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Abstract: To limit the global temperature change to no more than 2 ◦C by reducing global emissions,
the European Union (EU) set up a goal of a 20% improvement on energy efficiency, a 20% cut of
greenhouse gas emissions, and a 20% share of energy from renewable sources by 2020 (10% share of
renewable energy (RE), specifically in the transport sector). By 2030, the goal is a 27% improvement
in energy efficiency, a 40% cut of greenhouse gas emissions, and a 27% share of RE. However, the
integration of RE in energy system faces multiple challenges. The geographical distribution of energy
supply changes significantly the availability of the primary energy source (wind, solar, water) and is
the determining factor, rather than where the consumers are. This leads to an increasing demand
to match supply and demand for power. Especially intermittent RE like wind and solar power face
the issue of energy production unrelated to demand (issue of excess energy production beyond
demand and/or grid capacity) and forecast errors leading to an increasing demand for grid services
like balancing power. Megawatt electrolyzer units (beyond 3 MW) can provide a technical solution
to convert large amounts of excess electricity into hydrogen for industrial applications, substitute
for natural gas, or the decarbonization of the mobility sector. The demonstration of successful
MW electrolyzer operation providing grid services under dynamic conditions as request by the
grid can broaden the opportunities of new business models that demonstrate the profitability of an
electrolyzer in these market conditions. The aim of this work is the demonstration of a technical
solution utilizing Pressurized Alkaline Electrolyzer (PAE) technology for providing grid balancing
services and harvesting Renewable Energy Sources (RES) under realistic circumstances. In order
to identify any differences between local market and grid requirements, the work focused on a
demonstration site located in Austria, deemed as a viable business case for the operation of a large-
scale electrolyzer. The site is adapted to specific local conditions commonly found throughout Europe.
To achieve this, this study uses a market-based solution that aims at providing value-adding services
and cash inflows, stemming from the grid balancing services it provides. Moreover, the work assesses
the viability of various business cases by analyzing (qualitatively and quantitatively) additional
business models (in terms of business opportunities/energy source, potential grid service provision,
and hydrogen demand) and analyzing the value and size of the markets developing recommendations
for relevant stakeholder to decrease market barriers.
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1. Introduction

The replacement of fossil fuels with renewable energy sources at the EU level will
demand a total transformation of its energy system [1–3]. The new EU energy system will
be characterized by two basic modifications: (1) highly increasing power generation from
Renewable Energy Sources and (2) increased electrification of energy end-use segments. The
combination of the above parameters creates significant challenges for the electrical stability
of the emerging power system, since on the one hand the power supply is intermittent
(wind and solar power production varies significantly both in the short and long-term),
and on the other hand the power demand is variable (daily and seasonal), resulting in the
fact that they do not easily match over long periods of time. These characteristics of the
new energy system result in problems related to the voltage and frequency of the electrical
network and to frequent power curtailments, especially from wind parks [4].

These problems are even more severe in autonomous-isolated power systems, such
as the ones serving non-interconnected islands. Therefore, measures related to energy
storage to achieve grid balancing should be enforced in the electricity networks at an EU
level. Such measures will significantly contribute in higher RES penetration and in the
production of useful energy carriers (electricity and hydrogen) that could be used in a
variety of applications. The variable power production of renewables, especially when
exceeding specific thresholds, in combination with the daily and seasonal variable power
demand, creates a need for short- and long-term grid balancing [4].

The concept of grid balancing is related to the introduction of additional load demand,
especially in the periods of high renewable energy production and low power demand,
absorbing excess renewable energy, which can be sent back to the grid at periods of low
production from wind and solar parks and relatively high demand.

It is widely known [5–7] that in order to balance the variations of power production
from renewables and power consumption and ensure that stability of the electricity grid,
there are different methods and approaches.

The simplest balancing method, which has been used widely in the past is the enforce-
ment of power curtailments in wind parks mainly at periods of high renewable energy
production. According to this method, the operator of the electricity grid provides wind
energy producers with low set-points of operation/production, or even shuts-off the en-
tire wind energy production. This method is highly ineffective, since on the one hand it
significantly increases the payback period of large investments in the field of renewable
energy and on the other hand it significantly reduces renewable energy penetration in the
overall energy system [8]. In case of high demand and low renewable energy production,
the simplest method used in the past was to turn on additional generators driven by fossil
fuels, which is not a viable option as well, since this strategy is not compatible with EU
decarbonization targets [9].

Extensive research has already been done in order to explore the potential of integrat-
ing renewable energy sources with electrolyzers and fuel cells for the stabilizing of the
power grid. This research concerns not only the pure technical part, but the economical part
as well. Matute et al. [10] showed for the case of Spain that the use of multi-MW electrolysis
for the provision of grid balancing services appears to be a promising option in order to
obtain cost competitive hydrogen. Gutierrez-Martın et al. [11] also examined different
scenarios for the adoption of hydrogen use for electric grid balancing in the Spanish power
system, showcasing the feasibility of a 42% renewable energy penetration. Guinot et al. [12]
investigated the economic viability of an electrolysis-based hydrogen power plant, which
provides balancing services to the network and highlighted the threshold values within
which it could become economically attractive. Mansilla et al. [13] examined possible cost
reductions in hydrogen production by a discontinuous operation of alkaline electrolyzers,
observing a 4% increase in profits compared to continuous operation. Grueger et al. [14]
investigated the integration of electrolyzers with wind turbines as a means to balance
any fluctuations in the grid, showcasing the profitability of the above under the suitable
circumstances. Sorensen [15] showed the effect of power to power systems including
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hydrogen production on the renewable energy penetration for northern European grids.
Paulus et al. [16] examined the effects of electrolyzer operation for the provision of grid
services in an industrial context, while Jorgensen et al. [17] investigated the effect on
hydrogen pricing resulting from the adoption of an electrolysis unit, powered by cur-
tailed wind power with the subsequent participation in the power market. Kiaee et al. [18]
demonstrated the feasibility of utilizing alkaline electrolyzers for regulating the grid’s
frequency, based on the fast response to varying operation loads, which can be achieved by
such devices.

The three leading technologies for electrolysis are the Proton Exchange Membrane
(PEM) electrolyzers, the Solid Oxide Electrolysis Cell (SOEC) electrolyzers, and the alkaline
electrolyzers, each of which comes with its benefits and its drawbacks. SOEC electrolyz-
ers still are a relatively immature technology, but show great potential, due to certain
characteristics such as their ability to operate reversibly. PEM electrolyzers provide high
current densities and high hydrogen purity, while presenting the ability to respond to
variable loads in a satisfying manner. Alkaline electrolyzers, while not as flexible as PEM
electrolyzers, due to their ability to overload operation up to 150% seem ideal for power to
gas applications, coupled with intermittent power supply. Besides, pressurized alkaline
electrolyzers tend to contribute to an overall lower power consumption due to the fact that
the energy needed for compression by an external compressor is lower [19].

The new and emerging EU energy system uses modern and innovative techniques for
grid balancing. The first approach for the new grid balancing method is a combination
of coupling different sectors and an interconnection of the building heating and cooling
demand, the transport and industrial sector as energy consumers with power genera-
tion. Such an approach provides a higher stability to the renewable energy system [20].
The second approach for grid stabilization and balancing is the application of long-term
storage/discharge technologies. The third approach is the transportation of energy from
centers of supply to centers of demand, using also smart grid techniques. The first approach
enables balanced demand between different sectors, the second one provides grid balancing
directly through the storage/discharge units of renewable power, while the third approach
can be combined with the other two, in order to come up with a stabilized, efficient, and
environmentally friendly EU energy system.

Hydrogen is an ideal solution for grid balancing, both as a mechanism for the coupling
of sectors, and as a long-term plus large-scale energy storage option [21]. Hydrogen can
also serve ideally the third grid balancing approach as well, since it can be transported from
centers of supply to centers of demand. In other words, hydrogen is necessary to ensure
the transition to the transformed EU energy system [21]. In more detail, the contribution of
hydrogen to grid balancing of the emerging EU system (for each of the three approaches) is
analyzed below.

1.1. Sector Coupling

The basic concept behind coupling of sectors lies in the direct connection of power
generation with other energy demand sectors, such as the one of transport. This approach
solves two problems related to grid balancing: (a) energy is not produced at the location
where it is required and (b) it is not produced at the time it is required. The following
technologies of the approach are used:

Power to heat: This is an interesting technology, using the excess of renewable energy
production to supply heating/cooling for buildings or other infrastructure, driving electric
boilers, heat pumps, etc., or feed it directly into the district heating infrastructure, wherever
it is available. The power to heat technique is generally efficient, yet nevertheless has
specific drawbacks: (a) it can only be used in specific applications (buildings and infras-
tructure), (b) it does not contribute significantly to grid stabilization, since the timing of
excess renewable energy production and heating/cooling demand is usually different, and
(c) long-term heating storage is not possible without degradation.
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Power to gas: This is a more flexible sector coupling option in terms of achieving grid
balancing and stabilization. Hydrogen can play an important role in this method, since
in contradiction with other gases, the conversion of excess power to hydrogen through
electrolysis can be a cost-efficient solution, especially when there is abundant renewable
power. By using this method of hydrogen production through electrolysis driven by excess
renewable energy, the emerging EU system can be stabilized on a yearly basis and high
RES penetration accompanied with very low wind energy curtailments can be achieved.
Hydrogen is as flexible as natural gas, and in addition this option produces zero greenhouse
gas emissions (especially CO2). Moreover, hydrogen has the advantages of rapid scale-up,
storage, and efficient power distribution to a variety of other energy consuming segments,
without introducing a need for major infrastructure modifications as well.

1.2. Storage and Discharge

The option of storage/discharge is complementary to the approach of sector coupling,
in order to achieve direct grid balancing and stabilization. Batteries can be considered as an
obvious solution for this method of grid balancing, but they have specific disadvantages:
(a) they can only store energy for short-term periods, (b) they are also expensive when
taking into account the amount of energy stored, and (c) they have significantly lower
energy density. Therefore, the main drawback of this technology is that they cannot store
high energy amounts, especially for longer periods of time. With respect to storage and
discharge method for grid balancing, there are specific technologies that can be used:

Pumped Hydro: This is a well appreciated long-term energy storage option, which
unfortunately has a limited application in the EU energy system. Another drawback of this
technology is the fact that it has specific natural, regulatory, permitting, and social-related
barriers. Pumped hydro units have also another disadvantage: they can only be installed
in selected geographical areas, having specific characteristics, therefore their application
is limited

Hydrogen: It has the advantages of storing energy in the long-term, at higher quan-
tities (large-scale energy storage), and at a competitive cost as well, when compared to
other conventional large-scale energy storage technologies, such as pumped hydro. This
storage/discharge option may have a lower conversion efficiency compared to other tech-
nologies, it is widely accepted that the re-electrification of hydrogen (and the associated
low conversion factors) will not be required, since hydrogen can be used in a variety of
applications, such as the transport and industrial sector and also provide heat for buildings
and related infrastructure. Another advantage of hydrogen compared to other storage
solutions, such as pumped hydro is the fact that the EU has significant H2 storage capacities.
EU has a grid capacity of 36 billion m3 and if we assume a 10% blending, then the energy
storage capacity in the form of hydrogen is in the order of 100 TWh [22]. Specific geological
formations, such as salt caverns and depleted gas fields, will be used in the future for
storing hydrogen. It has been calculated that almost 40 TWh of hydrogen can be stored only
in salt caverns in the EU [23]. It is also important that the technical feasibility of this concept
has already been proved, since six projects related to storing hydrogen in salt caverns are
already in operation today.

1.3. Transportation of Energy

This is the third approach for grid balancing, dealing with the fact that except from
the seasonality of supply, the location of supply is also critical. It is widely known that
the renewable energy installations are often situated in areas that cannot absorb the entire
production of wind and solar parks. The solution of building energy transmission lines
infrastructure has a high cost. Hydrogen provides an advantageous solution for this grid
balancing approach as well, since after the conversion of electricity to this energy carrier, it
can be transported in liquid and compressed form, or transferred through pipelines.

In Figure 1, a comparison of sector coupling and storage technologies is depicted,
clearly showing the advantages of hydrogen use in grid balancing applications.
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Figure 1. Comparison of sector coupling and storage technologies for grid balancing [21].

The following work aims at evaluating potential benefits, stemming from the use of
hydrogen in grid balancing applications, while identifying different value streams resulting
from the integration with industrial settings. One of the main findings of this study is
the need for inter-sector co-operation for achieving profitable business cases based on
hydrogen adoption.

2. EU Policies for the Promotion of Renewable Energy Sources and Energy Storage

In the context of this paragraph, the most significant EU policies for the promo-
tion of renewable energy sources and energy storage will be presented. Specific targets
for the targeted EU member states (Spain, Austria, and Greece) in these fields will also
be demonstrated.

2.1. EU Policies for the Promotion of Renewable Energy Sources

The promotion of renewable energy sources in the European Union has been adopted
through the Directive 2009/28/EC, which sets specific goals for the RE share in the Eu-
ropean energy mix of at least 20% by 2020. The above mentioned directive was revised
in 2018. The revised renewable energy directive resulted in a European policy adopting
one of the most ambitious policies in the field worldwide. The revised renewable energy
directive is part of the Clean Energy for all Europeans package. The main components of
this policy are the following [2]:

• The revised renewable energy EU directive continues European leadership in the field,
setting a binding target of renewables of at least 27% by 2030 in the energy system
of Europe.

• The directive significantly contributes to Europe’s fight against climate change and
the achievement of Paris Agreement climate goals.

• The new directive contributes in the protection of EU environment and will specifically
help in reducing air pollution in European cities and regions.

• The revised renewable energy EU directive gives the chance (and allows) to house-
holds, communities, and companies to become producers of clean energy and con-
tribute to the reduction of greenhouse gas emissions.
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• It also reduces the dependency of the European Union on energy imports and increases
the security of energy supply.

• The revised RE directive highly contributes in the creation of more job positions and
in the attraction of new investments in the European economy related to energy.

• The new policy framework established for renewables, incorporated through the
adoption of the revised EU directive results in specific benefits:

o It provides a longer-term risk reduction for investors and speeds up the proce-
dures to receive permits for renewable energy projects.

o It introduces an innovation, where the energy consumer has an important role
in the energy transition, having a clear right to produce their own renewable
energy and distribute it to the European electricity grid.

o It helps increasing the competition and the integration of renewable electricity
to the market.

o It will accelerate the uptake of renewable energy sources in other sectors such
as heating/cooling and transport applications.

o It has a main focus on increasing the sustainability of bio-energy and pro-
moting innovative technologies (including hydrogen production as a grid-
balancing method).

The policies and measures for the targeted countries (Austria, Greece, and Spain) for
the promotion of renewable energy sources will be presented in detail in the following sections.

2.1.1. Austria

The 2010 National Renewable Energy Action Plan [24] of the country was developed
in order to adopt Directive 2009/28/EC. According to this directive, Austria should have
increased its renewable energy share in the final energy consumption to 34% by 2020. This
figure in 2005, which is used as a base year, was 24.4%, while in 2008 this value had already
reached 29%. The achievement of this target will be based on the following two conditions:

• In comparison to the reference scenario of base year 2005, a total reduction of final
energy consumption in the order of 13% should be achieved.

• The installed capacity of renewable energy should be increased by 18% in comparison
to the installed capacity of 2008.

The target of 34% renewables in the final energy consumption of Austria can be
achieved by different combinations of each renewable energy technology. In addition to
renewable energy technologies producing electricity such as wind, solar, and hydro, the
exhaustion of available biomass potential is important to provide heating and cooling,
while achieving the 10% biofuel target. To determine the final energy mix of different
renewable energy technologies in order to achieve the above-mentioned target, the factors
of cost-efficiency, resource availability, and environmental protection are taken into account.

With respect to the decrease of final energy consumption compared to the reference
scenario, required in the context of the national renewable energy plan of Austria, the
following reductions should be achieved in the three main areas of energy use:

• 22% reduction in the transport sector,
• 12% reduction in heating and cooling, and
• 5% reduction in the electricity sector.

The National Renewable Energy Action Plan identifies the existing or planned mea-
sures and policies that will be used in order to achieve its targets and promote the use
of energy produced from renewable energy sources. The most significant measures and
policies in the Austrian plan are presented in Table 1.
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Table 1. Overview of all policies and measures of the National Renewable Energy Action Plan of Austria [24].

Name and Reference of
the Measure Type of Measure Expected Result Targeted Group

and/or Activity Existing or Planned Start and End Dates of
the Measure

Horizontal Measures

Austrian Energy
Strategy—proposals

for measures
Overall strategy Strategic focus on a future

energy and climate policy

End consumers, public
administration, interest

groups, etc.
Existing Implementation planned,

Continuous updating

Austrian climate protection
initiative (klima:active)

Information campaign
and financial

Promotion and acceleration
of the use of

renewable energies

End consumers, architects,
installers, etc. Existing 2004–

Climate and Energy Fund
Law (KLI.EN FondsG) Regulatory

Promotion of renewable
energy systems and

climate policy
End consumers Existing Basic version: 2007

amended 2009

Austria’s Environmental Aid
Act (UFG) Regulatory

Promotion of operational
measures to protect

the environment
End consumers Existing Basic version: 1993

amended 2009

Environmental Assistance in
Austria (UFI) Financial Promotion of renewable

energy systems End consumers Existing 1993

Law regarding access to
information on the
environment (UIG)

Regulatory Free access to information on
the environment The general public Existing Basic version: 1993

amended 2009

Agreement pursuant to
Article 15a B-VG (Federal

Constitutional Law)
Regulatory

Harmonization and
reinforcement of RE measures

in the building sector
End consumers Existing 2009

Name and reference of
the measure Type of measure Expected result Targeted group

and/or activity Existing or planned Start and end dates of
the measure

Horizontal Measures

Austrian program for a
sustainable

agriculture (ÖPUL)
Regulatory Compliance with good

agro-environmental practices Farmers Existing 2007–2013

Climate Change Act Regulatory
Establishment of binding

climate targets
and responsibilities

Federal states and affected
federal ministries Planned

Environmental Tax Reform Regulatory
Increased taxation of

resources and
energy consumption

End consumers In discussion In discussion
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Table 1. Cont.

Name and Reference of
the Measure Type of Measure Expected Result Targeted Group

and/or Activity Existing or Planned Start and End Dates of
the Measure

Energy spatial planning Regulatory

Austrian Conference on
Spatial Planning 2011.

Integration of targets and
measures for energy and

climate protection

Federal government, state
governments ÖROK Planned From 2010

Energy Efficiency Act Regulatory Statutory regulations to
increase energy efficiency End consumers, enterprises Planned Preparatory work 2010

Buildings

Technical rules in the
building code of

state governments
Regulatory

Promotion of renewable
energy systems in the

building sector
Building permit applicants Existing, revision planned Continuous updating

Further development of legal
specifications in the

building sector
Regulatory

Further development of
building and energy-related
rules, renovation obligations,

as well as minimum
requirements for the

construction and renovation
of public buildings

Federal and state government Planned From 2010

Further development of
eligibility criteria Financial

Stronger focus of housing
support on

thermal remediation

Federal and state
government, end consumers Planned Should enter into force

in 2013

Production, Services in Industry, Business, and Small-Scale Consumption

Certification of installers Regulatory Training and awards of
technical experts Installers Existing, revision planned 2000

Energy efficiency consulting
for SME and households,

introduction of energy
management systems,

preparation of
energy concepts

Financial information
campaign

Support of the
implementation of energy
efficiency measures and
promotion of the use of

renewable energy sources

Companies, households,
federal and state government Existing, revision planned 2010/2011
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Table 1. Cont.

Name and Reference of
the Measure Type of Measure Expected Result Targeted Group

and/or Activity Existing or Planned Start and End Dates of
the Measure

Mobility

Biofuels Directive Regulatory Incorporation of biofuels to
fossil fuels Mineral oil industry Existing 2004

Law on the taxation of
mineral oils

(Mineralölsteuergesetz)
Regulatory/ financial Tax relief for biogenic fuels End consumers Existing 2007

Five-point action program for
natural and biogas

Information campaign/
regulatory

Acceleration of biogas as
a fuel End consumers Existing 2005–2010

Acceleration of a gradual,
comprehensive introduction
of electromobility in Austria

Strategy (tax incentives,
information,

awareness-raising, etc.)

Increase in the share of
renewable energy in

private transport

Companies, federal and state
government, local authority,

end consumers
In discussion In discussion

Austrian Action Programme
for Mobility Management

(klima:active)
Financial

Promotion of vehicles with
low-emission and

energy-efficient fleets by
companies and local

authorities as well as private
vehicle owners

Federal and state
government, local authority,

end consumers

Exists to some
extent/extension planned

Phased implementation
by 2020

Name and reference of
the measure Type of measure Expected result Targeted group

and/or activity Existing or planned Start and end dates of
the measure

Energy Supply

Austrian Gas Act (GWG) Regulatory Regulation of the network
access for biogas Producers Existing 2006

Austria’s Heating and
Cooling Network Expansion

Act (WKLG)
Regulatory Promotion of renewable

energy systems Producers Existing Full doping from 2011

Green Electricity Act (ÖSG) Regulatory Promotion of green electricity. Producers Existing, revision planned 2002 amended several times

Biogas and biomethane
strategy for the chain from
application to marketing

Strategy

Use of biomethane in all
applications segments
through the creation of

instruments on the
demand side

Federal and state
government, local authority,

energy suppliers, agriculture,
end consumers

Planned Drafting by 2011

Mobilization of biomass and
use of local and district

heating networks
(incl. microgrids)

Strategy Better and sustainable use
of potential

Agriculture, forestry, and
energy producers Existing, revision planned Ongoing from 2010
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Table 1. Cont.

Name and Reference of
the Measure Type of Measure Expected Result Targeted Group

and/or Activity Existing or Planned Start and End Dates of
the Measure

Security of Energy Supply

Development of the Austrian
transmission and

distribution network

Strategy (Masterplan
2009–2020)

Medium- and long-term
creation of a

demand-orientated
network infrastructure

Federal government, state
system operators Existing/planned Ongoing from 2010

District heating and cooling Financial
Infrastructure extension and
reinforcement of the security

of energy supply
Energy suppliers Existing/planned Ongoing from 2010

Development and enabling of
environmentally beneficial

electricity storage
Financial

Development and protection
of storage units for the

integration of
renewable energies

Energy suppliers Existing/planned Ongoing from 2010



Energies 2022, 15, 637 11 of 50

2.1.2. Spain

The National Renewable Energy Action Plan of Spain [25] foresaw that the Share of
Renewables in the Annual Average Electricity Demand Would be Close to 40% by 2020. The
Breakdown between Different Renewable Energy Technologies Shows that Wind Energy
Has the Lion Share of the whole re production (in the order of 52%), and is followed at a
high distance from Hydro, Solar Thermoelectric and Solar Photovoltaic which Have a Share
of Respectively 8.3%, 3.8% and 3.6% of Gross Total Electricity Generation. The National
Electricity Balance of Spain is presented in Table 2.

Table 2. National Electricity Balance of Spain [25].

GWh 2005 2010 2015 2020

Coal
Nuclear

Natural Gas
Petroleum products
Renewable Energies

Pumped hydroelectric

81,458
57,539
82,819
24,261
41,741
5153

29,710
56,000

108,829
18,535
82,631
3640

33,630
55,600

121,419
9381

113,325
6577

33,500
55,600
141,741

8721
152,835

8023
Gross generation 292,971 299,345 339,931 400,420

Consumption during generation 11,948 9300 8610 8878
Net generation 281,783 290,045 331,321 391,542

Energy consumed by pumping
Exchange balance

6360
−1344

5200
−8000

9396
−11,285

11,462
−25,199

Demand (bc) 274,080 276,845 310,640 354,882
Consumption processing sectors

Losses transport, distribution
5804

25,965
5314

25,520
5800

28,065
5800

31,138
Final electricity demand 242,310 246,011 276,775 317,944

Increase over preceding year
% renewables/gross production

4.58%
14.7%

0.80%
27.6%

2.69%
33.3%

2.95%
38.2%

According to the Spanish National Renewable Energy Action Plan, the share of energy
from renewable energy sources in the gross final consumption of energy was 8.7% in 2005
(base year). The target for energy from renewables in gross final consumption of energy for
the year 2020 was 20%, while the total expected adjusted energy consumption in year 2020
was 97,041 ktoe, from which 19,408 ktoe would come from renewable energy sources.

Spain’s target and estimated trajectory of energy from renewable energy sources in
heating and cooling, electricity, and transport are presented in Table 3.

Measures and policies to support the achievement of Spain’s targets in the renewable
energy sector are presented in Tables 4 and 5.

2.1.3. Greece

The National Renewable Energy Action Plan of Greece [26] describes the procedures
and goals of the country in order to promote the penetration of renewable energy sources
and meets the obligations imposed by the 2009/28/EC Directive. According to the Greek
National Renewable Energy Action Plan, the share of energy from renewable energy
sources in the gross final consumption of energy in the country was 6.9% in 2005 (base
year). The target for energy from renewables in gross final consumption of energy for
the year 2020 was 18%, while the total expected adjusted energy consumption in the year
2020 was expected to be 24,114 ktoe, from which 4341 ktoe would come from renewable
energy sources.

Greece’s target and estimated trajectory of energy from renewable energy sources in
heating and cooling, electricity, and transport are presented in Table 6.

Measures and policies to support the achievement of Greece’s targets in the renewable
energy sector are presented in Table 7.
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Table 3. Spain’s target and estimated trajectories in heating/cooling, transport, and electricity [25].

2005 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020

Renewable energy sources—heating
and cooling (1) (%) 8.8% 11.3% 11.7% 12.0% 12.5% 13.2% 14.0% 14.9% 15.9% 17.0% 18.1% 18.9%

Renewable energy sources—electricity (2) (%) 18.4% 28.8% 29.8% 31.2% 31.9% 32.9% 33.8% 34.3% 35.7% 36.9% 38.2% 40%
Renewable energy sources—transport (3) (%) 1.1% 6.0% 6.1% 6.5% 6.5% 8.2% 9.3% 10.4% 11.1% 12.0% 12.7% 13.6%
Overall renewable energy source share (4) (%) 8.3% 13.6% 14.2% 14.8% 15.4% 16.5% 17.4% 18.3% 19.4% 20.4% 21.5% 22.7%
Of which from cooperation mechanism (5) (%) 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0%
Surplus for cooperation mechanism (6) (%) 3.2% 3.9% 3.3% 4.4% 3.6% 4.5% 3.3% 4.3% 2.7%

As Part B of Annex I to the directive
2011–2012 2013–2014 2015–2016 2017–2018 2020

S2005 + 0.2(S2020–S2005) S2005 + 0.3(S2020-S2005) S2005 + 0.45(S2020-S2005) S2005 + 0.65(S2020-S2005) S2020
RES minimum trajectory (7) (%) 10.96% 12.09% 13.79% 16.05% 20.00%

RES minimum trajectory (ktoe) (2-year
arithmetical average except in 2020) 10,164 11,350 13,073 15,372 19,408

(1) Share of renewable energy in heating and cooling: gross final consumption of energy from renewable sources for heating and cooling (as defined in Articles 5(1)b and 5(4) of Directive
2009/28/EC) divided by gross final consumption of energy for heating and cooling. Line (A) from Table 4a divided by line (1) of Table 1. (2) Share of renewable energy in electricity:
gross final consumption of electricity from renewable sources for electricity (as defined in Articles 5(1)(a) and 5(3) of Directive 2009/28/EC) divided by total gross final consumption of
electricity. Row (B) from Table 4a divided by row (2) of Table 1. (3) Share of renewable energy in transport: final energy from renewable sources consumed in transport (cf. Article 5(1)(c)
and 5(5) of Directive 2009/28/EC) divided by the consumption in. (4) Share of renewable energy in gross final energy consumption. Row (G) from Table 4a divided by row (4) of Table 1.
(5) In percentage point of overall RES share. (6) In percentage point of overall RES share. (7) As per the definition in Annex I.B of Directive 2009/28/EC.

Table 4. General measures [25].

Name and Reference of
the Measure Type of Measure Expected Result Targeted Group

and/or Activity
Existing or

Planned
Start and End

Dates of the Measure

1. Develop a suitable framework
whereby to simplify, standardize,
and unify administrative
procedures for the authorization of
renewable energy installations,
including simple notification.

Regulatory
Ease administrative burden,

reduce red tape for
administrative authorization

Public administrations Existing and planned 2010–2020

2. Develop a simplified regulated
procedure whereby to secure
administrative authorization for
renewable energy projects for
thermal applications.

Regulatory Expedite the issue of
administrative authorization Public administrations Planned Not defined
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Table 4. Cont.

Name and Reference of
the Measure Type of Measure Expected Result Targeted Group

and/or Activity
Existing or

Planned
Start and End

Dates of the Measure

3. Support R&D—innovation in
energy storage systems. Financial

Enhanced capacity for the
integration of renewable

energies in the
electricity system.

Public administrations
Technological centers Planned 2012–2020

4. Maintain active public
participation in R&D—innovation
in the renewable energies sector by
setting up annual support
programs for priority industrial
technological development
initiatives designed to reduce
generation costs, mainly in the
wind and solar sectors.

Financial

Enhance the competitiveness
of the more mature

renewable energies. Full
competitiveness in the case of

wind energy.

Public administrations Existing and Planned 2011–2020

5. Develop lines of scientific
research and innovation that
promote the technological
development of prototypes to
harness marine renewable energies

Regulatory
Achieve commercial
implementation of

the technology

Technologists, development
of national prototypes Planned Not defined

6. Develop specific marine
technologies especially targeting
deployment of projects to harness
renewable energies on the high sea
(wind, wave energy, etc.).

Financial Increase the potential of
marine renewable energies

Technologists,
technological centers Planned 2011–2020

7. Financial support for the
implementation of high-level and
very specialized experimental
platforms at a national level with
international recognition

Financial

Provide incentive for R&D,
innovation, and enhance

technological
competitiveness

Public administrations Planned 2011–2020
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Table 5. Measures in the field of electricity generation using renewables [25].

Name and Reference of the Measure Type of Measure Expected Result Targeted Group and/or
Activity

Existing or
Planned

Start and End
Dates of the

Measure

1. Change to a smart grid system of
transmission and distribution Regulatory

Better adaptation to supply
and demand for
electrical energy

Electricity system operators. Planned 2012–2020

2. Promote facilities generating electricity
for own use from renewable sources by
setting up better systems based on net
balance and compensation for
energy balances.

Regulatory

Limit energy demand on the
system and evolve towards

better management
of demand

The general state
administration

Electricity system operators
Electricity traders

Planned 2011–2020

3. Establish a remuneration framework,
which is stable, predictable, flexible,
controllable, and secure for developers
and the electricity system.

Regulatory, financial Foster investment in the
sector. Move the economy

The general state
administration Existing 2010–2011

4. Review current planning for the gas and
electricity sectors (approved in May 2008
for the 2008–2016 period) and properly
develop electricity
transmission infrastructure.

Regulatory, financial
Guarantee the transmission
of electricity generated from

renewable sources

The general state
administration Existing and Planned 2010–2012

5. Specific planning of electricity
transmission infrastructures linked to
marine projects (wind, wave energy, etc.)
taking account progress in administrative
procedure. Possibility of establishing
offshore electricity transmission corridors
to offshore project site.

Regulatory

Removal of barriers
hindering the development

of marine renewable
energy projects

The general state
administration Planned 2011–2020

6. Establish new international
interconnections (especially with France). Financial

Enhanced capacity for the
integration of renewable

energies in the
electricity system.

European Commission Planned 2010–2020

7. Increase in energy storage capacity
through the start-up of new
pumping plants.

Regulatory

Enhanced capacity for the
integration of renewable

energies in the
electricity system.

The general state
administration developers Existing 2010–2020
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Table 5. Cont.

Name and Reference of the Measure Type of Measure Expected Result Targeted Group and/or
Activity

Existing or
Planned

Start and End
Dates of the

Measure

8. Better management of demand in real
time, facilitating participation of the end
electricity user through measures aimed at
flattening the demand curve (charging of
electrical vehicle batteries and
other initiatives).

Regulatory

Enhanced capacity for the
integration of renewable

energies in the
electricity system.

The general state
administration Planned 2011–2020

9. Establishment of a specific quota for
experimental projects. Regulatory Facilitate the launching of

emerging technologies
The general state
administration Planned 2010–2011

10. New regulations to facilitate the
connection of electricity generation
facilities with low-power renewable
energies associated with consumption
centers interconnected with the electricity
grid (especially low-voltage).

Regulatory Lessen administrative
red tape

The general state
administration Planned 2010–2011

Table 6. Greece’s target and estimated trajectories in heating/cooling, transport, and electricity [26].

% 2005 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020

RES-H&C 1 12.76% 14.7% 15.7% 16.8% 17.3% 17.9% 18.3% 18.3% 18.4% 18.8% 18.9% 19.7
RES-E 2 8.03% 13.3% 15.7% 18.8% 21.8% 25.1% 27.6% 29.7% 31.8% 33.7% 36.7% 39.8%
RES-T 3 0.02% 1.7% 3.3% 4.1% 4.8% 5.6% 6.3% 7.1% 7.8% 8.6% 9.4% 10.1%

Overall RES share 4 6.96% 8.0% 8.8% 9.5% 9.9% 10.5% 11.4% 12.4% 13.7% 14.6% 16.0% 18.0%
Of which from cooperation mechanism 5

Surplus for cooperation mechanism 1.2% 1.8% 2.3% 3.1% 3.7% 3.9% 3.8% 3.3% 3.2% 2.9% 2.2%
1 Share of renewable energy in heating and cooling: gross final consumption of energy from renewable sources for heating and cooling (as defined in Articles 5(1)(b) and 5(4) of Directive
2009/28/EC) divided by gross final consumption of energy for heating and cooling. Line (A) from Table 4a divided by line (1) of Table 1. 2 Share of renewable energy in electricity: gross
final consumption of electricity from renewable sources for electricity (as defined in Articles 5(1)(a) and 5(3) of Directive 2009/28/EC) divided by total gross final consumption of
electricity. Row (B) from Table 4a divided by row (2) of Table 1. 3 Share of renewable energy in transport: final energy from renewable sources consumed in transport (cf. Article 5(1)(c)
and 5(5) of Directive 2009/28/EC) divided by total gross final consumption of used in road and rail transport and 4) electricity in land transport (as reflected in row 3 of Table 1). Line (J)
from Table 4b divided by row (3) of Table 1. 4 Share of renewable energy in gross final energy consumption. Row (G) from Table 4a divided by row (4) of Table 1. 5 In percentage point of
overall RES share.
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Table 7. Selected measures and policies of the Greek National Renewable Energy Action Plan [26].

Name and Reference of the Measure Type of
Measure

Expected
Result

Targeted Group
and/or Activity

Existing or
Planned

Start and End
Dates of the Measure

1. Application of L. 2773/99 “Liberalization of
the Electricity Market—Regulation of Energy
Policy issues and other provisions” L.2244/94
“Regulation of power generation issues from
renewable energy sources and conventional
fuels and other provisions” and L.3468/06
“Generation of electricity from renewable energy
sources and through high-efficiency
co-generation of electricity and heat and
miscellaneous provisions”.

Regulatory Investors, public
administration Existing 1994 and onwards

2. L.3734/09 “Promotion of co-generation of
two or more energy sources, regulation of issues
related to Mesochora hydroelectric plant and
other provisions” and L.3851/2010
“Accelerating the development of Renewable
Energy Sources to deal with climate change and
other regulations in topics under the authority
of MEECC”.

Regulatory Investors, public
administration Existing 2009 and onwards

3. Feed-in tariff scheme per kWh of electricity
produced by RES (L.2244/94, 3468/06
and 3851/10.

Financial Investors Existing 1994 and onwards

4. Development Laws 1892/90, 2601/98,
and 3299/04.

Subsidy of the cost of the
investment plan, leasing,

tax deduction
Investors Completed

5. L.3855/10 “Measures to improve energy
efficiency in end-use, energy services and other
provisions”, articles for public buildings and the
ESCO market.

Regulatory
End-consumers, energy

companies, utilities,
public administration

Existing 2010 and onwards

6. Special Physical Planning Framework for the
development of RES and land management
(OG B 2464/08).

Regulatory Investors, public
administration Existing

7. Special Programme for the deployment of PV
of up to 10 kW on buildings and
especially roofs.

Feed-in tariff scheme End consumers, household
sector, small business Existing 2009–2019
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Table 7. Cont.

Name and Reference of the Measure Type of
Measure

Expected
Result

Targeted Group
and/or Activity

Existing or
Planned

Start and End
Dates of the Measure

8. Mandatory deadlines for RES licensing
procedure (L.3734/09 & L.3851/10). Regulatory Investors, public

administration Existing 2009 and onwards

9. Tendering procedure for the construction and
operation of off-shore wind farms (L.3851/10). Regulatory Investors, public

administration Planned/existing

10. OPC—Operational Program for
Competitiveness 3rd Framework Programme. Financial Investors, public

administration, engineers Completed 2000–2006

11. Exemption of electrical and/or hybrid
and/or low emission vehicles from the fuel
consumption tax, the additional special tax, the
circulation tax, and/or the registration tax
(L.2052/92, 3851/10 and 2960/01).

Regulatory, financial End users Existing To the present

12. Definition of technical specifications for
energy efficient vehicles, share of clean vehicles,
replacement of old vehicles, public procurement
based on fuel economy label and training on
eco-driving for application to the entire public
sector (L.3855/10).

Regulatory Public administration Existing/planned

13. Guidelines for licensing and development of
conventional power producers in order for them
to be flexible and support the large-scale
wind penetration.

Regulatory Investors, public
administration, planners Planned 2010–2012

14. Guidelines and directions for the licensing
RES—E based on the energy mix included in
the NREAP.

Regulatory Investors, public
administration Planned 2010–2020

15. Development of storage facilities in the
interconnected system by exploiting hydro
pumping system at existing large hydro plants
and new installations.

Technical 1580 MW of
renewable energy

Public administration,
planners Existing/planned 2010–2020

16. Further development of the distribution grid
based on the smart grids principles. Technical Investors, public

administration, planners Planned 2010–2020
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2.2. EU Policies for the Promotion of Energy Storage (Including Hydrogen)

Energy storage, both short- and longer-term has been recognized as a prerequisite for
higher RES penetration and grid balancing in the EU. The objective of this paragraph is to
present policies adopted by the European Commission and the Member States as well those
that support the promotion of energy storage. Focus will also be given to the countries of
Austria, Spain, and Greece.

Energy storage has a growing role in the energy transition of the European Commis-
sion. It contributes in the following:

• Greenhouse gases reduction
• Decarbonization of other economic sectors such as the transport and industrial sector
• More electricity in the energy consumption
• It is necessary to bring up changes in the electricity mix: in more detail it helps phasing

out conventional generation and introducing more intermittent renewables.

The following steps related to energy storage and its promotion to the European
energy system have been made so far:

1. Definition of energy storage and set-up of basic policy principles
2. Electricity market design
3. Storage technologies initiatives have been developed
4. Sector coupling (electricity, gas, heating, industry, transport, agriculture)
5. Support of Energy Storage Projects,
6. Discussion with stakeholders.

With respect to the latter step (discussion with stakeholders), the European Commis-
sion asked stakeholders to answer to the following questions:

• Why does the energy system need storage?
• What are the barriers (regulatory, fiscal, economic, technical) in the deployment of

energy storage?
• Is the regulatory framework sufficient to ensure that markets can deploy energy storage?
• Should the EU make further efforts? What type of actions/policy options should

be considered?

In the following paragraphs, the above-mentioned six (6) steps related to energy
storage and its promotion as a means of grid balancing amongst other, will be analyzed
in detail.

Definition and policy principles: According to the Proposal of Electricity Directive
(recast), Article 2, “Energy Storage” means (in terms of an electricity system) deferring an
amount of the electricity that was generated to the moment of use, either as final energy
or converted into another energy carrier. The following principles support the market
development of energy storage:

• Contribution in energy security and decarbonization targets of the electricity system
• Participation in electricity markets
• Participation with equal terms with providers of flexibility services
• The cost-efficient use of decentralized energy storage and its integration into the

system should be enabled in a non-discriminatory way

Electricity market design: The Electricity Market is designed by taking into considera-
tion certain rules that ensure the flexibility of energy storage:

• It ensures the neutrality of network operators vis-à-vis new business activities in
storage: In more detail, when a network operator needs energy to manage its network,
this energy is procured from market participants, and only in cases there are no market
interests at all, a regulatory authority may grant a temporary derogation.

• Regulatory authorities should ensure that charges for access to network do not dis-
criminate energy storage.

• Storage deployment will be facilitated by the fact that stricter rules on RES curtailment
(in combination with higher targets on RES penetration) exist.
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• In day-ahead and intra-day market, energy trading should be as close to real time as
possible and a bid size should not exceed 1 MW.

• Strengthening of short-term price signals will ensure that electricity prices provide
correct and meaningful production and investment signals.

• Risk preparedness: all measure, including storage that will help in avoiding crisis or
containing a crisis are equally relevant.

Storage technologies initiatives: The following energy storage technologies initiatives
already exist at EU level:

• Technological innovation in energy storage is strongly supported and financed by the
EU under the HORIZON 2020 Programme.

• The collaboration within the Strategic Energy Technology Plan (SET Plan) enables EU
players to define priorities on research and innovation and collaborate in the energy
sector. This includes also the action on smart energy system and the action on batteries.

• The technologies related to the use of electricity to produce gas, mainly hydrogen,
are managed through a specific program office, the Fuel Cells and Hydrogen Joint
Undertaking (FCH JU).

• The EU Battery Alliance aims to create competitive and sustainable battery cell man-
ufacturing in Europe, supported by a full EU-based value chain. The Action Plan
supporting this alliance was published by the European Commission in May 2018.

Sector coupling: The objectives of coupling between different sectors (electricity,
heating and cooling, transport, industry, and agriculture) are the following:

• The basic concept lies in both physical and market coupling of the electricity, gas,
heating and cooling with other economic sectors (industry, transport, agriculture)

• It is a tool contributing to the decarbonization of the energy system, while in parallel
provides the necessary flexibility to the electricity and has networks (e.g., excess of
decarbonized electricity is transformed to other forms of energy for temporary storage,
or direct use, or for the production of useful products)

• There are several studies available at the EU level, aiming to identify:

o Existing regulatory barriers and potential gaps to the coupling, in particular of
electricity, gas, and heating sectors.

o Recommendations to overcome barriers/fill the gaps.

Support of Energy Storage Projects: The following support is given to energy storage
projects by the EU:

• Energy Storage Projects in electricity can also become Projects of Common Interest
(PCIs).

• In the context of the TEN-E infrastructure framework, large storage projects, above
225 MW, may be included in the selection process for the PCI. Smaller storage units
may be part of smart grid PCIs.

• In November 2017, the European Commission published its third list of PCIs, which
includes 15 storage projects in electricity (11 projects on pumped hydro storage and
4 projects on compressed air energy storage).

Discussion with stakeholders: The following interaction with different stakeholders
and the EC has been done [9]:

• High level roundtable on energy storage and sectoral integration was organized on
March 2018. Representatives from industry, research, and the European Commission
participated in the discussions related to the role of energy storage and sectoral
integration in the transition to a low-carbon economy.

• Discussions with member states at the Electricity Co-ordination Group took place on
July 2018.

In more detail, the following policies aiming to regulate the contribution of energy
storage in the EU electricity market have been designed by the commission:
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• Balancing: The concept of financial responsibility is defined with an aim of balancing
the energy system with the contribution of all participants of the energy market.

• Day ahead and intra-day: The electricity market is evaluated in time periods of 15 min
and facilitates bids up to 1MW.

• Price caps: There exist no maximum or minimum price caps.
• Priority dispatching: Priority is given to small-scale renewable energy producers as to

high efficiency CHP.
• Curtailment of re-dispatching: There is curtailment only in case it is cost efficient and

while it is not exceeding 5%.
• Bidding zone: The bidding zones are shaped according to the observed long-term

high-demand scenarios.
• Network congestion: Any issues of network congestion should be resolved by utilizing

non-discriminatory solutions that are adapted to the market needs.
• Grid fees: The fee structure is being recommended partially by ACER. The structure

should take into consideration issues such as customer’s profile, the presence of energy
storage, etc.

• Regional TSO cooperation is assured by developing solutions at the regional level.
• The “EU DSO entity” has a twofold role: (a) The co-ordination of transmission and dis-

tribution networks, and (b) the integration of RES with distributed power generation,
energy storage, etc.

In the next sections, the initiatives, measures, and policies related to energy storage
and hydrogen in particular, at national level of the three targeted countries (Austria, Spain,
and Greece), will be presented.

2.2.1. Austria

Austrian Climate and Energy Strategy (2030-objectives)

• Share of 44–50% renewable energy in gross final energy consumption by 2030 (cur-
rently 33.5%).

• A total of 100% of total national electricity consumption from renewable energy sources
by 2030 (currently 72%).

• Transition to low and zero-emission vehicles via alternative propulsion systems and
fuels based on renewable energies (battery vehicles, fuel cell vehicles, bio-gas, and
liquid bio-fuels).

National Hydrogen Strategy

• This strategy is being developed by BMVIT and the Ministry for Sustainability and
Tourism in close cooperation with science and industry until the end of 2019.

• The strategy is part of the contents of the European Hydrogen Initiative initiated
by Austria during the EU-presidency. The elaborated targets and measures will be
included in the National Climate and Energy Plan, which will be submitted to the EC
by the end of this year, which will already be partially implemented in the Renewable
Development Act (EAG) 2020.

• Four working groups:

o Infrastructure, generation, and storage
o Greening the gas
o Hydrogen in industrial processes
o Fuel cells and hydrogen end-use (mobility and buildings).

European Hydrogen Initiative

• Objective: Maximize the great potentials of sustainable hydrogen technology for the
decarbonization of multiple sectors, the energy system, and for the long-term energy
security of the EU.

• Signatories: 23 EU member states and more than 100 companies and research organizations.
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• Conversion of hydrogen to renewable natural gas: Austria explores the most effective
conversion of renewable hydrogen into synthetic methane and other renewable fuels.

• Sector integration and coupling: Austria emphasizes the role of hydrogen as a promis-
ing link between the electricity, industry, and mobility sectors. In this way, new op-
portunities arise, in activities such as energy flexibility, availability, and security, as
well as improved efficiency and cost-effectiveness, which contribute to the overall
decarbonization of the energy sector.

• Industry: Austria promotes the use of renewable hydrogen as well as derived products
in industrial processes.

Austria as a potential hydrogen valley in the heart of Europe

• Bridging many neighboring countries including eastern Europe.
• Central player of the European natural gas grid with huge storage capacity.
• High share in renewable energy sources: second in Europe in transport, approaching

100% renewable electricity.
• Strong energy sector and vehicle industry as well as high R&D-competence.
• Complementarity with other European counties as provider of supply components

and engineering services.

Challenges

• Dependency on energy imports: fossil fuels worth around €400 billion are imported
annually, which accounts for more than 25% of all imports into the EU.

• Emission reduction: simultaneous reduction of greenhouse gases, pollutants, and
noise to achieve EC climate goals, COP21 objectives, and clear air regulations.

• Storage of intermittent renewable energy sources, setup of nationwide grid of hydro-
gen refueling stations, development of cheap and reliable fuel cells.

Austrian automotive industry

• Automotive industry is a global key industry sector and one of the most successful
industrial branches in Austria.

• 75,000 employees and 700 companies.
• Turnover of 21.5 billion €/year.
• Automotive export revenues three times higher than import expenditures.
• 26% of employees in R&D and 21,459€ for R&D per employee (industrial average of

8700 €).

2.2.2. Spain
Policies Enabling Demand Response in Spain

Currently, in Spain the only possibility to provide grid services using loads [2] is called
interruptibility grid service and is meant for situations where there is not enough generation
to supply the demand [2]. This could be due to a peak of extraordinary consumption, or
a sudden loss of production, which are not usual events in Spain due to the sufficient
capacity of the generation system. The service is regulated by Order IET/2013/2013 [27],
which establishes the competitive mechanism of assignation of the interruptibility demand
management grid service. The service awards large industrial consumers and has been
used very few times in the past decade until 2018, when the transmission system operator
(TSO) Red Eléctrica de España decided to use it with economic criteria to lower electricity
prices instead of restricting it to shortcoming technical issues. Since the beginning of
2018, the service has been requested to the providers more times than in the last decade.
The service requires decreasing consumption from loads through 5 or 90 MW packages
and with three different response times: (a) instantaneous execution without pre-order
(response within seconds), (b) fast execution (minimum pre-order of 15 min), and (c) hourly
execution (minimum pre-order of 2 h) with tenders every year to select the providers
and set the remuneration for the available capacity offered (EUR/MW) and for the energy
reduction (EUR/MWh). This scenario is feasible for participation of multi MW electrolyzers,
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but a service availability of more than 95% is required by the TSO, which would mean
an electrolyzer of minimum 5 MW in continued production being able to reduce power
consumption in 5 MW when requested, with the consequent operational costs linked to
such a mode of operation. This is feasible for a large electrolyzer providing a continuous
stream of hydrogen, for example in a chemical plant, with a huge demand of this fuel.
However, this use is already mature (stationary operation) and restricted to specific niche
markets. These include industries with a need for hydrogen for their processes, unable
to cover the large upcoming hydrogen markets planned to be deployed in the EU, with
smaller demands. This is the case of mobility with FCEVs, which do not require such
an amount of this fuel yet. Thus, the interruptibility grid service is not considered as the
option to capture revenues in a case study meant to analyze the potential to serve mobility
with FCEVs.

A more attractive option to implement demand response with flexible multi-MW
loads to provide grid services in Spain would be the possibility to adjust grid frequency
through the secondary regulation market (as it is possible in Austria for example with
the aFRR). This is because the provision of the service includes a remuneration not only
for power reductions (as it is the case of interruptibility), but also for increases through
10 MW packages with a time response of less than 5 min. Currently, only generators are
allowed to participate in the secondary regulation service, so loads such as electrolyzers
would be excluded from application, which limits the possibilities for demand response
implementation in the country as a complementary tool to face the increasing penetration
of renewable generation in the electricity system. However, having a look at the trends in
other EU countries where there are already grid services in place providing remuneration
to loads increasing or decreasing consumption by packages of more than 1 MW or 5 MW
to regulate frequency, accommodate RES, and comply with the EU goals in this matter,
it seems Spain should require soon a similar approach to avoid substantial updates in
grid infrastructures.

Potential for Hydrogen Markets

Besides mature markets (e.g., hydrogen production required in chemical plants), in
Spain the greatest potential in the last years has been towards hydrogen mobility. However,
Spain is still lagging behind EU initiatives in terms of hydrogen refueling infrastructure,
which concentrate mainly in the countries in the center and north of Europe. Table 8 shows
the expected amount of HRS in the EU in 2020, 2025, and 2030 in the pioneering countries
in the introduction of FCEVs [28–32].

Table 8. Perspectives for the cumulated number of HRS deployed in EU countries.

Belgium Germany UK Netherlands Denmark Sweden Norway France Italy Total (EU)

2020 25 100 65 20 15 15 25 29 20 314
2025 75 400 300 80 185 185 308 355 197 2085
2030 150 900 1100 200 500 500 833 600 442 5225

Inside this framework, Spain is trying to join these initiatives so as not to remain
isolated from the deployment of hydrogen corridors, which link these EU countries and
specifically, to create links with France. Now, six HRS are available in Spain for refueling
and four new ones are foreseen by 2020 to link the north of the country with the south of
France through the H2PiyR project [33,34]. The aforementioned initiatives will try to meet
the targets of the Spanish Government, aiming at the commissioning of 20 HRS by 2020 [35].
A drawback that hinders the adoption of hydrogen mobility in Spain is the high total costs
of ownership (TCO) for the FCEVs. The FCEVs, which are currently available in the market,
showcase similar performance to conventional ICE vehicles (e.g., Hyundai ix35, Toyota
Mirai, Honda Clarity FCV, or Renault Kangoo ZE H2). The improved CAPEX and OPEX
values result from the improved efficiency of hydrogen, since it is converted into electricity
onboard, instead of being burnt in an ICE. There, it is still need to reduce the presence of
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platinum group metals to reduce CAPEX in the fuel cell as well as to work on durability
to increase lifetime of fuel cell stacks and reduce maintenance costs (i.e., OPEX). In the
case of the refueling infrastructure, if built to be fed with green hydrogen from renewable
energy by means of electrolysis, it involves the CAPEX of the electrolyzer and the cost of
hydrogen storage and the HRS (which includes a compression installation), which in case
of supply at 700 bar (latest standard pressure for refueling in the EU) means more than
1000 kEUR for a supply of around 200 kg of hydrogen per day (an average car in the EU
travels 12,000 km/year, which means 2.3 kg of hydrogen demand per week if 1 kg of this
fuel allows to drive for 100 km). These costs are even increased if the HRS is small, as
economies of scale strongly benefit FCH technologies.

2.2.3. Greece

The main policy adopted by Greece to facilitate the deployment of energy storage in
its national energy system is related to provisions introduced in Greek Laws 3468/2006 and
3851/2010 with respect to the operation of hybrid power systems in the non-interconnected
electricity networks of the country.

More specifically, Greece was one of the first EU member states to introduce specific
policies and measures promoting energy storage as a medium of increasing renewable
energy sources penetration, mainly in the weak electricity grids of islands. According to this
legislative and regulatory framework, the operation of hybrid power stations comprising
of at least one renewable energy source and at least one energy storage device is allowed in
all autonomous (non-interconnected) electricity networks of the country.

According to the provisions of the above-mentioned legislation, a feed-in tariff model is
introduced for the promotion of hybrid power stations in Greece; the tariff being calculated
differently for each individual isolated (autonomous) electricity network, as a result of a
detailed energy study and simulations taking mainly into account the marginal system price,
the actual cost for energy production, and the existing renewable energy penetration. Using
this legislative and policies measures, the following hybrid power stations operate/have
been designed in Greece:

• Tilos island hybrid power station comprising wind, PV, and batteries (in operation).
• Ikaria hybrid power station comprising wind and pumped hydro (under construction).
• Crete hybrid power station comprising wind and pumped hydro (under permitting

procedure).
• Ai Stratis hybrid power station comprising wind, PV, and batteries (design of the

project completed).
• The Greek government has announced that three additional small Greek island will be

transformed into green energy islands, through the introduction of energy storage tech-
nologies in combination with RES, namely Symi, Astypalaia, and Kastelorizo. There
will be a tendering procedure for investors that will take over the implementation of
these projects.

The feed-in tariffs for hybrid power stations have not been set for all non-interconnected
electricity in Greece, since this is a time-consuming procedure, triggered by investor appli-
cations for power production permits in each system. For the time being, the tariffs that
have already been set in Greece range from 165 to 234€/MWh.

The technical specifications regarding the terms of operation and pricing, and the
provisions set in the above-described legislation have been designed mainly taking into
account the energy storage technology of pumped-hydro. This fact creates significant
problems in the economic viability of hybrid power stations using other energy storage
technologies, including hydrogen.

In addition, according to Greek Law 4439/2016, the country adopts the EC Directive
94/2014 regarding alternative fuels infrastructure. All required technical specifications of
vehicles and hydrogen refueling station infrastructure are set in this legislation. Unfortu-
nately, the Greek state has not taken any other measures and policies to promote hydrogen,
both as an energy storage medium and grid-balancing method.
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3. Overview of European Electricity Markets and Prices

One of the most important parameters and input in the market potential assessment
of hydrogen produced through electrolysis for grid balancing purposes is the identification
of the methodology of operation of the European electricity markets and especially the
prices related to renewable electricity, including its short- and long-term variations. This
is a critical parameter for the economic viability of any project aiming at providing grid
balancing services for the following reasons:

• The economic viability of hydrogen production through PAE for grid balancing ap-
plications is strongly related to the cost of electricity used to drive the electrolyzer.
Therefore, the operation of the electrolyzer to provide grid balancing services becomes
economically favorable when the cost of electricity is low.

• In the northern European countries and in general in countries with high RES (espe-
cially wind) penetration, there is an opportunity to buy electricity at very low (or even
negative cost) at periods of high RES production and when the electricity demand is
relatively low (e.g., during nighttime).

• On the other hand, hydrogen production to provide grid balancing services makes
sense in financial terms, in countries that have low cost of electricity (with Greece
being one among them) all year around.

• Daily variations on the cost of electricity in countries with smart metering operation
and the ability to change between electrical energy providers gives the opportunity to
the producers of hydrogen through electrolysis to decide the periods of time in which
they will operate in order to reduce their costs of electricity and come up with a more
profitable business case.

• In addition, another option for grid balancing is to sell electricity produced from
hydrogen in fuel cells back to the grid. Electricity prices are important for this option
as well, where hydrogen producers become electricity producers and they are able
to select periods of low renewable energy production in order to sell electricity at
higher prices.

3.1. Overview of Electricity Prices for Industrial Electrolyzers at an EU Level

In the FCH JU study titled “Water Electrolysis in the European Union” [4], representa-
tive data sets values for different types of regulatory and pricing environment from five
European member states were selected in order to analyze the available cost of electricity
for industrial electrolyzers. The countries selected represented significant variations (by
electricity price, penetration of renewables, and overall market size) in order to come up
with an overview of different cases and business development environments. As can be
seen in Figure 2, a large range of electricity prices for industrial consumers is available in
different member states.

Figure 2. Average electricity cost of industrial electrolyzers in 2012 [4].
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The large variation in electricity prices in different countries and in different periods of
time and conditions results in a significant differentiation on the cost of hydrogen produced
from electrolysis, depicted in Figures 3 and 4, since as will be analyzed in the following
paragraphs, electricity prices are a critical factor affecting highly both total hydrogen
production cost and the economic viability of the investment as well. It should be noted
that in Figures 3 and 4,“RG only” refers to renewable generators.

Figure 3. Hydrogen production costs in 2012 for best case KPIs for Alkaline and PEM electrolyzers in
different electricity market scenarios [4].

Figure 4. Hydrogen production costs estimated for 2030 for the best case KPIs for Alkaline and PEM
electrolyzers in different electricity market scenarios [4].

3.2. Identification of Electricity Prices for Industrial Electrolyzers in the Targeted EU Countries

The electricity prices for industrial electrolyzers in the remaining targeted EU coun-
tries, namely Austria and Greece (these prices were presented for Spain in the previous
paragraph), are presented in the following paragraphs.

3.2.1. Austria

Market conditions in Austria have changed significantly. The bidding zone integrity
between German and Austrian electricity market has been suspended and replaced with
a capacity market mechanism. This has led to significant price changes for wholesale
electricity. Additionally, the market design for the Austrian regulatory energy market
changed in 2018.

A simulation based on past market data was designed and implemented. This simula-
tion incorporates the new balancing power market design (introduced in summer 2018) and
changes originating from the bidding zone separation of Austrian and German wholesale
electricity market. Due to the new market design, price levels and bidding strategies have
changed considerably.

The new simulation data is based on market information from October 2018 until
March 2019. Although a full calendar year set of market data is not available yet, relevant
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changes are incorporated in the available data and the results of the simulation incorporate
actual market conditions.

Thus for the case of Austria, the relevant costs have been calculated as presented in
Table 9.

Table 9. Production cost of hydrogen.

Electricity Price

Electricity price (energy price only) (cent/kWh) 5000

Grid Fee for Electricity to Produce Hydrogen

Grid usage fee (cent/kWh) 0.000
Grid loss compensation fee (Ccnt/kWh) 0.000

Energy measurement fee per year (€/year) 876,000
Grid furnishing fee (€/kW) 133,000

System service fee (applies only for power generation) 0
(System access fee) Variable

Taxes and Charges

Electricity excise tax (standard is 1,5 cent/kWh) (cent/kWh) 0
Green electricity promotion contribution (cent/kW) 89.583

Green electricity allowance grid level 5 [€/Year] 15,517
Production cost electricity for electrolysis (cent/kWh) 5000

Conversion loss electrolysis (cent/kWh) 2.273

3.2.2. Greece

The electricity prices for industrial customers in Greece vary according to: (1) grid
connection status (low, medium, or high voltage), (2) the required maximum capacity,
and (3) the usage factor (low or high). Currently, there are no provisions related to lower
electricity prices for the operation of the electrolyzers in time periods and areas with excess
renewable energy production and high curtailments in the regulatory framework of the
country. The only exemption to that is the existence of specific provisions and high feed-in
tariffs for selling electrical energy from hybrid power stations (combined RES and energy
storage installations, which may include hydrogen as a storage medium) back to the grid.
The feed-in tariff mentioned from the energy storage installations above, could reach up to
250€/MWh.

Therefore, Greece cannot be considered currently as a member state with a high
market potential for power to hydrogen applications, with the potential exception of re-
electrification systems in the autonomous, non-interconnected to the mainland grid, islands
of the country.

To provide an idea of the electricity costs for industrial electrolyzers for the country of
Greece, the so-called BY pricing invoice of the Public Power Corporation (PPC) is presented
in Table 10. This electricity pricing invoice is directed to commercial and industrial end-
users at medium voltage, having a high usage factor of electrical energy.

Table 10. BY electricity pricing invoice of the Public Power Corporation (PPC) in Greece (www.dei.gr,
last accessed at 5 January 2022).

Time Zone Power Pricing (€/kW/month) Energy Pricing (€/MWh)

7:00–23:00 on working days,
all year around 8.00

7:00–23:00 on working days,
all year around 59.03

23:00–7:00 on working days,
and on all weekends and

public holidays
46.14

www.dei.gr
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On top of the electricity prices related to the production and procurement of electrical
energy, PPC pricing invoices have also regulated charges, which are presented in Table 11.

Table 11. BY regulated charges invoice of the Public Power Corporation (PPC) in Greece (www.dei.gr,
last accessed at 5 January 2022).

Transmission
System Distributed System Other Charges

(€/kWh)
Charges

Related to RES
(€/kWh)

Common
Benefit

Services
(€/kWh)

Power Pricing
(€/kW/month)

Power
Pricing

(€/kW/month)

Energy
Pricing

(€/MWh)

Commercial 1.329 1.179 2.9 0.00007 0.00878 0.01790
Industrial 1.329 1.179 2.9 0.00007 0.00878 0.00691

4. Business Climate for Grid Balancing/Current Markets for Pressurized Alkaline
Electrolyzers in Europe

In the following paragraphs, the overall business climate for pressurized alkaline
electrolyzers and the potential end-users for hydrogen per each application sector will be
presented. This analysis is a significant part of the overall market potential assessment,
since it identifies the target market groups and specific potential applications. The busi-
ness climate analysis for grid balancing and all the above-mentioned components will be
described in detail and categorized per application in the following sectors.

The versatility of hydrogen applications is the strongest advantage, since it can be
used as a fuel, can be injected to the natural gas grid, can be used as an industrial gas in
many processes, provides an ideal solution for clean transport, and can be re-electrified in
fuel cells to produce power again. Moreover, hydrogen produced from electrolysis is an
excellent medium to provide grid services and balancing and produce additional revenues.

The business climate for hydrogen production through water electrolysis to contribute
to grid balancing was analyzed in detail in the “Study on early business cases for H2 in
energy storage and more broadly power to H2 applications” prepared by TRACTEBEL and
Hinicio, which was funded by the Fuel Cells and Hydrogen Joint Undertaking (FCH JU)
and supported by the European Commission [4].

The basic conclusion of the above-mentioned study was that power to hydrogen is
bankable already today. It has been concluded that the estimated cumulative electrolyzer
capacity to be installed in Europe by 2025 is in the order of 2.8 GW. This estimation is based
on sound economics and represents a total market value of €4.2 bn. Even today, the total
amount of profitable business cases in the field would be in the order of 1.4. GW, with a
market value of €2.6 bn, if all these cases were realized.

As was already described in the previous paragraph, the critical factor for the economic
viability of such an investment is the price of electricity. According to this study, a total
(baseload) electricity price in the order of 40–50€/MWh is required to build a profitable
business case. This price includes the total cost of electricity needed to drive the electrolyzer,
grid fees, all taxes and levies.

The most effective method to achieve profitability is to combine several revenue
streams from different market applications that will be described in more detail in the next
paragraphs. In European areas that have access to discounted electricity prices through
valorization of local curtailed renewable electricity, the most bankable business cases identi-
fied for the short- and medium-term include mobility and industry as primary applications.
These include regional hydrogen mobility, refineries and cooking oil production, comple-
mented by hydrogen injection to the natural gas grid. The payback time of the identified
business cases varies from 3 to 11 years, depending on the primary application. The primary
success condition is a gas grid injection tariff of at least 90 €/MWh LHV.

The refinery business case is the only one that is not identified as profitable (as a
stand-alone application) in the study. To bring this business case to breakeven today, a
subsidy of at least 10% on capital investment costs would be required.

www.dei.gr
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One of the basic conclusion of the study was that business cases that are based in
single primary applications (selling hydrogen to industrial or mobility applications) will
have good chances of profitability, but with higher payback periods compared to business
cases that combine multiple revenue streams. The bankability of such an application
will be improved when including revenues from the provision of services to balance and
improve the quality of grid frequency to the power system (frequency containment and/or
restoration reserves). Such an approach contributes in decreasing payback times as well.
These services, even though representing a relatively small share of the total revenues of
the investment (between 10% and 30%), also have a sizeable and positive effect on net
margin (+40 to +80%), since the additional cost needed to provide grid services is relatively
low. The impact of including grid frequency/balancing services to the investment payback
time is a reduction, ranging between 30 and 50%, and more specifically from 4–11 years,
down to 3–8 years.

In Table 12, the profitability results for the three best short-term business cases assessed
in the context of this study are presented.

Table 12. Profitability results of the three best short-term business cases of the study [4].

Weighted Average Cost of
Capital (WACC) on CAPEX: 5%

Project Lifetime: 20 Years

Semi-Centralized
Production for Mobility

(Albi, France)

Food Industry
(Trige, Denmark)

Refinery
(Lubeck, Germany)

2017 2025 2017 2025 2017 2025

Primary market H2 volume
(t/year) 270 950 900 900 3230 3230

Average total electricity price for
prim. Market (€/MWh) 44 45 38 47 17 26

Net margin without grid services
(k€/MW/year) 39 71 228 248 -46 30

Net margin with grid services
(k€/MW/year) 159 256 373 393 -13 195

Share of grid services in net
margin (%) 75% 72% 39% 37% - 85%

Payback time without grid
services(years) 11.0 9.0 4.6 3.7 - 8.4

Payback time with grid services
(years) 8.0 4.5 3.4 2.7 - 3.5

Key risk factors

Taxes and grid fees
H2 price

Size of fleets
Injection tariff

Grid services revenues

H2 price
Taxes and grid fees

Grid services revenues

Taxes and grid fees
Grid services revenues

Carbon price

4.1. Power to Gas

This business case refers to the production of hydrogen through water electrolysis
and its injection to the natural gas grid. This concept was first tested in small-scale in the
last two decades. Currently, it is characterized as a secondary value stream, since it is
considered insufficient to drive a solid business case on its own, but it can turn out to be
very useful in creating opportunities to stack additional revenues on top of a primary value
stream at very low marginal cost, resulting in a significant increase of the profitability of
the investment.

Gas injection to the grid is an energy storage method and is being characterized as
a large-scale application. In addition, this is a pathway for long-term storage of excess
renewable electricity. The basic advantage of gas grid injection lies in the fact that no
additional investments in infrastructure are required, since the already existing natural gas
grid can be used for storage and as a transport medium for hydrogen as well. This method
can therefore be applied in order to both store and transport very large quantities of excess
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renewable energy, which in several cases occur on a seasonal basis, over long distances,
without introducing a need for building new connectors.

This energy storage method is being seriously examined in Germany, where large
quantities of excess wind energy (produced in the north) that cannot be absorbed by the
electricity grid of the country, cannot be easily transferred to the consumption centers of
the south due to line congestion. The result of this situation is wind energy curtailment
at a very high percentage. Of course, it can be easily understood that batteries are not an
option for large-scale and long-term energy storage of the excess wind energy. Moreover,
the construction of new electricity distribution lines is extremely challenging in terms of
cost and public acceptance. Energy storage in hydrogen, followed by its injection to the
natural gas grid is a potential solution to the above-mentioned problems.

As described above, the power to gas option has theoretically several advantages, but
specific issues related to economic and regulatory matters should be solved in order to
become a solid business case. In more detail, there is one barrier related to a regulatory
limitation on the maximum hydrogen percentage that can be injected to the natural gas grid.
There are also technical limits for specific natural gas end-users, the processes of which
are not tolerant to high hydrogen content in the NG. The production of synthetic natural
gas through methanation is a potential solution to overcome the limitations on maximum
hydrogen content injected to the grid, but this option is associated with the introduction of
additional costs and makes this business case economically unattractive.

The economic analysis of this study concluded that the power to gas option is not
attractive, since without any kind of support or subsidies, the cost of hydrogen injected
is comparable to the natural gas delivered by the pipeline. Therefore, in order to build
solid power to gas business cases, specific instruments should be introduced. There are
two options:

• A feed-in tariff (or injection tariff) scheme for green hydrogen, which can operate on
principles, which are similar to the scheme that already exists in several countries for
biomethane. Currently, such a scheme does not exist for green hydrogen or low carbon
hydrogen in any European country.

• A carbon price that would apply (among others) as a tax on natural gas. Such a
provision would help in reducing the cost between these two gases (natural gas
and hydrogen).

The first option of introducing feed-in tariffs for green hydrogen, is considered to be
the most probable action in the short- to medium-term.

As a conclusion, the power to gas market option will have to be handled as a secondary
value stream to build a successful and profitable business case. Until, the above regulatory,
technical, and economic barriers are removed through modifications in the existing support
policies (and mainly by introducing a green hydrogen feed-in tariff), this will not be a solid
and profitable stand-alone business case for hydrogen producers through water electrolysis.

4.2. Power to Mobility

This is the second option/business case for hydrogen produced from water electrolysis,
providing grid services/balancing. Using hydrogen in the mobility sector to contribute to
greenhouse gases emissions reductions is an emerging market, the development of which
requires additional refueling infrastructure. It is considered as a primary application, hav-
ing good chances of profitability, but with higher payback periods of time as a stand-alone
value stream. When combined with other methods of commercial exploitation of hydrogen
(including power to gas), the payback time of the investment will significantly reduce.

The critical factor for the economic viability of the value stream of this application is
the end-users acceptable final price of hydrogen. One basic assumption of this study was
that the end-user will accept to pay a final price that is at least equal to the current cost of
fossil fuels/km.

The end-user acceptance price is very important in order to calculate the price at which
hydrogen will be provided by hydrogen producers through electrolysis to the owners of
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hydrogen refueling stations (HRS), taking also into account the costs and profit margin of
HRS operators. In this analysis, hydrogen is taken into account as tax-free in the short-term,
as a policy to promote low and zero emission mobility.

In Table 13, the HRS operator acceptance prices per each mobility application are pre-
sented. This calculation has been based on specific reference boundary conditions, namely:

• Typical fleet consumption of hydrogen (daily, weekly, monthly, and annually)
• Constraints that impact the operation of the electrolyzer and available storage tank
• Typical requirements of HRS
• Ranges for acceptable hydrogen prices

Table 13. Acceptable hydrogen prices to end-users and HRS operators per mobile application [4].

Example of Mobility
Applications Forklift Urban Bus Captive Fleet of FCEV

Range-Extenders

Users B2B: private operator (e.g.,
distribution center) B2B: bus operator

B2B: private operator (e.g.,
distribution or postal company,

car sharing schemes)

Hydrogen supply Trailer delivery, semi-centralized,
or on-site production On-site production Trailer delivery, semi-centralized,

or on site production

Utilization rate 2 to 3 shifts per day
330 days per year

250 km/day/bus
307 days per year

100 km/day/vehicle
330 days per year

Typical fleet size (considered in
this study)

50 forklifts: 50 kg/day
200 forklifts: 200 kg/day

10 buses: 250 kg/day
20 buses: 500 kg/day

50 FCEV range-ext.: 50 kg/day
100 FCEV range-ext.: 100 kg/day

H2 consumption (average) 33 tons per year (200 forklifts) 154 tons per year (200 buses) 16.4 tons/year (50 FCEVs)
Delivery pressure 350 bar 350 bar 350 bar

On-site production
Storage backup

Dedicated 24 h autonomy of
storage (120 kg H2)

Dedicated 24 h autonomy of
storage (500 kg H2)

Dedicated 24 h autonomy of
storage (50 kg H2)

Refueling schedule
Whole day depending of needs 2
to 3 refuelings per day (1 per shift)

330 days per year

1 refueling per day at night
307 days per year

Whole day depending of needs
330 days per year

Acceptable hydrogen fuel price to
end-users (at the pump) 11–12 €/kg 6–7 €/kg 9–10 €/kg

Acceptable hydrogen fuel price
delivered to station (selling price

for the power-to-hydrogen
system operator)

6–7 €/kg H2 4–5 €/kg H2 1 5–7 €kg H2 2

1 Calculated based on H2 station CAPEX: 1.4 M€; OPEX: 4% of CAPEX; Power consumption: 3 KWh/kg; Electricity
price: 100€/MWh; Lifetime: 10 years. 2 Calculated based on H2 station CAPEX: 300 k€; OPEX: 4% of CAPEX;
Power consumption: 3 KWh/kg; Electricity price: 100€/MWh; Lifetime: 10 years.

The results of these calculations demonstrated that the acceptable prices of hydrogen
for HRS operators ranges between 4–7 €/kg, depending on each mobility application. The
cost margin for HRS operators ranges from 40 to 100%.

As a conclusion, the power to mobility market option should be handled as a primary
value stream to build a successful and profitable business case. In order to maximize
revenues and reduce significantly payback times, this business case should be (at least
in the short-term) combined with one or more other applications (primary or secondary),
such as power to gas, power to power, or power to industry in order to come up with an
attractive business case from the financial point of view.

4.3. Power to Industry

The third option/business case for hydrogen produced from water electrolysis, pro-
viding grid services/balancing is the one of selling hydrogen as a chemical in order to be
used in industrial applications. The usage of hydrogen in industry can be divided into
large and light applications depending on their hydrogen consumption volume. Large
industry typically includes refineries, chemical plants, and steel manufacture characterized
by a very large quantity of hydrogen consumption (over 10,000 Nm3/hr). In these appli-
cations, hydrogen is supplied either by steam methane reforming (SMR) or by pipelines
available in specific countries. On the other hand, light industrial applications are supplied
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by hydrogen either through trucks or small-scale SMR units. In industrial applications,
hydrogen is used as a chemical required in the processes of the various categories of plants.

The power to industry business case is characterized as a primary value stream that
has good chances for creating profitability, but when used as a stand-alone end-user,
results in higher payback periods of time. Therefore, a better economic viability for this
application can be achieved by combining this application of hydrogen produced from
water electrolyzers with additional value streams in order to reduce payback times and
increase profitability.

In general, hydrogen required for large-scale industrial applications (especially in
refineries) is produced through SMR at significantly lower costs compared to hydrogen
produced from electrolysis. Unless, specific decarbonization policies are enforced in order
to promote green hydrogen through subsidies, this business case will not be profitable for
hydrogen producers using electrolyzers.

On the other hand, hydrogen required for light industrial applications could be a
viable business case/value stream dependent on the specific conditions and the industrial
sites locations. In more detail, in the context of the above-mentioned study, it has been
concluded that in Denmark and France [36], there is a high potential for introducing
hydrogen produced from electrolysis in light industry applications, due to high distances
from any filling center and the low competitive environment and high price of trucked in
hydrogen. Similar favorable conditions for this value stream can also be found in other
European areas.

As a conclusion, the power to industry market option should be handled as a primary
value stream to build a successful and profitable business case. It is evident that light
industry applications come up with a higher profitability for hydrogen producers through
water electrolysis. In order to maximize revenues and reduce significantly payback times,
this business case should be (at least in the short-term) combined with one or more other
applications (primary or secondary), such as power to gas, power to power, or power to
gas in order to come up with an attractive business case from the financial point of view.

4.4. Power to Power (Re-Electrification of Hydrogen)

The fourth option/business case for hydrogen produced from water electrolysis is
producing energy in fuel cells driven by the previously stored hydrogen and selling it back
to the electricity grid. Non-interconnected islands, where electricity is currently produced
by diesel or heavy oil are the best locations for hydrogen re-electrification, since the cost of
energy produced in these systems is already high.

Power to power business case should be combined with provision of grid services
(combined grid balancing and frequency control) to have an additional income and make
this application more economically attractive and profitable. Nevertheless, it should be
noted that in almost all European countries, there is not a regulatory provision for capacity
payments for frequency containment.

From the financial point of view, the power to power option is stronger in small
autonomous island systems that present an already high cost. It has been estimated that
this business case becomes viable in island systems that present a power generation cost
over 200–250 €/MWh, depending also on the availability of wind and solar potential. This
option will highly contribute in the increase of renewable energy penetration in the weak
electricity grids of islands and its decarbonization. The main competitor here, is batteries,
but the power to power business case provides the advantage of seasonal energy storage.

As a conclusion, the power to power market option should be considered in the short-
term for small-size, non-interconnected islands with already high power generation costs.
Power to produce hydrogen through the electrolyzer should be provided by renewables
(excess electricity that cannot be absorbed by the grid). To achieve profitability, this business
case should be combined with the provision of grid services (grid balancing and frequency
control) to maximize revenues and come up with an attractive investment.
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4.5. Grid Services Provision

The fifth option/business case for hydrogen produced from water electrolysis is the
provision of grid services by the owner of the electrolyzer (hydrogen producer). This is a
secondary value stream, since it cannot provide a profitable business case as a stand-alone
application and should be considered as an additional income source, combined with a
primary application. A water electrolyzer could potentially provide the following grid
services to transmission and distribution operators:

• Balancing and management of congestion (transmission grid at national level).
• Frequency containment services for increased stability of the electricity network (at

transmission grid and also includes enhanced frequency reserve service type).
• Distribution grid services: these services are not as mature as services at the transmis-

sion level. The value of the distribution grid should be assessed by taking into account
the respective CAPEX and OPEX, which can be avoided due to the operation of the
electrolyzer (load shifting activation).

The revenues produced from the operation of an electrolyzer and its flexibility to
provide grid services in each of the above-described categories are depicted in the following
paragraphs:

• Balancing services: In cases where hydrogen production targets are clearly set for the
electrolyzer over time periods, such as a week, while maintaining a spare capacity,
it allows an electrolyzer to provide load shifting (meaning additional flexibility) for
balancing services. Therefore, it could adopt its consumption to renewable energy
variation. The analysis conducted in the context of this study, showed that the rev-
enues of an electrolyzer providing balancing services vary according to the operation
scenario. In Figure 5, the expected revenues for a 1 MW electrolyzer providing balanc-
ing services for a number of case studies in different EU member states and different
activation costs are presented.

Figure 5. Balancing services expected annual revenues for a 1 MW electrolyzer with 3 activation
costs [4].

• Load frequency control: There is a great differentiation in the terms of regulation
and remuneration related to ancillary services for load-frequency control across EU
member states, therefore the revenue expected from this application/business case of
hydrogen produced through electrolysis differ greatly.

• Distribution grid services: In the context of the above-mentioned study, specific simula-
tions were realized, in order to calculate the profitability of this business case. The key
results of this assessment indicated that the income linked to the flexibility provided
by the electrolyzer are very low, since the electricity networks need to be reinforced to
install the electrolyzer (which results in an additional capital cost), while this added
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value of its flexibility lies in postponing reinforcement investments. The calculations
showed that the expected income from such an operation of the electrolyzer will be
lower than 1 k€/MW/yr (annualized over the lifetime of the electrolyzer).

As a conclusion, the grid services provision market option should be handled as a
secondary value stream to build successful and profitable business cases. It is evident that
provision of grid services (balancing services, load frequency control, and distribution grid
services) for hydrogen producers through water electrolysis should be combined with at
least one other business case/application of hydrogen, such as power to mobility, power to
industry, or power to gas. Such an approach would result in creating a more attractive and
profitable business case for hydrogen producers.

4.6. Power to Heat

Power to Heat application of hydrogen is sometimes overlooked due to the low overall
efficiency of the process of producing hydrogen through electrolyzers using renewable
electricity and then using hydrogen in H2 burners in order to produce heat. This application
has the disadvantage of needing additional infrastructure, mainly for the hydrogen burner,
therefore it is usually less profitable compared to natural gas grid injection. Nevertheless,
in specific cases, power to heat applications could turn into solid and profitable business
cases. The main end-user of this application would be light industrial applications with
high heating demand. The most important critical factors for the economic viability of this
business case are: (1) cost of electricity, (2) distance from the end-user, and (3) current cost
of natural gas of the industrial users.

In cases of proximity of the industry to the hydrogen producer, low cost of electricity
to produce hydrogen and high natural gas prices, the business case of power to heat gas
has a good chance to become a viable and profitable investment. To increase income and
profitability, it should be combined.

As a conclusion, the power to heat market option could become viable as a light
industry application when the following conditions exist: (1) proximity of the industry to
the hydrogen producer, (2) low cost of electricity to produce hydrogen, (3) high heating
demand, and (4) high natural gas prices. It is evident that for power to heat applications
to become profitable for hydrogen producers through water electrolysis, it should be
combined with at least one other business case/application of hydrogen, such as power to
mobility, or provision of grid services. Such an approach would result in creating a more
attractive and profitable business case for hydrogen producers.

4.7. List of at Least Ten Market Opportunities at the EU Level

Following the analysis of business climate and current potential markets for the
application of pressurized alkaline electrolyzers in providing grid balancing services, the
following market opportunities have been identified:

1. Power to gas application in northern Germany: Although power to gas applications
are considered as a secondary value stream (due to the existing regulatory and legisla-
tive frameworks all over Europe), a solid application/business case of a pressurized
alkaline electrolyzer for this scope can be set up in northern Germany due to the high
percentage of wind energy curtailments in the area. A significant market opportunity
can be created in this area of Europe, which will be facilitated by the fact that several
demonstration projects in this field have been already realized in the last two decades,
resulting in the acquisition of high-level experience for scaling it up.

2. Power to mobility application MPREIS (Austria): This project has already taken a
strategic decision to replace a good part of its fossil-fuel-driven vehicles with hydrogen
ones. In addition, the company has already decided to install a pressurized alkaline
electrolyzer to produce hydrogen that will be fed in a Hydrogen Refueling Station
(HRS) to support its new hydrogen vehicle fleet. As analyzed above, the power to
mobility business case is considered as a primary value stream and will most probably
be a profitable business case as well. Moreover, such a large-scale introduction of
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hydrogen technologies in the transport sector will facilitate a wider use of hydrogen
vehicles in commercial applications (heavy duty trucks) in Austria.

3. Power to mobility applications in Innsbruck region (Austria): The region of Innsbruck
is one of the ones showing a high penetration of hydrogen vehicles. Hydrogen
refueling stations (HRS) are also located in this area. Therefore, it is sensible to
identify a market opportunity for pressurized alkaline electrolyzers in this location
and this application, which will be higher in the next years, when the penetration of
hydrogen vehicles will be higher.

4. Power to mobility application in AB Vasilopoulos logistic center in Greece: Logistic
centers are considered one of the best markets for the commercial introduction of
hydrogen technologies, including hydrogen production through pressurized alkaline
electrolyzers. One of the largest supermarket chains in Greece, namely AB Vasilopou-
los, are interested in creating the hydrogen production infrastructure required in order
to substitute part of their battery electric forklift vehicles with hydrogen ones in their
main logistics center.

5. Power to industry application in Hellenic Petroleum SA (HELPE): Hellenic Petroleum
SA owns the biggest refinery in Greece and they are generally interested in investing
in clean energy technologies. They are also leading the efforts for establishing the
Greek Hydrogen Association, therefore they have a serious interest in investing in
hydrogen energy technologies, including hydrogen production through pressurized
alkaline electrolyzers.

6. Power to power application on Milos Island: As explained in the above sections,
power to power applications can become profitable only in small- to medium-scale
non-interconnected islands, where hydrogen will be produced through electrolysis
driven only by renewable energy (mainly wind energy), which cannot be absorbed by
the weak island electricity grid. Power to power applications should be supported
by grid services provision (namely frequency and voltage control). Milos is a Greek
island in the southwestern Aegean Sea, with a peak electricity demand of 13–14 MW
and ca. 5000 inhabitants. In the island, a small wind farm operates. The total yearly
wind energy curtailments on the island exceed 20%, therefore Milos is ideal for such
an application. Moreover, the Municipality of Milos has joined the FCH JU European
Regions and Cities Initiative.

7. Power to power application on Kalymnos Island: Kalymnos is a Greek island in
the southeastern Aegean Sea (in Dodecanese complex) with similar characteristics
to Milos. As a matter of fact, Kalymnos is a little bit bigger than Milos and has
almost 9000 inhabitants. The main difference is that Kalymnos is interconnected with
another eight islands, forming a non-interconnected complex, since these islands are
not interconnected to the mainland. In the electricity network, several wind farms
operate and the wind energy curtailments exceed 30%, therefore Kalymnos is an
ideal business case for power to power applications, since energy storage is required.
Moreover, Kalymnos has joined the FCH JU European Regions and Cities Initiative
as well and has already developed its local hydrogen development plan, selecting
specific business cases of hydrogen technologies, including local hydrogen production
infrastructure through water electrolysis driven by renewable energy sources.

8. Grid balancing services application on Crete Island: Crete is the biggest island of
Greece, having a total population of over 680,000 inhabitants. A large number of
wind farms have been installed and operate in the autonomous power system of the
island, having reached the technical limit of penetration. Wind energy curtailments
on this island are huge, surpassing 40%. As a consequence of this situation, there are
several problems related to the stability of the electricity grid, therefore the provision
of grid balancing services (both frequency and voltage control) through the operation
of pressurized alkaline electrolyzers would be valuable for the power quality of the
island of Crete.
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9. Grid balancing services application on Rhodes Island: Rhodes is the biggest island
of Dodecanese, having a total population of over 115,000 inhabitants. Rhodes faces
similar problems related to power quality and the operation of wind energy farms with
Crete, but due to its high tourism development and the high difference in electricity
requirements between summer and winter, the island suffers from serious blackouts
and stability problems. Therefore, provision of grid services through pressurized
alkaline electrolyzers would create a solid market opportunity.

10. Power to heat application in MPREIS Bakery industry: MPREIS is one of the biggest
bakery industries in Austria and it requires huge quantities of thermal power. There-
fore, using hydrogen produced by pressurized alkaline electrolyzers to feed suitable
burners is a very good market opportunity. Moreover, to achieve the desired quality in
baking of specific products of the company requires heat produced only by hydrogen,
thus this is a solid business case.

5. Concepts of Financing and Support

Due to the fact that hydrogen production for water electrolysis providing grid balanc-
ing and other similar services incorporates an additional (premium) cost, it is important to
investigate available financing/funding and support policies to fill the gap of this extra cost
at an EU level. There are specific tools available at the European level that can be used in
order either to finance, or even partly fund infrastructure of hydrogen production through
water electrolysis for grid balancing and some hydrogen applications discussed above. The
most important funding/financing tools at the EU level are the following:

• European Regional and Development Fund (ERDF) and European Social Fund (ESF), with a
total available budget of 562.6 billion Euros. These tools foresee a funding rate between
75–85% for the less developed regions, 60% for the transition regions, and around 50%
for the more developed regions. ERDF and ESF can be used to fund a variety of pieces
of infrastructure for various applications, including hydrogen technologies.

• The Funding Programme Connecting Europe Facility (CEF)—Transport, can be used to
receive funds for the development of hydrogen and fuel cell technologies (especially
infrastructure) in the transport sector. The total available budget of the program,
which is managed by the European Investment Bank, is around 24 billion Euros.
This program could be used in order to fund power to mobility applications and the
development of hydrogen refueling stations (HRS). Only projects of common interest
(PCIs) are eligible for funding under the CEF tool.

• Cohesion Fund aims at strengthening the economic and social cohesion of Europe and
also provides support to: (1) investments related to the improvement of environmental
quality and sustainability, and (2) Trans-European Networks for Transport (TEN-T)
with a total available of 3.8 billion Euros. Funding details depend on the national
management authorities of each member state, while the maximum funding rate can
reach up to 85% of the investments.

• Urban Innovation Actions—UIA Programme, which provides support in urban European
areas, in order to test innovative solutions with a limited maturity level. The total
budget of the program is 372 million Euros and a co-funding rate of at least 20% is
required. It is available for municipalities and regions with a population of at least
50,000 inhabitants.

Other funding and support tools are also available for hydrogen technologies in
general at a national level at a significant number of member states. National policies on the
promotion of hydrogen technologies in general (including hydrogen production through
water electrolysis for grid balancing) at the targeted countries (Austria, Spain, and Greece)
will be presented in the following paragraphs.
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5.1. Austria
5.1.1. The National Hydrogen Programme

At the 20 March 2019, Austria launched the development of a hydrogen strategy
to achieve climate goals, which are defined in the #mission2030—the Austrian climate
and energy strategy. The strategy will be finished by the end of this year. The topic will
be managed by the Federal Ministry for Sustainability and Tourism (BMNT) with the
participation of the Federal Ministry of Transport, Infrastructure and Technology (BMVIT)
in close collaboration with science, business, and industry.

5.1.2. Overall R&D Funding (Promotion of Alternative Propulsion Systems and Fuels)
60 M€ per Year

• R&D projects aimed at the development of automotive solutions as well as research
infrastructure itself.

• FFG programs for research and development of business relevant projects.
• Centers of competence regarding the readiness of research solutions.
• Climate & Energy Fund: funding for research and development for alternative energy

sources/carriers.
• International networking (IPHE, IEA, H2020, Joint Undertaking) “Fuel Cells & Hydro-

gen European technology platforms (ERTRAC BIOFUELS, ERA-NET Transport).

5.1.3. WIVA P&G

In Austria, the research association WIVA P&G (Wasserstoffinitiative Vorzeigeregion
Austria Power and Gas—www.wiva.at, last accessed at 5 January 2022 was founded for
the further development of the Austrian energy system. This has in part been achieved by
the development of renewable gases such as green hydrogen and biomethane. WIVA P&G
takes into consideration the experience that was gathered from a number of completed
projects, in order to use this experience for the implementation of sub-projects in an energy
model region. The development of the model region by WIVA P&G is in accordance
with existing structures in Austria, as well as with international cluster projects, while
having a multidisciplinary nature, encouraging innovation and demonstrating intelligent
applicable systems.

5.2. Spain

In Spain, hydrogen technologies are also widely recognized and accepted as a tool
with great potential to achieve the objectives of sustainability in the energy and transport
sectors. In 2007, as part of the Spanish Strategy for Climate Change and Clean Energy
2007–2013–2020, it was already indicated, as part of the action area in renewable energy, the
generation of biohydrogen in the energy field, and the incentive of hydrogen technologies
(such as fuel cells) to give solutions in the field of mobility using it as clean fuel generated
from renewable energy. Thus, its importance in the different national strategies and action
plans relating to renewable energy is being recognized due to its versatility and flexibility
to be used in different applications.

Reference was also made on a preliminary basis to actions related to renewable energy
and energy efficiency in the Renewable Energy Plan 2005–2010 and in the Energy Saving
and Efficiency Strategy Action Plan 2008–2012 in Spain, respectively. Both documents have
been updated and their second phase is being implemented, with hydrogen technologies
still being widely described and characterized.

Recently, the National Renewable Energy Action Plan (NREAP) 2011–2020 is based on
the mandates of the Directive 2009/28/EC of the European Parliament and of the council of
23 April, on the promotion of the use of energy from renewable sources, which stipulated
that each member state should develop a national action plan in the field of renewable
energy, and updates to the Renewable Energy Plan 2005–2010. For the case of hydrogen, the
role in the plan is to support the renewable energy generation to store the surplus generated
so that they can be used for different applications such as delivery to the gas network,

www.wiva.at
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sustainable mobility, uses in the chemical industry or re-electrification through fuel cells.
There were therefore established goals for hydrogen generation through renewable energy
that, despite some very low levels being established for the year 2020, make it clear that
the clean hydrogen generated by renewable energy should begin to be considered in the
short- and medium-term in Spain. In this scenario, the Secretary of State for Energy at
the Ministry of Industry, Tourism and Trade, through the IDAE, decided to deepen in the
NREAP 2011–2020. The objective of this analysis in 2011 was to consider the evolution of
the world and Spanish economy and the analytical work of the Spanish energy strategy for
the next 25 years. They recommended a participation in renewable energy of 20.8% in 2020
in response to the Law No. 2/2011 of Sustainable Economy, which required the drafting
of all the plans needed to meet the objectives of the Directive 2009/28/ EC. In this way,
the Renewable Energy Plan (REP) 2011–2020 was launched following NREAP 2011–2020,
which gave added depth to its objectives and also conducted an in-depth sectoral analysis.
The REP 2011–2020, in its entirety, recognizes the potential of hydrogen technologies in the
following areas:

• Clean biofuel generation as biodiesel.
• Clean biogas generation from biomass.
• Combustion engine propulsion.
• Gasification, fermentation and pyrolysis to get hydrogen from biomass.
• Electrochemical storage of hydrogen generated from electrolysis on a large scale

to be used in the chemical industry, the gas network or in applications with fuel
cells such as hydrogen-powered vehicles. This plan recognizes hydrogen as the best
alternative to store energy in the long term and large quantities of wind energy surplus,
with regard to systems such as the adiabatic storage of energy in compressed air or
electrochemical batteries.

In addition, in the sectorial analysis, hydrogen is explicitly mentioned in the different
lines of R&D&I of REP 2011–2020 highlighting:

• Biogas sector: following the communication by the European Commission, “European
Strategic Energy Technology Plan (towards a low carbon future)” recognizes the
potential of the conversion of biogas in hydrogen.

• Wind Sector: for the work areas which REP 2011–2020 recognizes (Work Area 3,
applications), the ability is provided to search for the development of energy storage
projects for its application in off-peak periods, through the use of systems for the
production of hydrogen and fuel cells.

• Horizontal sector: accumulation systems of energy from the power grid. Hydrogen
storage is described as promising for the future, for which large-scale demonstrations,
efficiency increase, and the seeking out, adaptation, or building of systems suitable for
storing are fundamental.

On the other hand, the Energy Savings and Efficiency Action Plan (ESEP) has been
updated for the period 2011–2020 and again for the period 2014–2020 following the adoption
of the Directive 2012/72/EC on energy efficiency by the European Parliament and by the
council, which aims for a reduction of 20% in the energy consumption for all member states.

In the fundamental version, developed for the period 2011–2020 and which will be
subject of adaptation according to the mandates and directives to fulfil the 2020 objectives,
hydrogen technologies applied to the transport sector are mentioned. Specifically, it recog-
nizes the importance of starting to renew conventional vehicle fleets with hydrogen and
fuel cell-propelled vehicles. In particular, in order to achieve this objective, financial aid
is proposed for the acquisition of vehicles that use hydrogen as fuel by compensating the
extra cost involved in their purchase.

Accordingly, the Ministry of Industry, Energy and Tourism (MINETUR), as an official
body responsible for transposing the European Directive 2014/94 relating to the implemen-
tation of an infrastructure for alternative fuels, has included hydrogen as one of the fuels to
consider within its Alternative Fuel Vehicle (AFV) Strategy. In this action, the commitment
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of MINETUR to these technologies is evident, since the transposition of the directive to
member countries with regard to hydrogen was optional and not compulsory.

On the other hand, the report Assessment of the Potential for the Development of
Energy Technologies in Spain, developed by the Alliance for Energy Research and Inno-
vation (ALINNE), describes hydrogen and fuel cells technologies as one of those which
will contribute to an extraordinary development of new energy technologies in the next
ten years. In the end, as observed in the different existing plans previously described, it is
clear that Spain recognizes the potential of hydrogen technologies to achieve the goals of
the plans and strategies related to renewable energy, energy efficiency, and sustainability.
However, it is necessary to first achieve an increase in efficiency and a reduction of the cost
of components and systems to achieve the competitiveness of hydrogen technologies with
respect to those existing in the state of the art, for which support from national R&D&I plans
is needed. It is undeniable that public authorities, with honorable and notable exceptions,
can do more for the deployment and development of these technologies. A possible reason
for this may lie in the fact that knowledge of these technologies is not yet widespread
in society.

In Spain, the National R&D&I Plan has been regularly updated since 1988. During the
period 2005–2013, the percentage of financing allocated to projects related to hydrogen and
fuel cells under the main calls for initiatives in collaboration (Singular Strategic Projects
2005–2011 and call INNPACTO 2010–2013) accounted for about 6.25% with respect to other
thematic lines of the plan as wind power and bioenergy.

Currently, the National Plan 2013–2016 recognizes a series of challenges including
hydrogen technologies. In particular, the corresponding challenge to secure efficient and
clean energy is looking for a sustainable generation and an environmentally friendly and
socio-economically acceptable energy distribution. To do this, it promotes the transition to-
wards an energy system that allows the reduction of fossil fuel dependence at a time when
they are scarce and demand is growing, whilst at the same time their environmental impact
is significant. Within this challenge, the fifth scientific-technical and business priority is hy-
drogen and fuel cells, including: (1) hydrogen production; (2) research and development of
technologies for hydrogen and fuel cells; (3) hydrogen storage and distribution; (4) portable
and stationary hydrogen applications.

In Spain, there are entities such as the Spanish Hydrogen Association (AeH2), the Na-
tional Hydrogen Centre (CNH2), the Spanish Hydrogen and Fuel Cell Platform (PTEHPC),
and the Spanish Fuel Cell Association (APPICE), which are very active in the promotion
and development of projects related to hydrogen technologies.

In regard to the Spanish regions, practically all of them promote the use of technology
and are active at national and European levels, especially Andalusia, Canary Islands,
Catalonia, Autonomous Community of Madrid, Navarre, Galicia, the Basque Country,
Valencia, and Castilla La Mancha.

5.3. Greece

There is no national program for the promotion of hydrogen technologies (including
hydrogen production from water electrolysis for grid balancing among other applications)
in Greece. Only demonstration R&D projects on this application may be funded up to 80%
through the National R&I Programme of Greece (Research, Create, Innovate), in which
certain topics of hydrogen technologies and fuel cells (including hydrogen production)
are eligible.

6. Market Opportunities Analysis/Solid Business Cases Definition

As described in the first analysis of potential applications for an electrolyzer providing
grid balancing services, it is evident that in order to come up with solid and profitable
business cases and take advantage of early market opportunities, combinations between
primary (industry and mobility) and secondary (power to gas and gas injection, power
to power—re-electrification in islands mainly and provision of grid services) should be
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designed in order to maximize income and decrease payback time of the investment. In
Figure 6, the basic scheme for business case definition is depicted.

Figure 6. Combinations of basic business cases [4].

As will be described in the next paragraphs, the selection location is vital for a suc-
cessful business case set-up, due to the fact that in areas with high grid constraints, there is
access to low electricity cost to run the electrolyzer.

6.1. Existing Market Opportunities Analysis/Solid Business Cases Definition

To analyze the existing market opportunities and define complex business cases related
to hydrogen production through water electrolysis for the provision of grid balancing
services (comprising of combinations of primary and secondary value streams), the first
step is to understand the basic characteristics of each primary application as a stand-alone:

• Mobility applications: Hydrogen supply for these applications can be both from on-
site production and by a delivery from a production unit located nearby, usually by
truck delivery in a range of maximum 50 km. It should be taken into account that for
different mobility applications, there is a significant variation in hydrogen prices.

• Light industrial applications: There is a high variation in terms of hydrogen supply
chain requirements for the industrial customer and the specific location. Light indus-
trial end-users for hydrogen could be oil and fat, glass manufacturing, metallurgy,
and electronics. Suitable end-users for hydrogen in light industrial applications are
companies with a consumption that is high enough to justify on-site production.

• Large industrial applications: refer to companies and processes that have high con-
sumption of hydrogen, such as refineries, plants for ammonia production, and steel
mills. These industries can only be supplied through large-scale on-site production,
through pipelines distributing hydrogen gas. Currently, steam methane reforming
(SMR) demonstrates significantly lower hydrogen production cost, compared to elec-
trolysis driven by renewable electricity. Therefore, unless significant carbon taxes are
introduced to the SMR process, this is not a viable and profitable business case for
hydrogen producers through water electrolysis in the short-term. Among the above-
mentioned industries, refineries could be a potential exception as a business case, due
to the fact that already today fuels are subject to specific targets on carbon intensity
through the Fuel Quality Directive and renewable share through the Renewable En-
ergy Directive, which is under revision. Depending on the targets under revision and
their final values, refineries may become a new market for green hydrogen after 2020.

A similar analysis took place for the secondary value streams for hydrogen through
water electrolysis as stand-alone applications, before developing more complex business
cases incorporating combinations between different primary and secondary applications.
A very important finding of the study, in relation to the supply of secondary value streams,
is the fact that the electrolyzer can be de-optimized in terms of cost of electricity (meaning
hydrogen production cost) compared to the initial hydrogen production plan, which was
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designed in order to supply the primary application. The most important findings of the
FCH JU on the viability of secondary value streams are the following:

• Gas grid injection: It allows to sell spare quantities of hydrogen not used by the
primary application, in order to achieve additional income. The extra revenue is
related to the supply of energy to the gas grid combined in parallel with the provision
of grid services. In case the revenues coming from gas injection are high enough, an
over-dimensioning of the electrolyzer in comparison with the size needed to supply
the primary application can be well justified. The mode of operation of the electrolyzer
in this case is that priority is given naturally in covering the demand of the primary
application and when there is remaining capacity of hydrogen, it can operate with
a profit as long as the marginal cost of operation is lower than the grid gas injection
revenue. The operating hours are of course strongly dependent on the cost of electricity.

• Electricity grid services-frequency: The critical factor in deciding whether this applica-
tion is economically profitable is the existing regulatory framework in each member
state or region and its provisions on frequency containment. Therefore, depending on
the type of reserve participation that is allowed by the regulatory framework (symmet-
ric or asymmetric), the revenues from such an application are differently calculated:

o Participation in a symmetric reserve demands the possibility to modify the
electrolyzer’s consumption up and down at any time. Therefore, especially
for alkaline electrolyzers, which cannot exceed their nominal power, no rev-
enues can be obtained, unless the electrolyzers are over-dimensioned for such
an operation.

o Participation in an asymmetric reserve requires the possibility to vary the
electrolyzer’s consumption either upwards or downwards. Depending on the
electrolyzer’s state of operation (consuming electricity or not), the revenues
can strongly vary, but they are not in any case zero values.

o In general, alkaline electrolyzers do not present rapid response times (<30 s)
required from most electricity grid operators for providing frequency contain-
ment, therefore, this secondary application is not considered highly profitable.

• Electricity grid services-balancing: If we compare the expected revenues for providing
grid-balancing services as a stand-alone business with the supply of hydrogen in a
primary application as well, a reduction in the overall potential is expected. Specific
constraints exist when providing balancing services, while focusing first on hydrogen
supply for a primary application:

o The electrolyzer can be turned off to delay its load consumption in order to
provide grid services, only if it was previously under operation (switched on).

o The agreed hydrogen supply target should be achieved, independently of
whether it provides grid services or not. Therefore, the delayed consumption
must be recovered within the day, at a higher cost of electricity.

o The grid service is provided only whenever it includes benefits. The revenue
associated with the load flexibility, called activation price, should at least cover
the price difference linked with purchasing electricity at a higher cost.

o In general, from the calculations conducted in the context of the FCH JU study,
it has been estimated that the revenues of the business case of providing grid
balancing services are lower compared to the ones of gas grid injection and
frequency containment.

• Electricity grid services-balancing: The analysis of this secondary application showed
that the potential revenues associated with it were much lower, both in absolute values
(as a stand-alone application) and in comparison with the other secondary applications.
Therefore, this is not seen as a solid and profitable business case.

• Re-electrification of hydrogen on islands: The profit to be obtained from this secondary
application is generally based on the concept of buying electricity to produce hydrogen
at a very low price and sell electricity from the re-electrification of hydrogen at a
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high price. As mentioned in Chapter 4, this application is not very profitable in
most locations. More favorable conditions for this business case exist only in non-
interconnected island systems, having already a high cost of electricity production,
using heavy oil or diesel fuel (total electricity production cost over 200–250 €/MWh).
Local conditions related to a combination of this application with at least another one
result in a more profitable business case of this application.

6.2. Identification of Critical Factors Affecting Market Penetration

Having outlined the advantages and disadvantages of primary and secondary ap-
plications of hydrogen produced from water electrolysis in building solid and profitable
business cases (both as stand-alone and combined applications), the second step is to iden-
tify the critical factors that should be taken into account when creating potential business
cases. These factors strongly affect the economic viability and profitability of the business
cases that will be selected as the first applications:

• Cost of electricity: From the analysis presented in the previous sections, it is evident
that this is one of the most critical factors affecting directly hydrogen production cost
and the overall profitability and payback times for a hydrogen production through
water electrolysis investment. Low electricity cost can be found in areas and countries
with high RES (especially wind energy) penetration and high excess renewable energy
due to the fact that the available energy surpasses energy demand and cannot be
absorbed by the electricity grid. This results in low electricity costs in order to increase
load demand. Such favorable conditions in Europe can be found in northern Europe,
especially in Denmark, Germany, and the UK, where there is a high penetration of
wind farms and the energy produced is much higher compared to the consumption
in nearby areas. The result of this situation is the presence of very low electricity
(sometimes even negative) tariffs in specific periods of time.

o Location: This is another critical factor affecting the profitability and economic
viability of a hydrogen production from water electrolysis investment. The
selection of the location, in which the electrolyzer will be installed is very
important, since it can provide certain benefits and flexibility on the investment.
The best locations to host such an investment are the following:

o Areas with high RES (especially wind energy) penetration and high percentage
of curtailments, resulting in high amounts of excess renewable energy-positive
impact on hydrogen production cost.

o Countries with a regulatory framework allowing variable (even daily) elec-
tricity costs, depending on RES production and energy consumption-positive
impact on hydrogen production cost and on selling electricity produced from
hydrogen on high prices.

o Areas with extended natural gas grids and provisions on gas grid injection
tariffs—solid business case (secondary application).

o Areas where light or large industries are located in a range of less than 50 km
from the hydrogen production through electrolysis facility—primary applica-
tion securing sales.

o Countries and regions having already today a maturity on different mobil-
ity applications—primary application with a high perspective for increased
revenues in the short-term.

o It is evident that the selection of locations combining the above-mentioned
characteristics makes the investment more profitable and economically viable,
since different applications (primary and secondary) can be combined in order
to maximize revenues.

• Dimensioning of the electrolyzer: This is a critical design parameter directly affecting
the financial viability of the hydrogen production investment. When dimensioning
the electrolyzer the following should be taken into account:
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o Current and future primary and secondary applications.
o Regulatory framework, especially on gas grid injection and on provision of

grid services (mainly frequency containment and grid balancing).
o Regulatory framework: This is one of the most important factors that should

be taken into account when designing the development of the hydrogen pro-
duction investment as was also explained in the previous critical factors. Regu-
latory frameworks having provisions for: (1) hydrogen injection tariffs in the
natural gas network, (2) variable costs of electricity (mainly the ability to buy
electricity from renewables at very low prices to produce hydrogen through
the electrolyzer, thus minimizing hydrogen production cost), (3) existing car-
bon taxes on hydrogen production through steam methane reforming, and (4)
specific support polices for financing and funding of hydrogen and fuel cell
technologies create favorable economic and financial conditions for a successful
and profitable investment in hydrogen production.

• Hydrogen prices: Another critical factor that is often overlooked when scheduling and
designing an investment on hydrogen production through water electrolysis (driven
by renewable electricity) is the current prices of hydrogen procurement in the country
or region. It is obvious that such an investment installed in countries or regions having
already today a high cost of hydrogen procurement creates favorable conditions for its
viability and profitability.

It can be easily understood that when combining several positive aspects of the above-
mentioned critical factors, the favorable conditions for the hydrogen production investment
are multiplied.

6.3. Bankability Analysis of Business Cases

Following the previous analysis on creation of market opportunities and the identifi-
cation of critical success factors for an investment on hydrogen production through water
electrolysis (using excess and low-cost RES electricity), the bankability analysis presented
in this chapter results in a complete assessment on the potential business models.

As described earlier in this work, there are already today bankable business cases
for power to hydrogen, by combining hydrogen sales (either in the industry or mobility
applications) and provision of flexibility services. The latter is a lower income compared to
H2 sales, but is complimentary to it and contributes in increasing the profitability of the
investment. The European Study on Power to Hydrogen by FCH JU revealed that this is
a market of a total electrolyzers’ installed capacity in the order of 3.1 GW, representing a
total value of 4.7 billion Euros.

In any case, low cost electricity, supported by partial exemption from grid fees, taxes,
and levies is needed in order for such an investment to become profitable and economi-
cally viable in the short term. Such an approach is examined in the regulatory framework
modification of many countries, since power to hydrogen investments are a profitable
and easy method to achieve high renewable energy penetration, by significantly reduc-
ing curtailments (especially in wind energy) in the European energy system and meet
decarbonization targets.

The strongest synergies identified between different power to hydrogen applications
in building solid, profitable, and bankable business cases are the ones of selling hydrogen
to mobility application, gas grid injection, and grid services. When designing a bankable
investment in power to hydrogen, the following should be taken into account, when
deciding the potential end-users to be selected:

• Combining power to hydrogen for mobility and/or light and large industrial appli-
cations with gas grid injection is more cost effective than a stand-alone injection of
hydrogen for greening the natural gas. The stand-alone gas gird injection application
will require a minimum feed-in tariff of 100 €/MWh in order to be economically viable.
When this application is combined with hydrogen sales in the mobility or industrial
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sector, the above-mentioned tariff needed for the investment in order to become viable
can be reduced up to 20%.

• The combination of hydrogen injection into the natural gas grid and hydrogen sales in
the mobility and/or industrial sector (as primary applications) is a perfect business
approach in order to reduce the risk of potential investments.

Power to hydrogen investments can benefit from a consistent and stable regulatory
framework, which is comprised from favorable provisions (grid fees, taxes, levies partial
exemption, etc.) for the promotion of hydrogen technologies.

The revision of the Renewable Energy Directive (RED) and the upcoming Renewable
Energy Directive II (RED2—Winter Package), will be a unique opportunity to create market
opportunities also in large-scale industry and more specifically in refineries. Such a modifi-
cation in the regulatory framework and energy policy in general, will be highly beneficial
for power to hydrogen using renewable electricity as it will become economically compet-
itive with SMR hydrogen and will also have rapid positive effects in other applications,
including mobility.

7. Identification of Risks and De-Risking at Business Level/Recommendations to
Decrease Risks

Power to hydrogen business cases include a significant investment risk for hydrogen
producers through water electrolysis for a number of reasons. The basic problem that
creates investment risks is that currently this is an immature market, which has not been
regulated and well organized. Contractual arrangement is the best tool to identify the
risks of the investment and create conditions towards the bankability of these projects.
In the following paragraphs an analysis on the potential risks and de-risking guidelines
will be presented along with a list of recommendations for modifications to the exist-
ing regulatory frameworks in order to increase bankability and profitability of power to
hydrogen investments.

7.1. De-Risking of Power to Hydrogen Applications

As already mentioned, solid contractual arrangements are considered to be the most
important tool in order to de-risk power to hydrogen investments. Taking into account
the complexity of all business cases in the field and the fact that the electrolyzer operator
and owner should interact with different market players in different fields of activity, the
following guidelines in the contractual agreements should be followed in order to reduce
the investment risk:

• With respect to the model of electricity purchases for the operation of the electrolyzer,
the following provisions should be taken: (1) Electricity must be purchased directly
from the electricity market at the wholesale electricity price. In case of time peri-
ods when instantaneous local curtailments occur; (2) Electricity should be directly
purchased from the curtailed renewable energy power plant, which will lead to a
price, relatively to the wholesale electricity price. The counterparty of this contract
agreement depends on national regulatory frameworks. This contractual agreement
reduces significantly the fluctuation of the resulting costs for running the electrolyzer
and is viewed as a critical factor for the viability of such an investment.

• With respect to grid fees, which are charged by the electricity grid operator for a
connection to the network, it is very important to have favorable prices in order
to de-risk the investment. These prices are determined by the national regulatory
frameworks, therefore a power to hydrogen business will be economically viable in
member states with low grid fee prices for such an operation.

• Another risk for the power to hydrogen investments is related to taxes and levies,
which strongly vary between different member states. A stable and consistent reg-
ulatory framework in terms of taxes and levies strongly reduces the risks of the
investment, therefore countries having already today favorable conditions on this
issue should be selected in order to de-risk the investment.
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• Regarding grid services provision (especially frequency containment), it should be
noted that these are provided to the TSO and the remuneration for either availability
or for effective use on request strongly vary depending on the national regulatory
frameworks of different member states. To minimize this risk, power to hydrogen in-
vestors should locate their facilities in areas presenting favorable and stable conditions
on this parameter.

• On the application of grid gas injection, to minimize the risk of the power to hydrogen
investment, the operators of electrolyzers should seek for a contract agreement, in
which hydrogen is sold to the gas grid operator as green gas through a promotional
feed-in tariff. Therefore, also in this case the selection of areas with favorable tariffs for
green gases will significantly contribute to de-risking of the investments.

The most important method that should be used in order to de-risk power to hydrogen
investments and increase their bankability is to design the business cases taking into account
a long-term perspective on costs and revenues.

Regarding costs of hydrogen production (strongly related to the electricity costs),
there is a strong difficulty to design the investment with a safe long-term perspective. The
electrolyzer owners and operators are basically an electricity consumer and as such they
can, in the long-term, face variable fees, taxes, and levies, which are not related to electricity
supply cost and may play an important role in the economic viability and profitability of the
overall investment. In several countries, exemptions on fees, taxes, and levies exist, aiming
to promote this technology, but the most important factor on the regulatory framework
is the duration of such exemptions, and its stability, in order for the investor to have a
guarantee that these favorable conditions will not be removed suddenly.

Regulatory frameworks providing higher certainty are the ones that offer similar
exemptions for a period of at least ten years, therefore covering the best part of the lifetime
of the investment. This is currently the case for grid fee exemptions that exist in Germany
already today.

With respect to the revenue costs of the business case of hydrogen production through
water electrolysis driven by excess renewable electricity, an important aspect of the business
case development is securing contracts for the supplied hydrogen to different end-users of
primary applications. The risk associated to this investment (mainly regarding the volume
of hydrogen to be sold in different clients) can be further reduced in member states or
regions offering feed-in tariffs for hydrogen injection to the natural gas grid.

7.2. Recommendations on Modifications to Regulatory Frameworks to Decrease Risks

As described in previous sections, the financial viability and profitability of power to
hydrogen business cases, is strongly affected by the existing regulatory framework in each
European country or region. The scope of this paragraph is to provide recommendations
for potential modifications on the existing regulatory frameworks in order to promote
hydrogen production through water electrolysis, driven by renewable electricity so as to
come up with solid and profitable business cases in the short and medium-term. The most
critical recommendations for changes on the regulatory frameworks, affecting positively the
economic viability and profitability of power to hydrogen business cases are the following:

• There should be provisions in the regulatory frameworks in order to avoid the inflation
of electricity prices with costs that are not related to electricity supply. As mentioned
earlier, a beneficial for the investment regulatory modification would be to include
partial exemptions from paying grid fees, taxes, or levies. Such an approach can
be justified for the member states on the grounds that electrolyzers operate in a
mode that is highly beneficial for the European energy system. This provision is very
important on the viability and profitability of the investment, since in several European
countries, taxes and levies constitute around 50% of the electricity bill. Therefore, such
favorable provisions on the regulatory framework will result in a significant reduction
of hydrogen production cost.
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• The existence of a clear regulatory framework on how curtailed RES electricity is
accessed, is essential in order to facilitate the uptake of bilateral contracts between RES
producers (especially wind energy producers) and potential end-users. Such provision
on the regulatory framework would result in avoiding, or at least significantly reducing
RES power curtailments.

• Another important guideline/recommendation for modifications at the regulatory
framework positively affecting the profitability of hydrogen to power business cases
is the development of EU framework guidelines in order to provide an environment
allowing access to frequency control grid service, focusing especially on asymmetric
procurement. Such a provision in the regulatory frameworks would also result in
increasing the income of these investments.

• Regulatory frameworks should be modified in order to include provisions that allow
specific feed-in tariffs for the injection of zero-carbon gas into the natural gas grid.
These provisions could refer to either bio-methane or green hydrogen. Feed-in tariffs
are already available for bio-methane injection to the natural gas grid, therefore it
is recommended to modify the existing regulatory frameworks in order to include
feed-in tariffs for green hydrogen injection as well.

• An allowance in the regulatory frameworks for inclusion of green hydrogen in the
carbon intensity calculation of conventional fuels in the forthcoming revision of the
Fuel Quality Directive (FQD) and the expected revision of the Renewable Energy Di-
rective (RED II) will also be beneficial for the economic viability and the profitability of
hydrogen to power investments, introducing hydrogen produced from renewable elec-
tricity through water electrolysis into the refineries (large-scale industrial applications)
market as well.

8. Current and Future Cost Perspectives

The capital cost of the alkaline electrolyzers is an important factor, affecting directly
the economic viability and the profitability of power to hydrogen applications and value
streams (primary and secondary). Future cost reductions of the current prices of alkaline
electrolyzers will be needed in order to decrease the hydrogen production and result in
solid business cases. In the following paragraphs, current costs for alkaline electrolyzers
are presented and an analysis of future cost perspectives is demonstrated.

8.1. Current Costs of Alkaline Electrolyzers

In previous years, the capital cost of electrolyzers was high enough to hinder the
development of profitable power to hydrogen investments. For example, in 2014 the capital
cost of alkaline electrolyzer systems ranged between 1000 and 1500 €/kW plus installation.

The Demo4Grid project [37] aimed at demonstrating manufacturing costs for the 4MW
single-stack PAE not higher than 725 kEUR/MW. The above values include subsystems
such as power electronics, system control, gas drying (condenser/demister—>H2 purity
of 99.6%), as well as commissioning. Not included in the above are cost relative to grid
connection, hydrogen storage, additional external purification, and compression. Regarding
the addition of external compressor, which represents a remarkable extra cost, it should
be mentioned that for the specific applications in the context of Demo4Grid project, the
4MW PAE (generating H2 @ at least 33 bars @ full load), did not require the installation of
any additional mechanical or other type of compressor (sometimes this type of ancillary
equipment is necessary to make possible or facilitate storage operations in case of lower
pressure electrolyzers) and therefore enables significant cost savings at the demo site.

Creating a link between manufacturing costs of the 4 MW pressurized alkaline elec-
trolyzer (PAE) and its high efficiency, PAE manufactured in the context of Demo4Grid
project showed that it complied with all 2020 CAPEX KPIs shown in Table 14.
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Table 14. Efficiency KPI 1 and Capex KPI 2 (MAWP, FCH JU).

2017 2020 2023

MAWP
KPIs

Efficiency KPI 1 (kWh/kg) 55 52 50

CAPEX KPI 2
(M€/(T/d)) 3.7 2.0 1.5

(€/kW) 1 1617 925 721
1 Calculated on the basis of efficiency (kWh/kgH2) and Capex (M€/(T/d)) assuming 24 h operation @ nominal power.

8.2. Future Cost Perspectives of Alkaline Electrolyzers

The capital cost targets for 2020 for alkaline electrolyzers have been identified by the
FCH-JU study “Water Electrolysis in the European Union” [4], according to which alkaline
electrolyzer systems cost expectations for 2020 should be in the range 370-900 €/kW, central
case 630 €/kW, as shown in Table 15.

Table 15. System costs KPIs for alkaline electrolyzers (“Water Electrolysis in EU” FCH JU Study).

System Cost 1 Today 2015 2020 2025 2030

EUR/kW
Alkaline

Central 1100 930 630 610 580
Range 1000–1200 760–1100 370–900 370–850 370–800

PEM
Central 2090 1570 1000 870 760
Range 1860–2320 1200–1940 700–1300 480–1270 250–1270

1 Incl. power supply, system control, gas drying (purity above 99.4%). Exl. Grid connection, external compression,
external purification and hydrogen storage.

The results of the above-mentioned study show that in order to achieve these capital
cost targets, several pathways will need to be pursued in parallel.

• Higher-volume/mass production.
• Supply chain development.
• Technology innovation.

High volume production and supply chain development will have to occur in parallel
to a growth in deployment of electrolyzer (namely PAE) systems. These two parameters,
however, are broadly not affected by technology development. The only exception to this
are technology innovations that have the potential of facilitating the use of standardized
low-cost components that are already in mass production.

This is currently the case for alkaline water electrolysis, which is regarded as more
well-established than others (e.g., PEM), and for which the importance of technology
innovation is of low importance in terms of anticipated cost reductions.

It is important to note that today alkaline electrolyzers (even if regarded as a fully
“mature” technology) are built in small volumes for niche markets, therefore when going to
mass production, significant cost reductions will be achieved.

Sales and hence production volumes are low. The choice of suppliers for specific
system/Balance of Plant (BoP) components is also limited and may contribute to increasing
manufacturing costs.

According to ref. [4], it is expected that much of the cost reduction potential will come
from “an improved supply chain, and through increased production volumes for which
more cost-efficient production techniques can be used”. The study also states that “the
achievement of the expected reductions in cost is therefore directly dependent on the level
of deployment in a given time period”.

In conclusion, what has been proved is that despite the current low level of deployment
and the need to deliver the multi megawatt PAE well before 2020, manufacturing costs
will be contained within limits fully compatible with MAWP 2020 Capex KPI and in line
with the expected costs range defined in the FCH JU study “Water Electrolysis in the
European Union”.
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9. Conclusions

In the present work, a detailed market potential assessment on different business
cases of hydrogen production through alkaline electrolyzers for a variety of primary and
secondary applications was presented. The main scope of this work was to identify benefits
of hydrogen applications in grid balancing in combination with other value streams. The
analysis conducted produced the following conclusions:

• Hydrogen production through water electrolysis can provide a high flexibility in
the European energy system, due to the high number of potential applications in
different fields. It can also significantly contribute in achieving a high increase in
the penetration of RES and meeting decarbonization goals of the European Union.
Moreover, hydrogen is an ideal energy storage method, due to its characteristics (large-
scale, long-term, ability to be injected to the natural gas grid), contributing also in the
transmission of energy produced in area with high renewable energy capacity to the
consumption centers.

• A number of European and national policies to promote renewable energy sources in
the EU energy system. The most important policy is the Clean Energy for all European
Energy Package, part of which will be the revised in Renewable Directive II (RED 2),
which will play an important role in opening new markets for hydrogen produced
through electrolyzers. Certain EU policies have been planned with respect to the
promotion of energy storage in the European energy system (initiatives and tools
such as the SET plan and Fuel Cells and Hydrogen Joint Undertaking—FCH JU, EU
Battery Alliance, HORIZON 2020). The most important policy underway in order to
promote energy storage in Europe will be the Energy Storage Directive, which is being
prepared, having completed already the discussion with stakeholders.

• The analysis of business climate and identification of potential markets for pressurized
alkaline electrolyzers (PAE) showed that there is a high potential even in the short-term
at the European level. Power to hydrogen (to contribute to grid balancing as well) is
a bankable business case already today. According to the European “Study on early
business cases for H2 in energy storage and more broadly power to H2 applications”,
it is estimated that the electrolyzer capacity to be installed by 2025 in Europe is in the
order of 2.8 GW. This estimation is based on sound economics and represents a total
market value of €4.2 bn. The short-term estimations for profitable business cases in
this market are respectively 1.4 GW and €2.6 bn.

• With respect to the different power to hydrogen business cases, the basic conclusion of
the analysis realized in the context of this work was that in order to achieve profitability,
different value streams (primary and secondary) should be combined. The more
detailed conclusions per business case are the following:

o Power to gas: This market option will have to be handled as a secondary value
stream to build a successful and profitable business case. Until the regulatory,
technical and economic barriers are removed through modifications in the
existing support policies (and mainly by introducing a green hydrogen injection
feed-in tariff), this will not be a solid and profitable stand-alone business case
for hydrogen producers through water electrolysis.

o Power to mobility: This market option should be handled as a primary value
stream to build a successful and profitable business case. It is also advised
that in order to maximize revenues and reduce significantly payback times,
this business case should be (at least in the short-term) combined with one or
more other applications (primary or secondary), such as power to gas, power
to power, or power to industry in order to come up with an attractive business
case from the financial point of view.

o Power to industry: The analysis conducted in this work showed that this market
option should be handled as a primary value stream to build a successful and
profitable business case. It is evident that light industry applications come up
with a higher profitability for hydrogen producers through water electrolysis.
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It is also advised that in order to maximize revenues and reduce significantly
payback times this business case should be (at least in the short-term) combined
with one or more other applications (primary or secondary), such as power to
gas, power to power, or power to gas in order to come up with an attractive
business case from the financial point of view.

o Power to power: The assessment for this market option, showed that it should
be only considered in the short-term for small-size, non-interconnected islands
with already high power generation costs, with the latter being the most im-
portant decision factor. Power to produce hydrogen through the electrolyzer
should be provided by renewables (excess electricity that cannot be absorbed
by the grid). To achieve profitability, this business case should be combined
with the provision of grid services (grid balancing and frequency control) to
maximize revenues and come up with an attractive investment.

o Grid services provision: This market option should be handled as a secondary
value stream to build successful and profitable business cases. It is evident that
the provision of grid services (balancing services, load frequency control, and
distribution grid services) for hydrogen producers through water electrolysis
should be combined with at least one other business case/application of hy-
drogen, such as power to mobility, power to industry, or power to gas. Such
an approach would result in creating a more attractive and profitable business
case for hydrogen producers.

o Power to heat: This market option could become viable as a light industry
application when the following conditions exist: (1) proximity of the industry to
the hydrogen producer, (2) low cost of electricity to produce hydrogen, (3) high
heating demand of the industry, and (4) high natural gas prices. It is evident
that power to heat applications to become profitable for hydrogen producers
through water electrolysis should be combined with at least one other business
case/application of hydrogen, such as power to mobility, or provision of grid
services. Such an approach would result in creating a more attractive and
profitable business case for hydrogen producers.

• In the context of the present work, the critical factors affecting economic viability and
profitability of power to hydrogen business cases was performed; the most important
factors to build a solid business case scenario were:

o Cost of electricity
o Location of the investment
o Dimensioning of the electrolyzer
o Regulatory framework
o Hydrogen prices

• The identification of critical factors provided feedback in the identification of risks re-
lated to hydrogen production through water electrolysis business cases. The de-risking
procedure was developed in the context of this work, followed by recommendations
on potential modifications on the regulatory and legislative framework at the Euro-
pean and national level, in order to minimize risks and contribute in the development
of sold power to hydrogen business cases in the short-term.

• Finally, in this work, current costs of alkaline electrolyzers were recorded and an anal-
ysis of the future cost perspectives (CAPEX, hydrogen production and manufacturing
costs) was performed.
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