of the existing
sectoral EUregulations.

Options A and B both establish a clearly defined certification at the EU level, but the limited scope
of the certified actions under Option A is a plus in many regards. Option A would be easier and thus
faster to implement, thereby also making it more effective than Option B. Option A would also be
more likely replicated by other countries, which should be considered a benefit. Option B also
implements the requirements of the EU hydrogen strategy, but may take longer toestablish, andan
additional sustainable hydrogen class is not necessarily beneficial to the overall classification. By
design, Option B outweighs Option A in terms of sustainability, which can be particularlyimportant
forregulating importedhydrogen. BothOptions A and B contribute to the success of EU objectives
in achieving a relevant position in the hydrogen value chain. OptionB also addresses sustainability
objectives. The status quo defined by Option C is not effective in providing sufficient clarity for
market participants and would not make possible for the EU to establish its leadership in hydrogen
regulation. The societal impacts of the options are hard to estimate by way of this study, while
Option B likely has least side-effects with regardsto social issues.

5.3. Outlookinrelation to upcoming policy packages

The policy actions presented in the preceding section are interrelated with several ongoing policy
processes at the EU level. While a deeper analysis of these policy processes would go beyond the
scope of this study, we briefly mention these here to clarify when and where the different options
may be tabled and/or reflected upon.

With its Fitfor55 package, the European Commission has provided draft revisions of the
Renewable Energy Directive (RED) andthe ETS Regulation. The target system discussed under Policy
Action 1 is strongly related to the draft revision of the RED, which the Commission has provided as
part of the Fit for 55 package. In particular, the draft revisionsuggests establishing a target of 50 %
renewable hydrogenfor the industry sector. Related to Policy Action 5, it is suggested to extend the
current RED provisions on RFNBOsin the transportsectorto othersectors as well. The role of CCfDs
discussed under Policy Action2 is mentioned in the draft of the ETS revision but not further
addressed as yet. However, the Commission has suggested increasing the amount of emission
certificates dedicated to the Innovation Fund and toestablishthe option tofeed it to CCfDs, thereby
strengthening the option to fund hydrogen production and use. Moreover, the ongoing revision
of the European State aid rules is highly relevant for the design of CCfDs, as well as for further
strengthening the IPCEIs relevant for Policy Action 4.
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While a few aspects of theregulation of hydrogen infrastructures and markets, as discussed under
Policy Action 3, are already addressed in the ongoing TEN-E revision process, this topic is at the
heart of the hydrogen and gas market decarbonisation package, scheduled for the end of 2021.
Based on the inception impact assessment and public remarks by the Commission, it can be
expected to cover the most important policy gaps raised in this study to a certain extent.
Nevertheless, it is likely that there will be high contestation between the different stakeholder
groups during the negotiations, in particular on the interlinkage between gas and hydrogen
regulation. Furthermore, the certification of renewable and low-carbon hydrogen, as discussed
under Policy Action 5, can also be expected to be addressed in this context.

The opportunity provided by the negotiations on these policy packages should be used to ensure
that the EU is well on track to realising the benefits of hydrogen for decarbonising industry while
limiting undesired side-effects. When dealing with the concrete design of the policies, more detailed
analyses (going beyond the scope of the study) will be needed, including on reasonable levels of
sectoral hydrogen use and production targets, suitable eligibility and award criteria, as well as
investment volumes for CCfDs, the concrete design of infrastructure regulations and research and
innovation programmes, and the detailed criteria for certificationof hydrogen.
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7. Annexes

Details about the need for additional renewable electricity

In this section, further details about need for additional renewable electricity for renewable
hydrogen production are provided. Focussing only on industry, the evaluated studies estimate a
demand for hydrogen between 265 TWh and 630 TWh in 2050, which would imply a required
electricity generation 358 TWh (lower hydrogen demand) and 851 TWh (higher hydrogen demand),
respectively. The required electricity capacities would vary between 251 GW and 597 GW (see
Figure 11).

In more detail, the discrepancies between the lowest and highest estimated hydrogen demand is
driven by the transport sector. Considering only the highest estimated hydrogen demand, space
heating is the mostimportant sector, contributing about 27.6 %. But space heating belongs in the
hierarchy of uses to the lowest class (see Figure5).

Figure 11 —Hydrogen demand, electricity requirements and electricity capacitiesin 2050
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Notes: The estimations for power requirements assume an energy efficiency of electrolyses of 740 %
(International Energy Agency 2019). The calculation of the power capacity assumes an electricity mix as
follows: wind onshore 47 %, wind offshore 15 % and photovoltaics of 38 % (adapted from Xu etal. 2020). The
assumed full-load hours are as follows: wind onshore 1,936 h/a, wind offshore 4,032 h/a, photovoltaics 903
h/a (Matthes etal. 2020).

Source: Own calculations based on Agora Energiewende and AFRY Management Consulting 2021; European
Commission 2018; Matthes et al. 2020; McWilliams and Zachmann 2021; Guidehouse 2020; International
Energy Agency 2019;Xu etal. 2020.

The estimations in respect to required electricity as well as capacities depends crucially on the
expected electrolyser's efficiency, electricity mix as well as on the assumed full-load hours in the
respective year (Matthes et al. 2020; Helgeson and Peter 2020). A 10 % higher efficiency or 10 %
higher full-load hours will reduce the required electricity and the required capacity by 9.1 %. A
combined improvement would decline the required capacity by even 21 %.
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Depending how produced hydrogen is transported to the demander, additional energy
requirementscould emerge. The needto compresshydrogen could result in an additional electricty
requirement of between 0.12 TWh (if the the gas is compressedto 250 bar) and 0.17 TWh (if the gas
is compressed to 800 bar) per TWh of hydrogen produced.Liquefaction, cooling downhydrogento
-253°C, would require 0,3 TWh per TWh of hydrogen produced, with a potential improvement to
0,22 TWh electricity per TWh of hydrogen produced (Matthes et al. 2020).

Figure 12 - Sectoral hydrogen demand, electricity requirements and electricity capacities in
2050 (categorised)
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Notes: The estimations for power requirements assume an energy efficiency of electrolyses of 740 %
(International Energy Agency 2019). The calculation of the power capacity assumes an electricity mix as
follows: wind onshore 47 %, wind offshore 15 % and photovoltaics of 38 % (adapted from Xu etal. 2020). The
assumed full-load hours are as follows: wind onshore 1,936 h/a, wind offshore 4,032 h/a, photovoltaics 903
h/a (Matthes etal. 2020).

Source: Own calculations based on Agora Energiewende and AFRY Management Consulting 2021; European
Commission 2018; Matthes et al. 2020; McWilliams and Zachmann 2021; Guidehouse 2020; International
Energy Agency 2019; Xu etal. 2020.

Further details from the patentanalyses

Technologies for hydrogen transport and storage may be less distinct or specific, rendering
according patent analyses less precise. Figure 13 shows an attempt to provide a rough overview,
despite the lack of distinct patent classification, the diversity of particular applications (from
vehicular fuel tanks over large-scale gas cavern storageto tubes and pipelines of various scales), and
limited specificity of use and context. The underlying research strategy relies on prominent
placement of the term hydrogen (beyond relevant key words and class restrictions) to partially
screenresults relevance (with limited specificity). Betterresults might be attainable for very specific
use cases, but are beyond the scope of the present study.
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Figure 13 - Transnational patentanalysis on hydrogen transport and storage.
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In general, Figure 13 indicates a rather high and slightly rising global patenting activity in the
generalfield of hydrogen transport and storage. The regional distribution shows a substantial share
of EU actors as aleading originamong the USA and Japan. Other Asianactors mainly include China
and Korea, both contributing substantial numbers.

Beyond specific industrial use cases, fuel cells constitute the primary key enabling technology for
widespread hydrogen utilisationthroughout numeroussectors including industrialand residential
power supply, for grid-scale storage and subsequent re-generation of electricity, and for hydrogen
based mobility solutions. Figure 13 presents transnational patentactivities in this field.

Figure 14 —Transnational patentanalysis on fuel cell technologies.
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In particular, the trajectory of the aggregated datafor general fuel celltechnologies (Figure 14, black
line; scaled to right axis, with a factor three) still shows the impact of an earlier hype of hydrogen
technologies that began in the last millennium and peaked around the year 2005 ending in 2008
(with thefinancial crisis). However, a substantial baselevel of global activity (~300 per year, roughly
half of the hype level) was sustained throughout the entire period, and the field started to gain
further momentum in therecentyears. Thevast majority of transnational fuel cell patents stem from
a top-3 group of origins led by Japan closely followed by the USA and the EU, while the remainder
(roughly only a fifth) is fairly distributed around the globe. In analogy to electrolysers (see above),
severaldistinct technological strains of fuel cells can be distinguished and traced separately (Figure
14, coloured lines, scaled to left axis).
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Further details on the evaluated policy options

In this annex, we provide a more detailed analysis of the policy options presentedin Section 5.2.In
particular, an evaluation of each of the policy options is given, including a semi-quantitative
assessment of the evaluation criteria on a scale from ++ (very positive) over 0 (neutral) to - (very
negative). We emphasise that this assessment is meantto highlight advantagesand disadvantages
but not yield a ranking of the policy options. For a better understanding of the implications, the
explanation of the assessments need to be considered.

Policy action 1: Options to foster investments via target systems

Considering the demands to establish a hydrogen economy and taking into account the existing
constraints in the EU and worldwide, the question arises how to set the conditions to foster
investments in renewable and low-carbon hydrogen to achieve the goals set outin the hydrogen
strategy of the EU Commission (European Commission 2020e). Many, but not all, stakeholders
support the idea of implementing a dedicated target system (European Commission 2021b). The
most common starting point for a target system is the demand for renewable and/or low-carbon
hydrogen on the scale of the EU or/and the Member States, expecting trickle-down effects on the
production, transport andimportsof such hydrogen,on building up of necessary renewable energy
plants and storage facilities as well as of electrolyser manufacturing capacities. The following
discussed target systems would exclude imports from being recognised in the fulfiiment of the
targets through a Member State or the entire EU. However, it is beyond the scope of this study to
discuss thelegaland trade-related consequences of such a design.

Target systems could be either indicative or compulsory. Indicative target systems define legally
non-binding targets, i.e. the compliance with the targets cannotbe enforced. The effect of indicative
targets results from the political commitment to achieve them. Compulsory targets can be legally
enforced, i.e. setting binding targets is associated with mechanisms to penalise if targets are not
achieved. The most important advantage of bindingtargets in compliance with sanctionsis the high
probability of achieving the goals of a hydrogen economy with comparable low GHG emissions.
Binding targetscould stabilise theexpectation of investors in respect tothe development of markets
producing and using hydrogen, fostering their incentive to invest in technologies with still high
propensity to fail. For example, hydrogen-using technologies which could substitute current
available technologies in industry or other applications are still under development with low
experience in mass production. There is still a lack of experience to run large-scale electrolysers.
Besides, high-carbon hydrogen production still shows a noteworthy competitive edge against
renewable and low-carbon hydrogen. Long-term targets give also a frame for governments for
respective policies and necessary changes of measures. Furthermore, targetsare good benchmarks
to indicate the success of the intended policy. Although the focus of this Policy Action is on the
appropriateness of target systems, under current conditions achieving effective targets without
disruptive effects on the economic development require supportive actions by the EU and/or
governments of the Member States, as discussed and shown in this report (see Section3 and the
following policy actions).

Implementing a specific instrument, like targets, raises the question whether other options might
lead to better results, i.e. to a quicker establishment of a climate-friendly hydrogen economy. The
main concerns address the reaction of affected economic agents as well as lack of knowledge in
respect to economy-wide impacts. From an economic point of view, target systems for specific
technologies or specific hydrogen uses could lead to inefficient solutions if they impede the
research and the implementation of alternative technologies, which could show a better
performance to achieve carbon neutrality. This means target systems force the implementation of
specific technologies which are seen today as the bestoption, neglecting the dynamics of markets,
economic and societal frames as well as the improvement of technical knowledge. This could be
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particularly truein those sectorswhere the GHG abatement costs of hydrogen could be quite high
(see Section 3.1). The lack of comprehensive knowledge regarding the mentioned dynamics also
hamper theidentification of unintended impacts.

Theimplementation of targetsystems that take into account thetechno-economicimpedimentsto
reduce GHG emissions could help to overcome some of the above mentioned concerns. Following
the hierarchy of hydrogen uses (see Section 3.1.), this would affect primarily the 'no-regret' sectors.
These are those activities that can be fully decarbonised by hydrogen, and electrification will not
lead to a full decarbonisation. The affected sectorsare ammonia, olefins, refineries andsteel, as well
as aviation and shipping. A side-effect of such afocused target system could be the establishment
of competitive hydrogen production, diminishing the needfor futuresupportive actions. According
to different scenarios (see Sections 3.1 and 3.2) the no-regret sectors could contribute to half of the
expected entire hydrogen demand in 2050 and likely even more in the period up to 2030 (see
Section 3.1).

The impact of target systems on establishing a competitive hydrogen economy depends crucially
on the medium-and long-term competitiveness ofimported hydrogenand the global demand for
renewable and low-carbon hydrogen. The crucial factor is the development of renewable energy
prices for hydrogen producers (see Section 3.2). The success of a target system alsodependson the
grade of commitment and therespective sanctions. The grade of harmonisation of the targets and
commitments could be also crucial for success. Three different options will be discussed in the
following.

A. Compulsory targets for the EU: In a joint consultation the European Commission,
European Council and European Parliament could define a compulsory target
system for the EU with no binding agreements for each Member States. The EU
Commission is responsible toachieve the targets.However, if the targets set by the
Member States are insufficient to achieve the targets for the EU, the Commission
can initiate financing mechanisms comparable to the renewable energyfinancdng
mechanism (European Commission 2020b) to succeed these.

B. Compulsory targets for each Member State: In a joint consultation the European
Commission, European Council and European Parliament could define binding
targets for each Member State in compliance with sanctions. The Member States
would be responsible to achieve the targets. Necessary measures to achieve the
nationaltargetshaveto beinaccordance with therules set out by the EU.

C. Indicative targets at EU level: At EU level, the EU hydrogen strategy could be
updated, but the decision whether a compulsory target system is implemented
would be left to each Member States. In case a Member State executes a target
system accompanied by respective measures, it would have to follow the general
rules of EU, like the single market rules.

In the following, the three options are discussed in more detail, using the above mentioned criteria
(foran overview, see Table 6 below):

e Costs (at EU level): The costs at EU level consist of costs regarding implementation,
controlling, and monitoring of the target systems. Bargaining costs at the EU level or
Member State level are not considered, asthey are not clearly identifiable. Option A will
imply the establishment of an administration for implementing, controlling and
monitoring the targets and their fulfilment. Delegating the tasks to the Member States
would reduce the costs, but also the controllability (Option A score --). Option B would
see noimplementation costs atEU level and reduced control costs, since these activities
aremainly situated at the Member State level. In total, the EU costs should be lower in
Option B than in Option A (Option B score: 0). The lowest costs at EU level could be
expected in Option C, since all activities are carried out at Member State level, beside
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the control costs, whether the principles of the EU are met, when national level
measures areimplemented (Option score +).

Benefits: Assuming that the targetsin Option A shall be same as in Option B, aggregated
over the entire EU,and assuming thatin both regimesthe targets can be achieved, the
benefits generated by Option A and B shall be same (score ++). The lowest benefits can
be expected for Option C. Option Callows the highest flexibility for each Member State
regarding the goal and scope of any hydrogen policy, which includes the option to
implement no targets. Whereas this flexibility could be advantageous from a national
perspective, it allows also beggar-thy-neighbour policies. Thus, the impact on
establishing an EU hydrogeneconomy would be rathernegative (OptionCscore-).
Feasibility: Both Option A and Option B would needa joint consultation of the European
Commission, European Counciland European Parliament over the targets and policies
to achieve the targets. Whereas Option B includes the coordination of the Member
States in respect to the national binding targetson EU level, Option A gives both the EU
Commission and the Member States a higher flexibility in respect to defining targets as
well as to set the potentially required gap-filling mechanisms, assuming Option A has a
higher feasibility than Option B: Option A scores + and Option B scores 0. Option C
leaves the relevant decisions to the Member States, indicating the highest feasibility of
all Options (Option Cscore ++).

Effectiveness: National binding and coordinated targets (Option B) should show the
highest effectiveness, since each Member State could implement and control the
system according to their own conditions. After implementing the target system in
principle no additional bargainingis necessary (Option B score ++). The effectiveness of
Option A depends crucially on the scale of required gap-filling measures, using the
current renewable energyfinancing mechanism asa reference, and thus, the bargaining
timein respect to these measuresafterinstalling a targetsystem at EU level. Assuming
that gap-filling measures will be necessary, Option A will show a lower effectiveness
than Option B (Option A score +). The effectiveness of Option A could be increased, if
the European Commission could initiate the financing mechanism independently from
available voluntary national contributions. Since Option C allows for diverging targets
with the option of establishing no target system, from an EU-perspective the
effectiveness of that Option should be lowest (Option Cscore --).

Ecological sustainability: If permissible emission levels are defined by the target system
and if the emissions level in Option A equals that of Option B, the impacts of both
options on ecological sustainability are comparable. If no permissible emission levels
aredefined, just the use of renewable andlow-carbontechnologies, thenthe ecological
sustainability dependson the mixof used technologiesfor the production and imports.
However, an ex-ante comparison between Option A and Option B is not possible.
Renewable hydrogen will have the lowest GHG footprint, compared to all other
hydrogen technologies. This will be also truefor mostother environmental impacts. The
low GHG impacts of low-carbon hydrogen stem mainly fromthe use of CCS technology,
which will add some additional environmental impacts, compared to renewable
hydrogen, due to investments in storage facilities and transport. Nevertheless, Option
A and Option B will generate a positive impact on ecological sustainability (Option A
and Option B score +). Presumably Option C will show the lowest ecological
sustainability, since the optionallows for diverging targets, which should be below the
agreed onein Options A and B.

Risks: The mostimportant risksof targetsystemsare: 1) mis-estimating the appropriate
targets and affected sectors, if the targets shall differ between sectors; 2) mis-estimating
the need to support use and production of renewable and low-carbon hydrogen to
achieve the targets; 3) underestimating the challenges to regulate the supporting
schemes due to its impacts on the rules regulating the single market. Although the
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knowledge about best options to close the competitive gap between renewable and
low-carbon hydrogen as well as high-carbon hydrogen is wide-spread, the conditions
for achieving competitive hydrogen use and production in the EU are dynamic,
depending also on factors which are beyond the influence of the EU, like the global
supply of and demand for hydrogen or the legislation outside of the EU. To achieve a
maximum impact, the chosen regulation has to be flexible to react to changes on the
markets, but rather inflexible to enable quite secure investment conditions over a
longer period. Since Option A and Option B see the need for extensive consultations
between the European Commission, Council and the Parliament in respect to find a
common ground on targets, affected sectors, and supportive schemes, the options to
react to changes of the marketsand technologiesare comparable. Since in Option A no
national binding targets have to be agreed on, the chances to deal with risks
accordingly are a bit better (Option A score +and Option B score 0). As theinstitutional
conditions to deal with risks are less demanding at Member State thanEU level, Option
Cshould provide the lowest risks (score ++).

e Coherence with other EU objectives: The implementation of acompulsory target system
for the EU with no binding agreements for Member States (Option A) would promote
the EU objective of sustainable development based on balanced economic growth and
market economy. In addition, the EU spirit of solidarity paying attention to balanced
developmentamongMember States in Option A would have the potential to promote
just transition across Europe and improve opportunities for Member States to
participate in the new hydrogen economy, in particular for those Member States in
which hydrogen does not play any important role yet (score +). Option B would
stimulate an uneven development of the hydrogen economy across Europe. That
means Option B hasthe potential to benefitMember Statesthatare already pioneers of
'mini' hydrogen economies. Such a potential outcome goes against the EU spirit of
solidarity amongMember States, and social cohesion. In addition,OptionB can be seen
as a burden for those Member States in which the development of a hydrogen value
chainis stillin an insignificant or incipient stage. In orderto avoid such a burden, targets
for the Member States should not be generic but rather case-by-case oriented,
considering the current stage of Member States in the hydrogen value chain (score -).
However, both options, thatis A and B, struggle with the paradigm of technology
openness since they directly (Option A) and indirectly (Option B) favour the hydrogen
pathway which seems reasonable from today's perspective but leaves little room for
prospective competitive approaches. Option Cinherits therisk of selfish pursuit of the
Member States goals, leading potentially to a 'beggar-thy-neighbour' policy (score --).

e Other impacts: Build-up of a target system has a very limited direct impact on safety,
ethics or other socialissues (score O for option A, Band C).

Table 4 - Evaluation of the different policy options addressing target systems

Options | Costs Benefits Eﬁi‘:’; Ef;‘;e:tive— Eﬁ?’:;?lcal vcv(i)’;\eErSnce %gzzts
nability objectives

Option A - ++ + + + + + 0

Option B 0 ++ 0 ++ + 0 - 0

Option C + - ++ - - ++ - 0

The criteria are assessed based on a scale from ++ (very positive) over 0 (neutral) to - (very negative).

74



The potential of hydrogen for decarbonising EU industry

Assessing the different options, a rather diverse picture of the options discussed emerges, with no
clear'best option'. Option B 'Compulsory targets for each Member State' should generate the highest
benefit for the EU and should show the highest effectiveness, but the lowest feasibility and the
lowest chance to deal with possible risks. If the Member States in compliance with the European
Commission, European Parliament and the Council could find a common ground for the targets,
sanction mechanisms and the frame for possible national policies, the implementation of the
systems agreed onshould be comparable to Option A (see below) rather smooth, although possible
delays at national level are also possible. However, characteristic of Option B will be intensive
bargaining before the implementation of the national target systems, affecting the feasibility of
(ambitious) targets. The same will be true in case of necessary adjustments to the implemented
system due to changing political, economic, technical or societal conditions,globally or in the EU.

The main strength of Option A 'Compulsory targets for the EU' is the achievement of high benefit,
which could be comparable to Option B. However, ex ante a precise comparison between both
options in respect to the benefit, since the setting of the precise targets could differ between both
options. Compared to Option B, this option should show a higher grade regarding feasibility and
dealing with risks, since Option A allows Member States and the European Commission a higher
flexibility. The main disadvantage could be seen in the highest costs for the EU budget. Also the
effectiveness of Option A should be lower compared to Option B. This stems mainly from the non-
binding national targets, requiring possibly additional bargaining between the European
Commission and Member States in respect to appropriate gap-filling measures,even if the political,
economic, technical and societal conditions would not change but the national policies will not
allow for achieving the EU targets. Fromthe EU perspective, Option C'No activities at EU level' seems
to be theleast desirable option. Although the feasibility and dealing with risks are the highest of all
considered options, in respectto benefits, effectivenessand ecology sustainability Option C has the
lowest grade. The main reason for this is the low expectation that the Member States will reach
ambitious targets in all Member States or for the entire EU without consultations between the
European Commission, European Parliamentand European Council. Option C could incite a 'beggar-
thy-neighbourpolicy'in the Member States.

Policy action 2: Carbon contracts for difference

The stocktaking of supporting measures for boosting demand and fostering production showed
thatthereis a particular needto compensate forthe high OPEX, bothin the production of renewable
hydrogen and its use. Carbon contracts for difference (CCfDs) are identified as a key option to
overcome the funding gap to large scale application in the area of low-GHG production
technologies for energy-intensive products.

Carbon contracts for difference (CCfD)in a nutshell

In general, contracts for difference come from the financial world. They are used to hedge against volatile
prices, e.g. for shares orcommodities. The sellerand buyer agree on a strike price fora product at a certain
point in time. If the strike price is below the current market price at that time, the buyer must pay the
difference between the strike price and the market price to the seller. If the market price is above the strike
price, the seller must pay the difference to the buyer. CCfD use this approach to promote climate-friendly
investments, where the product is in principle avoided CO2 emissions. For this purpose, CO2 abatement
costs (in €/tonne CO2) are calculated for a given project. As long as the CO2 price is lower than the
abatement costs, the company receives a subsidy covering the difference between the abatement costs
and the CO2 price. The background is that some investments are only worthwhile if the CO2 price is high in
the future. But the future CO2 price is uncertain. The CCfD reduces this uncertainty and can thus trigger
investments in new production processes in energy-intensive industry, for example (Bundesministerium fiir
Wirtschaft und Energie 2021a).

The Netherlands has already developed a CCfD-like scheme (SDE++), while Germany has presented
overarching principles of a CCfD pilot scheme (CCfD-pilot), to be launched in 2022. At the EU level,
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the EU Innovation Fund(IF) conceptually alsofollows the approach of a CCfD. Overarching principles
of these programmes are presented in Table 5 to Table 7 below.

Table 5 — Overarching principles of the EU Innovation Fund

Innovation Fund (EU, started in 2020)

The EU Innovation Fund (IF) isa programme which provides funding to specific projects. It is financed by
the auctioning of 450 million EU ETS allowances. The IF can provide support to large scale (no upper
limit) and small scale (below €7.5 million EUR CAPEX) projects with innovations in energy intensive
Eligibility industry, renewable energy, energy storage and CCS. The costs are calculated with respect to areference
product (in some cases the applicant can use a different method) as relevant costs, which presents a
novel approach in project funding. The relevant costs are calculated as the difference of the levelised
costs of product to a reference market price. The IF funds a maximum of 60 % of the relevant costs.

The projects compete in five categories: GHG avoidance, degree of innovation, project maturity,
scalability and cost efficiency. In a two-stage selection process (calls for small scale projects uses single
stage calls, the same is planned for the second large-scale call), projects compete against each other

ApEEIRG, within and across sectors. By asking for less than the full 60 % of relevant costs, projects are able to
influence their score in the cost efficiency criterion. If a project fails to meet the lower thresholds in
project maturity, it may become eligible for project development assistance.

Subsidy . . Lo . . R . )

mechanism The projects receive funding in the form of grants according to their application, which takes into

and account the first ten years of operation. Up to 40 % of the grant can be paid in advance of the project
funding start. The remaining grant is paid subject to GHG avoidance. If lessthan 75 % of the emissions are saved
period compared to the application, the grant amount is shortened.

B Depends on the ETS allowance price. At the start, €10 billion were expected over 10years. The first large-

scale call provides funding of €1 billion.

Source: https://ec.europa.eu/info/funding-tenders/opportunities/portal/screen/programmes/innovfund

Table 6 — Overarching principles ofthe Dutch SDE++ scheme

SDE++ (Netherlands, started in 2020)

The SDE++ isan operating subsidy to promote climate-friendly investments. There are five categories of
technologies eligible for SDE++ support: renewable electricity (e.g. solar PV), renewable heat (e.g.
geothermal), renewable gas (e.g. biomass fermentation and combustion), low CO2 heat (e.g. heat
pumps) and low CO2 production, which includes CCS and hydrogen production with electrolysis

e a7 (Netherlands Enterprise Agency 2020). According to Dentons (2020), technologies are only eligible if
they are sufficiently marketable, have sufficient CO2 reduction potential, can be introduced on a
sufficient scale and have an unprofitable share compared to a known reference technology that can be
compensated by an operating subsidy. In addition, certain technological criteria must be met.

At the start of the programme, only projects with a subsidy intensity (€/tCO2) below a limit will be
admitted, whereby this is technology-specific and will be gradually increased. Applicants will also be

Fyerlin give:\n thg opportunity to submit'thei'r proje?cts fora §ubsidy inte'nsity below the set limits. The raqking (?f
projects is then based on subsidy intensity. In this way, applicants are encouraged to submit their
projects for alower amount in order to increase the chance of receiving funding. The maximum subsidy
intensity is€300/tCO2 (Deloitte.2020).

Subsidy Ifa project isselected, the recipient is subsidised for the CO2 avoidance costs. This isdone over a period

mechanism  of 12 or 15 years (depending on the selected technology). The subsidy intensity from which the subsidy

and is then derived is balanced annually. This also includes the revenue generated by the project for the
funding grant recipient, including avoided ETS costs. If the ETS price increases, the subsidy intensity decreases (if

period itisan ETS-relevant area) (Netherlands Enterprise Agency 2020).

Budget In 2020:€5 billion.

Sources: own compilation of the information in the sources provided within the table.

76


https://ec.europa.eu/info/funding-tenders/opportunities/portal/screen/programmes/innovfund

The potential of hydrogen for decarbonising EU industry

Table 7 — Overarching principles ofthe German CCfD pilotscheme

CCfD pilot (Germany, not yet started)

In the first phase of the pilot programme, only companies in the steel, cement, lime and ammonia
industry with process-related emissions are eligible to apply. The subject of the application are project
proposals that are to be realised through the implementation of fundamentally innovative, but
technologically mature processes on an industrial scale that lead to a substantial (>50 %) reduction of
non-energy-related and energy-related emissions at an industrial site and, from a technical perspective,
lead to the achievement of GHG neutrality in 2050 (reduction >90 %). This also includes bridging
technologies, such as the partial use of natural gas and green hydrogen in ammonia plants, whereby the
share of green hydrogen must increase significantly over the term of the contract. Projects that only lead
to improvements in energy efficiency or resource efficiency, are excluded. The use of red, blue or
turquoise hydrogen, as well as technologies for the capture of carbon with the aim of underground
storage will not be supported (German Ministry of the Environment, Nature Conservation and Nuclear
Safety 2021).

Eligibility

A multi-stage award with competitive elementsin the sense of a tender is planned. The award is to be
made according to the lowest strike-price (funding cost efficiency) and further award criteria (GHG

Awarding reduction, degree of innovation, degree of maturity, scalability, transfer effects). A ranking is planned,
on the basis of which the projects will be funded until the budget is exhausted (German Ministry of the
Environment, Nature Conservation and Nuclear Safety 2021).

Subsidy If a projectis selected, the recipient receives a subsidy covering the CO2 abatement costs. Currently, a
mechanism  contract term of 10 years is envisaged. If the CO2 abatement costs become negative during the contract
and period (e.g. due to asufficiently effective CO2 price), i.e. if the project proves to be economic compared
funding to the marketable reference, a subsidy is not provided and a payment obligation arises on the part of the
period funding recipient.

Budget Currently €550 million (Deutscher Bundestag 2021).

Sources: own compilation of information from the sources provided within the table.

Following the first large-scale call for the IF, 311 projects were asking for a total funding of
€21.7 billion. Some 70 projects requesting €6.7 billion were selected for the second stage, of which
66 have handed in an application. For SDE++, about 4 000 projects with a requested funding
volume of about €6.4 billion were submitted. This shows that there are significantly more
applications for SDE++ compared to the Innovation Fund and thus a significantly lower budget
request per project, which reflects the different character of the programmes, see Figure 15.

Figure 15 - Number of applications and budget claimedin IF and SDE++

IF (invited to 2nd stage) | —————
IF (1st stage) -
SDE+ | e —
0 1.000 2.000 3.000 4.000 5.000 6.000 7.000 8.000

B No. of applications M Budget claim (Mio. EUR)

Source: Own representation based on European Commission (202 1e) and (CMember States 2021).

In terms of eligibility, there are clear differences between the Innovation Fund, SDE++ and CCfD-
Pilot. The German CCfD-pilot targets (in the first phase) industrial sectors with process emissions
(steel, cement, lime and ammonia industry). Only projects that i) lead to a significant reduction in
GHG emissions (>50% at start) and ii) are technically suitable to achieve GHG neutrality by 2050
(reduction >90 %) are eligible to apply. The Dutch SDE++, in contrast, is broader in scope and targets
technologies rather than specific sectors. In principle, projects can be applied for if the underlying
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technologies are eligible. The difference in the area of CCS is worth highlighting; while this is
explicitly also permitted for permanent underground storage in SDE++, this option is explicitly
excluded in CCfD-Pilot. The IF funds projects from energy intensive industries, but also in other
sectors.CCSis an explicit funding pillar.

In terms of awarding, the design is more comparable. Both SDE++ and CCfD-Pilot rely on subsidy
intensity or strike-price to rank the submitted applications and thus competitively award the
available funding volume. This is in part also true for the Innovation Fund, which partly awards on
cost efficiency.

The designs are also comparable with regard to the subsidy mechanism. In both SDE++ and CCfD,
the actual subsidy volume is to be determined annually, and in both, the ETS price for CO2
allowances is taken intoaccount. In both programmes, the subsidy recipient can be obliged tomake
a payment if the revenues or savings exceed the CO2 abatement costs. The funding of the
Innovation Fund is not linked directly with the ETS price, but it is shortened if a certain amount of
GHG emission savingsare not achieved.

In terms of funding period, the designsare somewhatdifferent. With SDE++, contract periods of up
to 15 years are possible, whereas with CCfD-Pilot only contractsof up to 10 years arecurrently being
considered. The Innovation Fund providesfunding for thefirst 10 years of operation.

The differences found between theexisting and planned CCfD-type programmes raise the question
of whether thereis a need for harmonisation at the level of the European Union. We discuss this for
thefollowing three basic options:

A.  Fullregulation at EU level: CCfD programmes are being developed at EU level that
exceed the scope of the existing Innovation Fund both in terms of funding scope
and existing funding budget.

B.  EU directive to be elaborated at Member State level or EU regulation with direct
applicability: A directive would provide Member States with a framework for the
design of CCfDs. If the directiveis correctly transposed into national law, a state aid
assessmentis no longer necessary. Alternatively, a regulationcould be drafted that
determines how CCfDs should be specifically designed if the Member States do so.

C.  Full control of CCfD programmes at Member State level: The EU would make no
harmonisation efforts.

Next, we assess these three optionson the basis of the evaluation criteria:

o (osts: Option A has high direct costsfor the EU compared tothe othertwo options, as it
requires significant financial resources to organise such a programme (score -). Option
B has only administrative costs (score o) and Option Chas no direct costs (score +).

e Benefits: Option A increasesaccessibility for CCfDs in the European Union, as companies
from all European states can participate, regardless of what Member Statesdo. In terms
of elgibility, positions on technologies areharmonised (e.g.is CCS eligible or not, hence,
a decarbonisation option that the EUis supporting or not). This may be advantageous
forinvestors, as e.g. cross-border projects can be organised more effectively (score ++).
Option B reduces the effort for Member States to implement CCfDs. In addition, certain
aspects that appear important (e.g. technological focus) can be regulated. Both
regulation and directive could be written in such a way that Member States have the
possibilities to design CCfDs to fit into the architecture of their national energy and
climate policies. (score +). The argument in favour of Option Cis that there may be a
reason why CCfD-type programmesare designeddifferently in various Member States,
e.g. because the architecture of energy and climate policy instruments differs.
Nevertheless, under Option C, there is a possibility that some Member States lack the
capacity to develop CCfDs (score 0).
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e Feasibility: The feasibility of Option A may be affected by the lack of funding needed to
develop larger CCfD-type programmes. The feasibility of Option B might only be
affected by formal obstacles. For Option C, there is no argumentagainst doing nothing.
However, all three options are in principle feasible, provided that the will of the
stakeholdersis there, which is why 0is uniformly scored.

o [Effectiveness: In terms of (market-) harmonisation, Option A offers the highest
effectiveness, as for example an effective funding framework for cross-border projects
can be established (score +). Option B may fail to achieve harmonisation objectives if
theregulation/directive is drafted in a way that allows many degrees of freedom. Ifit is
too narrow, it may lack acceptance in the Member States. Thus, a directive can also turn
out to be a 'toothless tiger'. Therefore, the effectiveness of Option B is considered
balanced (score 0).In terms of harmonisation, Option C has no effectiveness (score-).

Ecological sustainability: Limited direct impacts on ecological sustainability for all options (score 0).

e Risks: For Option A no immediate risks are seen if the capital is available (score +). The
risk of Option B is that the harmonisation objectives are not achieved (score -). The risk
of Option Cis that certain Member States (withlittle capacity) are disadvantaged (score-
).

o (Coherence with other EU objectives: Considering the impact to other EU objectives it
reveals that Option A may lead to equaland fair access for all Member States on CCfDs
funds. In addition, it may stimulate cross-Member State activities based on EU-wide
collaborative action. Collaborative action across Member States includes favouring
technology innovationsince CCfDfocus primarily on financing technology substitution
and innovation (score: ++). Option B can be assessed in equalterms, thoughto a lesser
extent. It also helps favour competitive technology leadership but maylead to unequal
access for Member Stateson CCfDs funds. In addition, Member State funds will differ by
volume which leads to unequal access options (score: +). Option C, in contrast, can be
judged a neutralimpact due to the fact of no CCfD action (score 0).

e Other impacts: For the field of other impacts, we do not see relevant consequences of
the Options A,Band C.

The assessmentofthe policy options under the second policy action field is summarised in Table 8.
The benefits of Option A lie in particular in the fact that access to CCfDs can be improved for
companies in the EU from all Member States. In addition, positions on technologies can be
harmonised across the EU, which can be of great advantage for cross-border projects. In principle,
thereare nodirectrisks, butin terms of feasibility, the question is whether sufficient capital can be
made available for a European CCfD programme. A benefitoverthe existingInnovation Fund would
be to go beyond innovation funding and support the market introduction of technologies, which
may well require large sums. The benefit of Option B is that the harmonisation goals in the EU can
be achieved with comparatively low (only administrative) costs. However, the pitfalls herelie in the
details. If a directive allows too many degrees of freedom, the harmonisation goals will not be
achieved. In this case, the directive would not be effective and change little compared to the current
situation. If the directive allows too few degrees of freedom, it may not be implementable because
it does not take into account the different characteristics of the Member States. A commondirective,
however, has the advantagethata State aid notification of individual CCfD programmes would likely
not be necessary due to the nature of the directive.Doing nothing (Option C) has the benefit of not
incurring costs and not limiting Member States' ability to design CCfD programmes to fit into their
respective energyand climate policy architecture. Arisk, however, is that certain Member States lack
capitaland know-how to set up their own CCfD programmes, and companiesin these countriesmay
fall behind other Member Statesin terms of transformation.
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Table 8 - Evaluation of the different policy options addressing the design of carbon
contracts for difference

Options | Costs | Benefits Feasi- Effective- | Sustai- Risks Coherence with | Other
bilitiy ness nability EU objectives impacts
- ++ 0 + 0 - ++ 0

Option A
Option B 0 + 0 0 0 - + 0
Option C + 0 0 - 0 - 0 0

The criteria are assessed based on a scale from ++ (very positive) over 0 (neutral) to - (very negative).

Policyaction 3: Howto design hydrogeninfrastructure and market legislation

The synthesis of the scientific literature, stakeholder position papers and expert interviews in
Section 3.3 has revealed that a stepwise approach for building up hydrogen networksis crucial for
fostering the European hydrogen economyand thatthe corresponding legislation needsto ensure
a swift expansion while being flexible with respect to the exact infrastructure needs. The transport
of hydrogen bears similarities with the transport of natural gas to a certain extent. Even more,
hydrogen networks may be established partially by the repurposing of existing gas pipelines.
Therefore, it seems reasonable to develop a future legislation for hydrogen infrastructures in view
of the existing gas legislation, in particular the Gas Infrastructure Regulation No 715/2009 and the
Gas Market Directive 2009/73/EC.

Certain key principles have provenuseful in developing the internal energy marketson the EU level.
In particular, the natural monopolies associated with the ownership of energy infrastructures have
led to the requirement of non-discriminatory access by all interested parties, which goes hand-in-
hand with both the vertical and the horizontal unbundling of the network system operators. It is
noteworthythat these principlesdid not apply when a major partof the infrastructure was built up,
but were established later to foster competitive and transparent energy markets. Therefore,
exceptions from these principles for a limited period of time could be considered an option.

According to the costs-by-cause principle, the infrastructure costsare to be borne by the causative
agents, which are the users and/or suppliers of the traded good. Given the horizontal unbundiing
of energy infrastructures, this speaks against the option to have gas network users cross-finance
hydrogen networks. Moreover, cross-financing of national transport networks via pipelines for
transit purposesonly is to be avoided. Still, different splits of costs between users, suppliersand the
public are possible. In particular, it is clear that the high upfront investmentsin hydrogen networks
can be prohibitive for an expansion of the infrastructure, as long as supplies and users of hydrogen
are limited. Since the expansion of hydrogenis meantto the serve the societal objective of reaching
climate policy targets and is, hence, of a certain European interest, it is justifiable to consider the use
of public funding for hydrogen networks, in order to foster the build-up of hydrogen networks to
the extent needed for security of supply of no-regret users.

A key conclusion on the regulation of hydrogen infrastructure is that while currently there is no
immediate need for an overarchingregulation, as there are almost no cross-border networksin the
EU yet, clarification is needed on what the overarching principles would be and which concrete
setups seem favourable. To provide clarity when the legislation for hydrogen networks will be
established or starting to apply, the definition and monitoring of key indicators and thresholds can
be useful. Such indicators caninclude the length of cross-border hydrogen networks, the volumes
of cross-borderhydrogen transport andtraded, aswell as the number of actors, i.e. potential market
participants. In the following, we elaborate on several options how to address these issues within
the hydrogen and gas marketdecarbonisation packageto be drafted by the Commission by theend
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of 2021. In principle, the EU has three overarching options how to deal with the present lack of a
regulatory framework for hydrogen infrastructures:

A. Full regulation at EU level: The hydrogen and gas marketdecarbonisation package
would establish an EU-wide regulatory frameworkcomparable to the existing gas
infrastructure legislation with EU-wide fixed rules on unbundling, third-party
access, roles of system operators, network codesand remuneration of costs.

B. EUdirective to be elaborated at Member State level: The proposed hydrogen and gas
market decarbonisation package would establish EU-wide principles, in particular
on unbundling and third-party access. It could also announce thresholds for key
indicators triggering further regulatory steps, but leave roomfor experimentation
at Member State level during a certain pre-defined period, in particular with
respect to roles of system operators, network codes and remuneration of costs.
This has similarities with the concept of regulatory innovation zones, which have
been useful for testing the regulation of peer-to-peer electricity trading in
Germany.

C. Keep control at Member State level until further notice: The EU could announce
thresholds for key indicators triggering regulatory steps at the EU level but could
leave it to the Member States to decide if and how to establish a regulation for
hydrogen networksduringa certain pre-defined period.

All options may include a stepwise approach, for instance requiring third-party access only after a
certain period. In the following, we address the evaluation criteria for the three policy options
described above one-by-one and discuss the pros and cons of the different options, resultingin a
relative scoring for each of the criteria. Afterwards, we summarise the most importantdifferences.

e Costs: The direct public spending at EU level implied by a legislation for hydrogen
networks and markets are limited for all options. However, any legislation will lead to
certain administrative efforts related to the monitoring of indicators and compliance
with the established rules. This effort will of course be the higher the more stringent the
rules. Hence, the expected efforts are highest for Option A, (score -) still relevant for
Option B (score 0) but rather modest for Option C (score +).

e Benefits: The benefits of a legislation of hydrogen networks and markets can be quite
diverse and strongly differ between the considered options.Option A provides the most
stringent regulation, in particular enabling an easy integration of local networks into a
European backbone. The high certainty about the rules from thebeginning may lead to
quicker investments and thus a quicker rollout of the required infrastructure (score +).
Option B allows to test the pros and cons of different setups while still ensuring
harmonisation for certain key elements (score +). Option C allows to take into account
the regional circumstances in the most comprehensive way. In particular, fast
infrastructurerollout can be pushed easily by Member States where needed (score +).

e Feasibility: With respect to the political feasibility, the various options have quite
different prospects. Establishing a rather comprehensive overarching regulation as in
Option A would require anagreement on the preferred setup between the Commission,
the Parliament and the Member States. Given the lack of experience with regulating
hydrogen networks, it is likely to be difficult to reach such a far-reaching agreement
(score-). However, the mainoverarching principles for fostering a single market, namely
non-discriminatory third-party access and unbundling, are mainly accepted by all the
Member States in the context of other energy infrastructures. So there will be likely no
general objections to establishing these early on. This suggests that Option B of
regulatory innovation zones with overarching principles has higher chances of being
implemented successfully, while certain actors may still oppose it due to preferencesfor
a different option (score +). The full national control of Option Cis likely to face no strong
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opposition by Member States, but still pro-active Member States and EU bodies may
showreluctance towardsthis Option (score 0).

e Effectiveness: A legislation of hydrogen networks is deemed effective, when it leads to
an expansion of the networks in line with the uptake of supply and demand in a
plannable manner. Option A is the most effective with respect to establishing desired
principles and enabling a later integration of regional networks with high certainty.
However, it could turn out to be prohibitive for a quick infrastructure rollout, depending
on the stringency of the concrete design principles (score 0). Option B should be as
effective as Option A with respect to the overarching regulatory principles and thus a
later harmonisation, but it can be expected to grant more flexibility in taking into
account local circumstances, thereby enabling a network expansion tailored better to
the local needs (score +). The freedom of Option C would lead to the most flexible
network expansion, but would also leave highest uncertainty about the development
of hydrogen networks in line with demand and supply as well as its later integration
(score-).

e FEcological sustainability: The legislation of hydrogen networks and markets has limited
direct impacts on ecological sustainability, mainly independent of the chosen option.
Nevertheless, a stringentregulation asin Option Acould allow toestablish stricter safety
regulations for hydrogen networks and additional sustainability criteria for building
new hydrogen pipelines (score +for Option A, 0 for Options B and C).

e Risks: Two important risks of the legislation on hydrogen networks and markets can be
identified: 1) too prohibitive conditions blocking the build-up of the required
infrastructures; 2) an uncontrolled expansion resultingin a mismatch with actual needs,
or hurdles for later integration of regional networks. Given the limited experience with
hydrogen networks, Option A may fail to identify the most efficient solutions and the
resulting infrastructure rollout and might not match supply and demand (score-). The
uncertainty aboutthe future harmonisation of regional regulations could lead to limited
investmentsand a delayed expansionfor Option B (score -). In turn, Option C may result
in higher system costs dueto an even stronger need for later harmonisation. The later
integration could even face high hurdles due to incompatibilities. Moreover, there
would be little control at the EU level, and the high uncertainty about future
requirementscould also lead to delayed investments (score ).

e Coherence with other EU objectives: Option A may lead to a well-balanced European
infrastructure and fully integrated single market, since it favours cross-European
planning from the very beginning (score +). In contrast, Option B and Option C might
lead to a patchwork of singular country planning and implementation, which might
lead to difficulties in integration toa common EU market (score -).

e Other impacts: The build-up of a hydrogen infrastructure will have a limited direct
impact on safety, ethics or other social issues such as acceptance if such an
infrastructure will be based on refurbishing gas pipelines with an established high level
of technology safety standards. The build-up of new hydrogen infrastructure including
new pipelines and CCS(U) facilities may be influenced by local and national acceptance
issues, the extent of which is not possible to assess in this report (i.e. should be analysed
case-by-case) (score Ofor options A, Band C). Nevertheless, strict safety regulations for
hydrogen will need to be applied to both repurposed gas infrastructure and new
hydrogen infrastructurein any case.

The assessment of the policy options under the third policy action field is summarised in Table 9.
Option A with the most comprehensive EU-wide legislation shows advantages with respect to
fostering an integration of regional networks into a hydrogen backbone and environmental
sustainability. In turn, Option A would lead to the highest administrative efforts. Moreover, it could
also turn out to be not politically feasible in the near future and ineffective in finding the best
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regulatory setupdue to a lack of experience with the regulation of hydrogen networks and markets.
The existing risks in Option A can delay the EU objective of a just and sustainable energy transition.
The more flexible approach of Option B should lead to higher political feasibility and effectiveness
in finding the best regulatory setups. Also, it can accelerate quick infrastructure for the energy
transition. However, this comes with moderate disadvantages due to less certainty about later
integration and environmental stringency as well as for investors. Finally, Option C leads to the
lowest administrative efforts and the highest flexibility for the Member States, but comes with high
risks for a later integration of regional networks in a European backbone and the resulting
uncertainty for investors and about its effectiveness. This will also impose burdens for the EU
objective of just and sustainable transition.

Table 9 - Evaluation of the different policy options addressing the design of hydrogen
infrastructure and market legislation

Option Cost Benefit Feasi- Effective- | Sustai- Risk Coherence with | Other
prions 0365 SNENES bility ness nability S RU objectives impacts
- + - 0 + - + 0

Option A
Option B 0 + + + 0 = = 0
Option C + + 0 - 0 - - 0

The criteria are assessed based on a scale from ++ (very positive) over 0 (neutral) to - (very negative).

Policyaction4: Optionsto promoteresearchandinnovationin key hydrogen
technologies

Thorough transnational patent analyses confirm the general strength of the EU in fundamental
research to include key hydrogen technologies and application development for industrial
utilisation. However, the EU often lags behind other global regions in the conversion of scientific
insightinto economicsuccess. General reasons for and potential measures of overcoming this gap
are part of EU discourse and already influence current EU policy:

¢ Novel general innovation support mechanisms such as the EU Innovation Fund have
been established.

e Horizon Europe (the current phase among the traditional EU research framework
programmes) strongly emphasises applied research and its industrial utilisation, in
particular with the European Innovation Council (EIC) programmes.

o The IPCElI mechanism enables strong Member State support of first industrial use of
novel technologies where marketfailuresin the advancement of desirable technologies
has been detected and officially recognised.

In general, EU policy goals need to balance enhancing the industrial-scale commercialisation of
present strengths in fundamentaland applied research, while maintaining and extending the latter
in the future. Here, the overall focus of Horizon Europe on practical innovation may also produce
undesirable side-effects by effectively restricting the expenditures in foundational research efforts
or promoting sub-critical and ineffective ('fig-leaf' type) innovation components in many projects.
coordination and support actions (CSA) across entire calls or lines of funding may mitigate such
issues, but close interaction with practical research measuresappears critical for their success. In the
past, the FET Flagship mechanism intended to create a novel measure for dedicated mission-
oriented research with longer-term commitment. Initially, their implementation allowed for
comprehensive, well-integrated project consortia with a substantial degree of self-organisation.
However, policy recently shifted towards ratherloosely combining several topical research projects
with an independently organised CSA, where the most recent initiative (Battery 2030+) essentially
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dropped the Flagship label. Despite organisational challenges in some of the earlier Flagships,
others successfully demonstrated the systematic transformation of fundamental research
excellence into industrialinnovationinitiatives strongly supported by a coherent integrated project
structure.

Here, we discuss specific policy options to enhance the EU position in hydrogen technology
implementation, i.e. maintaining a strong position in related fundamental and applied research

while specifically promoting the ramp-upof their commercialimplementation.

In the following, the three optionsare discussedin more detail, usingthe above mentioned criteria:
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A. Establish adedicated R&D frame: Beyond promoting key hydrogen technologies in

the frame of Horizon Europe, the EU could create designated research and
innovation frameworks for critical hydrogen technology (such as electrolysers) to
combine leading research groups in the field in a single, long-term funding
programmes that could enable effective division and coordination of research
tasks, systematic exchange on present results and future directions as well as
combined innovation support initiatives by industrial spin-off projects and
establishing unified support activities. Coherence of the measure and some
degree of effective self-governance may be a key factor for its success. Careful
analysis of success of and issues with earlier FET Flagships may provide some
guidance forimplementation.

Enhance support for hydrogen research and innovations across existing programmes:
So far, the first calls of the EU Innovation Fund has attracted a particularly high
number of applications by hydrogen projects, while the desired broad split across
sectors may limit the success rate. Including the option of dedicated calls on key
technologies in the Innovation Fund Regulation could offer the opportunity to
address the commercialisation of hydrogen technologies more explicitly. Similarly,
dedicated calls on hydrogen could be launched under the EIC. As both allow
explicitly for blending with other national and EU funds, this could trigger
substantial additionalinnovation activities with respect to hydrogen.

Enable Member State action: State aid regulation strictly limits innovation support
of technologies close to the market, but the IPCEl mechanism intends to mitigate
market failures hampering the diffusion of critical technologies. Hydrogen has
been assigned to this category, and an initial hydrogen IPCEl is well into its
preparation. Interested Member States already held public calls and prioritised
individual projects which are currently combined into a single, EU-wide IPCEI
application for its approval by DG COMP. On this basis, Member States will obtain
individual permissions to support their beneficiaries on costs of first industrial
deployment of hydrogen technologies (including pilot production, but prior to
mass application) in order to close the present cost gap of hydrogencompared to
readily established technologies. The systematic continuation of this policy would
enablefurther hydrogen IPCElinitiatives in the future and further streamline their
implementation process.

Costs: The direct public spending impact at EU level of all options above remains on a
rather limited scale. In particular, only Option A would require some additional budget
for a new dedicated (Flagship-type) programme onkey hydrogentechnologies.(score-
). In contrast, Option B would not require additional funds, but mainly to dedicate
certain portions of existing funds under Horizon Europe and the Innovation Fund to
hydrogen. Since hydrogen technologiesare already covered by thesefunds,the impact
would be limited. Moreover, the call procedures are well-established so thatadditional
administrative costs would be marginal (score 0). Finally, Option C would not require
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any additional budget at Union level at all, as all funding in the IPCElI programmes is
exclusively provided by participating Member States. (score +)

Benefits: All policy options promise substantial benefitsfor EU technology development
in the hydrogen sector. In particular, Option A enables the EU to expand fundamental
strengthsin hydrogen technology, while creating a coordinatedresearch framework to
support its industrialisation (score ++). Option B directly dedicates existing EU budget
towards hydrogen innovation support, which enables some centralised planning an
oversight towards Union level goals. (score +) In contrast, Option C certainly represents
a dedicated measure forMember Statesto strengthentheirhydrogen relatedindustries,
which effectively does not exceed the statusquo (as the hydrogen IPCEl already is in its
implementation phase). (score +)

Feasibility: All the above options appear fairly feasible, but require different levels of
effort. In particular, Option A would benefit from a shift in research funding policy
towards coherent project structures and reliance on (perhaps guided) scientific self-
organisation. (score 0) Option B would require changes to existing regulations and
additional coordination activities by the Commission. Since the costs would be covered
by existing funding sources, no general opposition is to be expected. (score+)
Regarding OptionC, the first hydrogen IPCElis well on its way, hence only requires little
further action. (score ++)

Effectiveness: The effectiveness of the above policy options mainly depends on the
achievable level of coordination, which will likely determine the alignment of partial
measures, and thus the efficiency with which the spending is utilised. For instance,
Option A may create an EU-wide, long-term scientificinnovationsupport framework in
the field of hydrogen technologies with comparably low investment. (score ++) The
effectiveness of Option B in terms of strengthening the EU's global position would
depend on the particular operationalisation by the Commission. Since the Commission
has its own interest in supporting the EU hydrogen strategy, this is no strong caveat.
However, the lack of explicit coordination might limit the effectiveness. (score +) In
contrast, Option C encourages Member States to primarily support their own national
industries, which may lead tosuboptimal overall fundingallocationat EU scale (building
redundant capacities in certain areas, while other might experience funding gaps).
(score-)

Ecological sustainability:In general, all options contribute to sustainable goals, buton a
secondary level, we can judge potential misallocation of funds to create undesirable
impacts. Option A could complement research activities towards EU sustainability and
climate goals, while its coordination function may strengthen the efficient use of
funding and resources. (score ++) Also, the Innovation Fund already considers GHG
emission avoidance and life-cycle impactsin theevaluation. Option Ballows to establish
sustainability criteria even more focused to hydrogen-related issues in the dedicated
calls and apply thesein the evaluation. (score +) In contrast, OptionC certainly aims at
technologies relevant for sustainability, but competition between Member States may
provoke inefficiencies in resource and fundingallocation (at Union level). (score-)
Risks: The risks of the options described above mainly depend on the scale of adverse
side-effects and the ability to control those. Option Awould revitalise a programme with
mixed track records including success stories and disappointments. Failure to
differentiate between and learn from past experiences may induce a minor risk of
repeating mistakes. (score +) Option B would directly allocate EU innovation support
funds specifically to hydrogen topics. Hence, scarcity of funds for other topics might
increase (without overall budgetincrease). (score +) Option C creates substantial long-
term risks including suboptimal funding allocation across the EU and effectively
strengthening economic imbalances within the Union (as Member States with already
strong industries might supportthose most). (score --)
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o Coherence with other EU objectives: Option A will provide equal access to (cross) Member
State research consortia aiming at hydrogen innovations to be established across
Europe by means of a clear visible and standalone R&D framework. On the other side, a
small number or even just one large flagship project is not able to cover all Member
States or regions (score +). Option B may lead to R&E results on a very broad scope due
to the fact of several programmes with a potentially high number of single projects
covering a diverse set of topics (score +). Option C with a Member State approach will
stimulate single Member State activities resulting in multi-speed activities with a
frontrunner positioning of highly competitive R&D actors. Considering the objective of
a just transition, this maylead to negative impacts (score-).

e Other impacts: Options A, B and C to promote research and innovation in key hydrogen
technologies do not have considerable direct impact on other issues such as ethical,
social issues (score 0). However, socio-technical energy transformations may be
addressed specifically in research findings, in particular within Options A and B, and
thereby help dealing with such issues.

The assessment of the policy options under the third policy action field is summarised in Table 9.
Option A would establish a comprehensive research and innovation entity for critical hydrogen
technology for long-term, mission-oriented research and industrialisation supportin the field (in
analogy to the FET Flagship programme). It would require substantial additional funding and
changes in current policies (that favourrather lose coordination throughindependent coordination
and support actions), but promises substantial benefits in ensuring best utilisation of funds and
resources and promoting exchange across borders, disciplinesand betweenrelevant industries and
researchers. In contrast, Option B would rather focus hydrogen topics in existing programmes,
which would strictly limit organisationaland budgetary burdens, except binding funds that, hence,
will not benefit other goals within these programmes. Option C constitutes a powerful measure to
enhance first industrial use of hydrogen technologies, and an initial hydrogen IPCEl is already in
preparation. The mechanism does not require major budgets at Union level at all (as fundingis
exclusively provided by participating Member Statesthat directly fund their national beneficiaries).
This advantage mayinduce somedownsidesthoughas little coordinationand oversightmay occur
at Union level. Hence, strategicfunding gaps may not be detected, while redundant capabilities for
other aspects may be built in several Member States. The programme may also increase economic
imbalances within the Union over time (as Member States with already strong industries might
provide most support.

Table 10 - Evaluation of the different policy options addressing research and innovation
support

Options | Costs Benefits Feasi- Effective- | Sustai- Risks Coherence with | Other
bilitiy ness nability EU objectives impacts
- ++ 0 ++ ++ + + 0

Option A:
Option B: 0 + + + + + + 0
Option C: + + ++ - - - - 0

The criteria are assessed based on a scale from ++ (very positive) over 0 (neutral) to — (very negative).
Policy action 5: Nomenclature and certification of renewable and low-carbon
hydrogen

Important conclusions from the consideration of hydrogen production and cooperation with
international regionswere thatthe import of renewable hydrogenwill be crucial for the EU and that
a sustainable cooperation with full-scale supply regions will be needed. In order to achieve a
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credible transition towardsan extended use of hydrogen,imported hydrogen should be subject to
the same classification and criteria as hydrogen produced within the EU. However, as has been
outlined above (see section 3.3), there does not yet exist a standardised nomenclature at the EU
level itself. The common classification systems have been discussed above:

e The EU hydrogen strategy broadly defines renewable and low carbon hydrogen and
sets out the goalto establish an EU wide regulation based on ETS benchmark, RED Il or
CertifHy

o RED Il sets out criteriafor RFNBO in the transport sector, a delegated act is expected at
theend of 2021

e CertifHy defines guarantees-of-origin for green hydrogen in an independent industry
project also mentioned as a basis for EU regulation by the hydrogenstrategy

e A colour code to label different production pathways is commonly used but provides
little regulatoryclarity.

These regulatory stepping stones can all serve as a basis to define a clear nomenclature for
hydrogen. The EU aims to set its leadership technical standards and regulations on hydrogen. The
most common criteria applied in the regulations above are minimum threshold for GHG emission
reduction compared to a fossil comparator and the additionality of renewable electricity use.
CertifHy works with electricity guarantees of origin to prove a renewable share. However, stricter
approaches are underdiscussion. These include the requirementto enter into an exclusive PPA with
renewable electricity provider. Alternatively,or in addition, the correlation in time of the production
of hydrogen with the generation of renewable electricity in the same geographic or grid area are
discussed to prove the renewable nature of the hydrogenproduced. Inits third phase, the CertifHy
project will also work to incorporate some of these requirements if they become part of the
regulation of RFNBOs to be developed by the end of this year.” In a broader sense, the proposal
related to the revised German Renewable Energy Sources Act?® takes a different approach and
defines a maximum number of fullload hours (5 000h per year) to classify electrolysis as renewable.
A similar approach with much smaller fullload hours (reaching2 330h in 2026) is taken by the Dutch
support programme SDE++ (see Policy Action 2), where this threshold is used to limit the amount
of funding support available to a project.®

Currently, comparableregulationis mainly focused on technical criteria suchas the composition of
certain materials or shapes (DIN, ISO), or on voluntary third party initiatives (e.g. FSC) but also
includes some conceptually similar standards such as for environmental management (ISO 14001)
or life-cycle assessment (ISO 14044). These are voluntary standards, meaning they do not need to
be fulfilled. A sector that could also serve as a blueprint to establishing international certification
schemes regarding production processes is the EU organic farming certification, which has
established an EU standard that is also applied to imported goods. Monitoring is either performed
by national institutions or independent bodies.” While food may be imported and sold in other
standards, all productsto be sold in the EU need to fulfil the requirements of the CE marking, which
assures that safety and other relevant EU regulations are met. However, this again refers only to
properties of the final product, not to properties of the production process, which does not makeit
a full blueprint for certifying hydrogen.

Expanding on the technical definitions, a hydrogen certification scheme could include criteria to
define sustainable hydrogen production in a broader sense. These could include aspects such as

7 See https://www.certifhy.eu/images/media/files/201214 Press release_CertifHy 3 Launch EN_Final.pdf

8 See https://www.bmwi.de/Redaktion/DE/Downloads/V/verordnung-zur-umsetzung-des-eeg-2021-und-zur-aenderung -
weiterer-energierechtlicher-vorschriften.html

° See https://english.rvo.nl/sites/default/files/2020/11/Brochure%20SDE%20plus%20plus%202020.pdf
10 See https://ec.europa.eu/info/food-farming-fisheries/farming/organic-farming/trade_en
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propositionsfor the use of water, or other compliance requirements with environmental standards,
the use of land areas, economic effects or human rightsand the compliance with SDGs. Respective
aspects have been discussedabove and are summarised in Table 3.

International imports could be required to comply with the standards defined by the EU. If this
approach is followed, the question of monitoring and verification arises. In order to facilitate this
process, it would be advisable to establish an international third party standard. The EU could
establish this international hydrogen certification body and thereby assure that the international
certification is compliant or compatible to its own regulation.As this is not part of the regulation at
EU levelitself, options in this regard are not further discussed below.

In addition to the definitions on the production of hydrogen, a hydrogen standard could also
include administrative aspects. The import regulation could define that hydrogen may only be
imported form a certain country if the production complies with a national plan towards full
decarbonisation of the energy system. Different levels of strictness could be established in this
regard.Inavery strict sense, only countries which are fully decarbonised or whose CO2 footprint of
electricity production undercuts a certain threshold' could be certified to become hydrogen
producers.In a more general case, a country could be required to have an ambitious pathway
towards fulldecarbonisation of energy supply established in a legislative framework. In addition, it
would need to be assured that the country is on track to achieving it. The electricity used for
production of hydrogen could thenbe required tobe additional to this pathway, i.e. required to not
count towards achieving the target while the purely domestic pathway is continuously followed.
This would avoid the effect ofimporting hydrogen classified as greenfroma country that continues
to supply domestic demand with energy supplied from fossil fuels. These administrative
requirementsare difficult to implement by an EU regulation. They could turninto high barriersto a
third country producer,not only because the requirementmay be difficult to meet, butalso because
compliance could be difficult to prove by a private actor. The requirements for hydrogen production
within the EU would likely be the same with or without these administrative aspects, which is the
reason why they are not discussedin one of the options below.

We further investigate the following optionsto establish a hydrogen nomenclature within the EU.

A. Fully harmonised regulation at EU level: This option is much discussed by different
stakeholders to define renewable and fossil based hydrogen. A fully harmonised
hydrogen classification scheme with clear criteria could be established by an EU
regulation. It could cover different sectors and harmonises the approaches of RED
ll, ETS and CertifHy. Following the terminology of the EU hydrogen strategy, a
limited number of different types of hydrogen could be established. A tradingand
certification system could be implemented which builds on the CertifHy project
but could incorporate the harmonised regulations set out above and is in this
sense stricter than the current CertifHy GOs. Imports of hydrogen could be
classified according to this scheme.

B. Fully harmonised EU regulation with sustainability criteria: A fully harmonised
regulation could be established at EU level which incorporates the aspects under
Option A.In addition, a coherent set of sustainability criteria could be established
for the definition of sustainable hydrogen. This would include propositionson the
supply with water and on land use, but also criteria on humanrightsand SDGs.

C. Nofurther action atEU level: The RED Il provisions would define criteria for transport
sector fuels and CertifHy would remain a nonbinding project. Likely, more
independent labels would appear as there is a general need to achieve clarity on

" This isin line with the requirement under RED Il for RFNBOs in the transport sector, which need to achieve at least 70 %
savings compared with a fossil comparator.
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the consumer side. Producers would define criteria for self-regulation. As there is
no unified nomenclature at EU level, some Member States may fillthe gap and set
up a separate regulation. These classifications would exist in parallel to each other
and to a remnant EU regulation. Imported hydrogen would be classified either
according to a different, possibly international standard or one of the existing
sectoral EUregulations.

Next, we assess these three optionson the basis of the evaluation criteria:

e (osts: Option A entails establishing an EU regulation and setting up an institution to
give out and regulate the trade with certificates similar to CertifHy (score-). Option B
adds to these requirements but does not fundamentally differ in terms of costs, while
the required effort in monitoring is increased (-). Option C does not entail additional
costs to those foreseen for regulation now (score +). In absolute terms, costs are small
forall options.

e Benefits: None of the options bring direct monetary benefits to the EU. Option A has a
slightly higher chance of beingreplicated in other countries, putting the EU in a position
tolead therules ofan emerging hydrogen economy (score +). Additional sustainability
criteria may be beneficial to the environmentbut alsoincrease theinertia in regulation,
making it less attractive to replicate. The time lag could then also lead to indirect
monetary burdens (score 0). OptionCentails no benefits to the EU (score -).

o Feasibility: Inlight of the discussions around the certification scheme and the willingness
by many to adoptsuch aregulation, Option A seemsfeasible (score +). Option Bincludes
more criteria, some of which are not trivial to monitor and therefore seemsslightly less
feasible (score 0). Option Cwould likely receive opposition from the various progressive
actors, makingitimprobable (score-).

o [Effectiveness: Option A is effectivein establishing a hydrogen certification scheme that
incorporates the requirements of the EU hydrogen strategy (score ++). Option B goes
beyond the requirements set outin the strategy. An additional class of hydrogen may
reduce the clarity of the overall classification, making it less effective. But overall, Option
B is still very effective in implementing a certification (score +). Option Cwould lead to
a clutter of different certification schemes, which is not effective in providing the clarity
required (score --).

e Sustainability: The sustainability of the options can be clearly ranked. Option A sets clear
standards atthe EU level particularly for the energy content of hydrogen but does not
include sustainability criteria explicitly (score +). Option B expands the requirements of
Option A particularly to include sustainability aspects (score ++). Option C does not
address sustainability and the different certification schemes evolving weakens the
overall sustainability (score -)

e Risks: Option A bears therisk that a substantialamount ofimported hydrogen leads to
problems of sustainability in other countries, where waterscarcity or labour rights may
become a side-effect of hydrogen production (score -). Option B explicitly addresses this
problem but comes with the small risk that the certification scheme takes longer to
implement (score 0). Option C entails the risk of many parallel labels, which dilute the
objective of a certification as such. It also does not provide the clarity to put the EUin a
leadership position regardingtechnical requirements of production(score --).

e Coherence with EU objectives: Both Options A and B would promote the EU and Member
States to assume a relevant and international position in the entire value chain of
hydrogen, in particular regarding technical standards and regulation. Although
sustainability criteria are not specifically addressed in Option A, this option would
promote the EU objective of sustainable development based on balanced economic
growth and market economy (score +). Option B adds to the sustainable objectives of
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the EU, including SDGs and the role that the EU plays in addressing SDGs at the
international level. On the other hand, Option B is likely to impose additional barriers
foramarketeconomy(score +). For OptionC, we do not see any contributionto the EU
objectives (score-).

e Other impacts: Since Options A and C do not address broader sustainability criteria,
these options can haveindirect impacts on ethics and othersocial issues such as water
stress and violation of human rights in third country producers of renewable hydrogen.
Nevertheless, the extent of such impacts is difficult to forecast in this report (score 0).
The sustainability criteria added in Option B will help avoid side-effects of hydrogen
production on ethics or othersocialissues(score +).

A summary of the evaluation across all criteria and optionsis provided in Table 11. Options A and B
both establish a clearly defined certification at the EU level, but the limited scope of the certified
actions under Option A is a plus in many regards. Option A would be easier and thus faster to
implement, therebyalso makingit more effective than Option B. Option A would also be more likely
replicated by other countries, which should be considered a benefit. Option B also implements the
requirements of the EU hydrogen strategy, but may take longer to establish, and an additional
sustainable hydrogen class is not necessarily beneficial to the overall classification. By design,
Option B outweighs Option A in terms of sustainability, which can be important particularly for
regulating imported hydrogen. Both Options A and B contribute to achieving EU objectives in
achieving arelevant position in the value chain of hydrogen, Option B also addressing objectives of
sustainability. The status quo defined by Option Cis not effective in providing sufficient clarity for
market participantsand provides no headway for a leadership of the EU with regards to hydrogen
regulation. Societalimpactsofthe options are hard to estimate by way of this study, while Option B
likely has least side-effects with regards to social issues.

Table 11 - Evaluation of the different policy options addressing the certification of
hydrogen production

Ootions | Costs Benefits Feasi- Effective- | Sustai- Risks Coherencewith | Other
ptio ° bilitiy ness nability EU objectives impacts
- + + ++ + - + 0

Option A:
Option B: - 0 0 + ++ 0 + +
Option C: + - - - - - - 0

The criteria are assessed based on a scale from ++ (very positive) over 0 (neutral) to - (very negative).
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