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ARTICLE INFO ABSTRACT

Keywords: Green hydrogen is a promising alternative to fossil fuels. However, current production capacities for electrolyzers
Green hydrogen and green hydrogen are not in line with national political goals and projected demand. Considering these issues,
Electrolyzer

we conducted semi-structured interviews to determine the narratives of different stakeholders during this
transformation as well as challenges and opportunities for the green hydrogen value chain. We interviewed eight
experts with different roles along the green hydrogen value chain, ranging from producers and consumers of
green hydrogen to electrolyzer manufacturers and consultants as well as experts from the political sphere. Most
experts see the government as necessary for scale-up, by setting national capacity targets, policy support and
providing subsidies. However, the experts also accuse the governments of delaying development through
overregulation and long implementation times for regulations. The main challenges that were identified are the
current lack of renewable electricity and demand for green hydrogen. Demand for green hydrogen is influenced
by supply costs, which partly depend on prices for electrolyzers. However, one key takeaway of the interviews is
the skeptical assessments by the experts on the currently discussed estimates for price reduction potential of
electrolyzers. While demand, supply, and prices are all factors that influence each other, they result in feedback
loops in investment decisions for the energy and manufacturing industries. A second key takeaway is, that ac-
cording to the experts, current investment decisions in new production capacities are not solely dependent on
short-term financial gains, but also based on expected first mover advantages. These include experience and
market share which are seen as factors for opportunities for future financial gains.

Summarized, the results present several challenges and opportunities for green hydrogen and electrolyzers,
and how to address them effectively. These insights contribute to a deeper understanding of the dynamics of the
emerging green hydrogen value chain.

Semi-structured interviews
Investment decisions

1. Introduction
1.1. Green hydrogen basics

Green hydrogen is defined as hydrogen produced via water elec-
trolysis with electricity from renewable sources (Proost, 2020; Rabiee
et al., 2021). This form of hydrogen is seen as a promising candidate for
reducing greenhouse gas emissions (Oliveira et al., 2021) and achieving
the climate goals of the Paris climate accord (Wappler et al., 2022). It is
also now part of many energy system transformation strategies

(Williams et al., 2021; Baker et al., 2021). This has led to interest in
green hydrogen as a zero-emission fuel (Hartley and Au, 2020). Green
hydrogen and its derivatives are particularly well-suited to eliminating
emissions from sectors that cannot easily be electrified directly, for
example the steel industry or the chemical industry (Griffiths et al.,
2021; Luo et al., 2021). In addition, the projection of inexpensive excess
energy from renewables has also led to the promise of a hydrogen in-
dustry based primarily on hydrogen from electrolysis (Fonseca et al.,
2019; Maggio et al., 2019). At the same time, green hydrogen has the
potential to be a storage solution for the intermittent nature of

* Corresponding author at: Copernicus Institute of Sustainable Development — Utrecht University, PO Box 80.115, 3508 TC Utrecht, the Netherlands.

E-mail address: b.j.b.m.jesse@uu.nl (B.-J. Jesse).

https://doi.org/10.1016/j.egyr.2023.11.046

Received 5 September 2023; Received in revised form 29 October 2023; Accepted 23 November 2023

Available online 5 December 2023

2352-4847/© 2023 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


mailto:b.j.b.m.jesse@uu.nl
www.sciencedirect.com/science/journal/23524847
https://www.elsevier.com/locate/egyr
https://doi.org/10.1016/j.egyr.2023.11.046
https://doi.org/10.1016/j.egyr.2023.11.046
https://doi.org/10.1016/j.egyr.2023.11.046
http://crossmark.crossref.org/dialog/?doi=10.1016/j.egyr.2023.11.046&domain=pdf
http://creativecommons.org/licenses/by/4.0/

B.-J. Jesse et al.

renewables (Razi and Dincer, 2022). A literature review by Khalilpour
et al. shows how an increased interest in green hydrogen is reflected by a
rise in scientific publications (Khalilpour et al., 2020). At the same time,
there has been an increase in policy initiatives that support the devel-
opment of green hydrogen production technologies (Zhang and Zhang,
2021; Liimatainen, 2021). Some researchers expect that global demand
for hydrogen will exceed 500 million tons per year by 2070 (Nnabuife
et al., 2022). However, estimates for global demand vary greatly (e.g. 67
million tons (IRENA, 2019) to 650 million tons (Hydrogen Council,
2017) in 2050).

1.2. Current state of the green hydrogen industry

Renewable sources may be the preferred choice to produce hydrogen
with the least emissions, but in the short term, fossil fuels may play an
important role (Moliner et al., 2016) to pave the way for large-scale
hydrogen usage. At present, 85% of hydrogen is produced locally in
refineries (Van de Graaf et al., 2020), while 95% of hydrogen is pro-
duced by fossil fuels (Trattner et al., 2022). However, compared to the
huge demand that is projected, current production of low-emission
hydrogen only accounted for around 0.6 Mt in 2021 (IEA, 2022a). The
green hydrogen value chain currently remains a niche industry. While
there are plans to grow the industry, there is still a gap between the
installed capacities of electrolyzers that have been announced and the
capacities that are needed (IEA, 2022a).

1.3. Literature review

The impact of the green hydrogen value chain and its growth are the
subject of intensive study. For the remainder of our paper, we define the
“green hydrogen value chain” as the entire field of industries relating to
green hydrogen. This includes the value chain of the electrolyzer (e.g.,
suppliers or electrolyzer manufacturers) as well as the producers of
green hydrogen and green electricity. One area of research is the
possible techno-economical potential of green hydrogen in different
countries, for example Germany (Husarek et al., 2021; Bhandari and
Shah, 2021; Neuwirth et al., 2022; Kumar et al., 2020), China, or Canada
(Razi and Dincer, 2022). Most of these works are of a purely
techno-economic nature. Methods of this type tend to examine technical
factors or costs, modeling their development based on simplified
rational actions (Turnheim and Nykvist, 2019) and ignoring the multi-
tude of stakeholders involved. In comparison, socio-technical work on
transformation processes focuses on a wider range of social factors,
including economical and technical factors from stakeholder perspec-
tives (Hirt et al., 2020). This approach is used, for example, to analyze
pathways for the transition of the electricity sector (Verbong and Geels,
2010) or the decarbonization of the refinery sector (Nurdiawati and
Urban, 2022). Using different scenarios, Damman et al (Damman et al.,
2021). investigate what role hydrogen can play in the Norwegian in-
dustry. For the socio-technical analysis of the paper, stakeholder in-
terviews were conducted to determine the history and current status of
the industry with regard to hydrogen production and consumption, and
to validate the results of techno-economic analyses. An analysis of
stakeholder perspectives involving interviews by Asna Ashari et al (Asna
Ashari et al., 2023). explores possible pathways for a hydrogen industry
in Germany and South Korea. Schlund et al (Schlund et al., 2022). use
semi-structured interviews to conduct a stakeholder network analysis of
the German hydrogen industry. Andreasen and Sovacool (Peter
Andreasen and Sovacool, 2014) have done a stakeholder network
analysis for Denmark. Chantre et al (Chantre et al., 2022). used stake-
holder interviews in their paper to create long-term visions for a
hydrogen industry in Brazil. Upham et al (Upham et al., 2020). use
stakeholder interviews to investigate the perspective for green
hydrogen, but with a focus on fuel cell applications. Blohm and Dettner
(Blohm and Dettner, 2023) use an interview-based analysis to identify
aspects for the sustainable production of green hydrogen.
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As shown, previous work has used the stakeholder concept in com-
bination with interviews in the context of the hydrogen industry. The
research questions vary from analysis of barriers and challenges for
market introduction to network analysis of the relevant stakeholders. In
many papers, the question of electrolyzer availability is neglected, as the
focus is often on individual sectors (e.g., electricity or hydrogen pro-
duction). To the best of the authors’ knowledge, there is no literature
that performs a stakeholder analysis with a specific view on electrolyzer
production, policies, and their influence investment decisions. This
paper aims to contribute to the current research and discussion on the
market ramp-up of hydrogen and electrolyzers by analyzing the key
stakeholders’ experience including their opportunities, risks, and re-
lationships. Whereby special interest is given to the impact of policy.
The focus is on Germany and the Netherlands and the period of market
ramp-up.

1.4. Scope and focus of the study

By focusing on the electrolyzer manufacturer and their product in
Germany and the Netherlands, we aim to analyze the scale-up of the
entire green hydrogen value chain. By including industry stakeholders,
we can leverage up-to-date, first-hand experience. These help to
enhance the scientific view on the current challenges and opportunities
facing the industry. By focusing on a socio-technical analysis, we are not
solely limited to economic decision-making. This paper is therefore
focused on the following research questions: What are the actor-by-actor
narratives as the green hydrogen value chain scales up? What are the key
challenges for the green hydrogen value chain and what influences the
investment decisions of the different stakeholders? What is the role of
the government and how can it influence the growth of the green
hydrogen value chain? For this purpose, we conduct semi-structured
interviews to complete the findings with a thematic analysis in order
to cluster the results into themes and concepts in relation to our research
questions.

We focus on Germany and the Netherlands in our study for three
reasons. In short, because these countries have large energy-intensive
industries that may need hydrogen in the future, both countries have
ambitious targets for the development of electrolyzers, and lastly
because they already have a large demand for hydrogen today. In more
detail, Germany, and the Netherlands both have large energy-intensive
industries, which are often not easily electrified, making hydrogen a
possible option for reducing greenhouse gas emissions. Fig. 1 shows the
share of CO; emissions from energy-intensive industries in the EU.

Germany has a high share in the European steel, minerals, petro-
leum, and chemical industries, and the Netherlands has a high share in
the European petroleum and chemical industries. Both countries com-
bined make up a significant share of total CO5 emissions from energy-
intensive industries in the EU. Secondly, these countries have ambi-
tious targets regarding hydrogen. The Dutch government aims to scale
up electrolysis capacities to 500 MW in 2025 and 4 GW of installed
electrolyzer capacity by 2030, which represents 10% of the total EU
target for that year (Rijksoverheid, 2020). Fig. 2 shows the electrolyzer
expansion to date and the targets for Germany and the Netherlands.

The figure shows that for Germany and the Netherlands, an increase
in capacity by two and three orders of magnitude, respectively, is
required to meet the 2030 targets. By setting these targets, both coun-
tries aim to be major players in green hydrogen. Thirdly, Germany and
the Netherlands are already the two largest hydrogen consumers in the
EU today (Rijksoverheid, 2020). For these reasons, we have chosen ex-
perts from these countries.

In summary, the following research questions can be identified for
our investigations:

e Who are the individual stakeholders and how do their actions in-
fluence each other?
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Fig. 1. Greenhouse gas emissions of energy intensive industries by country for 2020 — EU-27 (Eurostat, 2022).
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Fig. 2. Completed and planned electrolyzer projects (based on (Thema et al., 2019; Wulf et al., 2020) and policy targets (based on (Rijksoverheid, 2020;

Bmwk, 2023).

e What are the current challenges and opportunities for the green
hydrogen economy from the perspective of the stakeholders
involved?

e What realistic future is seen for the industry?

e What are realistic price developments in the industry?

e What role do governments play in the development of the industry?

e What are reasons for current investments into the industry?

This paper aims to fill the research gap of these questions from a
socio-technical perspective. The novelty is to answer them by consid-
ering the perspective of participating stakeholders rather than an aca-
demic view based on a techno-economic optimum.

The methods used are semi-structured interviews and a thematic
analysis. The semi-structured form of the interviews allows us on the one
hand to think through all our questions and on the other hand it allows
deeper questioning and discussion based on given answers. The thematic
analysis organizes the given answers and creates an overview of the
different opinions on specific topics.

The remainder of this paper is structured as follows: In Section 2 the
methodology, the data collection and the analysis methods are defined.
Results are presented in Section 3 and interpreted. Section 4 summarizes
the paper and closes with an outlook for future research.
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2. Method
2.1. Semi-structured interviews: procedure and interview guide

2.1.1. Interviews

We conducted semi-structured interviews with industry experts to
gain further in-depth knowledge in early 2022. An interview guide was
developed and contained questions that explored: 1) the biggest chal-
lenge for the green hydrogen value chain; 2) the influential stakeholder;
3) possible challenges and opportunities; 4) the role of the government,
and 5) the technological potential of electrolyzers. The interviews were
conducted using this interview guide. The interviews were held in a
semi-structured format and were partly influenced by the discussions,
which sometimes led to follow-up questions where appropriate. The
duration of the interviews was 1-1.5 h, and they were conducted online.
All interviews were recorded with the consent of the participants and
were transcribed verbatim from the audio recordings. The completed
transcripts were reviewed to ensure that complete anonymity was
retained. After each interview, the interview guide was revised to
leverage the knowledge obtained by sharpening questions and reduce
confusion for a better discussion. The modifications were only minor
and should not affect the comparability of the interviews. The interview
guide can be found in the supplementary data. Fig. 3 shows a compre-
hensive overview of the main stakeholders in the green hydrogen value
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Fig. 3. Overview of stakeholders of the green hydrogen value chain.

chain. The overview as shown in Fig. 3 was used in the interviews as a
visual guide and discussion point. We used public data to map the
stakeholder network, their motivations, and their goals.

At the heart of our analysis is the electrolyzer, which is strongly
connected to the hydrogen producer as a user and the electrolyzer
manufacturer as a producer. Surrounding them are the participating
stakeholders and their influences. Above and, therefore, “in front” of the
electrolyzer in the value chain is the electrolyzer manufacturer, which is
supplied with membranes and other parts by the tier 1 and tier 2 sup-
pliers and assembles the individual parts into an electrolyzer stack. The
electrolyzer manufacturers are currently still working on an individual
unit production basis but must switch to GW scales and automation and,
consequently, take decisions to invest in new production facilities.
Today electrolyzer manufacturer are currently dominated by China and
Europe, which represent around 66% of global capacities (IEA, 2023).
Current electrolyzer OEMs in Germany and the Netherlands need to be
active to secure their position. They are keen to be first mover to
maintain or expand their share in the electrolyzer market, by investing
into new and bigger manufacturing capacities. At the same time, sup-
pliers may need to grow with them, to ensure the production of elec-
trolyzers is not interrupted. It is unclear if they could be a potential
bottleneck. The stacks produced by the electrolyzer manufacturers are
combined with power electronics and other utilities cooperating over
project engineering to form the “turnkey” electrolyzer. To streamline the
complex process of planning and building the “turnkey” electrolyzer for
the green hydrogen producer often EPC (Engineering, procurement,
construction) contracts are used. This approach simplifies the process by
having a single entity responsible for all aspects of the project. These
electrolyzers will then be used by hydrogen producers to produce green
hydrogen from renewable electricity on an industrial scale. However,
there are still questions regarding the availability and costs of renewable
electricity. The green hydrogen will then be used to either replace gray
hydrogen or to be used in a new process by hydrogen customers. This
could include applications like steel production, chemical
manufacturing, or other industrial uses. Yet, the exact demand and
willingness to pay are still unclear. Finally, the government has a special
position in this process of building a green hydrogen value chain. They
are not part of the green hydrogen value chain but try to influence its
growth in various ways. This can include regulatory frameworks, in-
centives, funding, and policies that encourage the transition to green
hydrogen production.

To ensure the objectivity of the interviews, multiple researchers of
the team participate in the interviews. Furthermore, in addition to the
interview guide, the corresponding author participated in all interviews
to ensure consistency and comparability of the conducted interviews.
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Unfortunately, we do not have permission to publish the transcripts of
the interviews.

2.1.2. Interviewees

For the selection of the experts, we made sure to integrate all
important levels of the value chain and independent opinions. This
methodological approach made it possible to ensure comprehensive
representation of all essential perspectives. Given the specific focus on
the production and availability of electrolyzers, opinions were sought
from different electrolyzer manufacturers. The aim was to interview a
larger number of manufacturers, but unfortunately many manufacturers
did not agree to participate in our interviews. However, we were able to
interview two manufactures of different types of electrolyzers, which
allows for different opinions and outlooks. Between February and March
2022, eight stakeholders from Germany and the Netherlands were
interviewed. The interviewees were a mixture of experts from consul-
ting, industry, and the government. Table 1 shows the background and
country of origin of the interviewees.

The industry experts interviewed can be categorized into green
hydrogen producers, hydrogen consumers, electrolyzer manufacturer,
and consultants. We deliberately selected participants with different
perspectives along the green hydrogen value chain.

2.2. Thematic analysis: coding and theme generation

For the thematic analysis, we followed the six-step approach outlined
by Braun and Clarke (Braun and Clarke, 2006). The transcripts of the

Table 1
Overview of interviewees.
Expert Type Position Country
Expert Hydrogen producer Innovation Technologist Netherlands
A
Expert Consultant (for-profit Senior Manager Energy Netherlands
B org.) Strategy
Expert Consultant (non-profit Senior Consultant Energy Netherlands
C org.) Transition
Expert Electrolyzer Head of Public Affairs Germany
D manufacturer
ExpertE  Electrolyzer Chief Executive Officer Germany
manufacturer
Expert F Hydrogen producer Senior Manager Technology Germany
and R&D
Expert Fuel cell manufacturer  Director of Sales and Germany
G Marketing
Expert Government Policy Officer Germany
H
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interviews were coded and used to discuss general ideas in the data. The
specific coding for this paper was developed and discussed in the
research team. We subsequently went through the interviews and
identified segments that were relevant to the research questions.
Through multiple discussions, the codes were grouped into larger
themes. The research team subsequently reviewed the themes discov-
ered and discussed the final interpretations of the data.

The thematic analysis of interviews from stakeholders across the
value chain allows us to identify common and differing stakeholder
perspectives and understand the current developments and dynamics at
play in the value chain, and hence answer the research questions posed
in the previous section.

3. Results and discussion

Results are presented in relation to the following key themes: a)
overview of the industry and b) challenges and opportunities for the
green hydrogen value chain.

3.1. Overview

3.1.1. Industry stakeholders

The potential paths for the development of the green hydrogen value
chain depend on many factors, such as market conditions, regulations,
technical risks, and infrastructure (Hanley et al., 2015). For the industry
to grow rapidly, many different stakeholders need to coordinate, with
the most important stakeholders being the hydrogen and electrolyzer
manufacturer and hydrogen customers as well as the electricity pro-
ducers and the government. As mentioned above, Fig. 3 was used as the
starting point for the discussion in the interviews. Most experts found it
to be an accurate picture, but they suggested it was not always possible
to separate the different roles. This is already the case with Siemens and
STEAG, where a large electrolyzer manufacturer cooperates with an
electricity provider to build and run a 17 MW electrolyzer (STEAG,
2019). Expert B mentioned, that especially in the early stages of
scale-up, producers of hydrogen, electricity, and electrolyzers come
together to form a consortium to better share the risks and the costs
involved. This allows the realization of more or larger projects than if a
single stakeholder had to bear all the costs and risks, which should help
the scale-up. Further options can be that hydrogen producers generate
their own electricity to guarantee the supply of green electricity. This is
an attractive proposition, especially in the context of policies that
require proof of the electricity’s origin. In addition, it can be assumed
that green hydrogen customers might produce green hydrogen them-
selves on site and thus become consumers and producers at the same
time, since storage and transport can cause significant costs, as Expert C
mentioned. Another possible explanation could be the scarcity of green
hydrogen. Generating green hydrogen in-house ensures a more reliable
supply compared to relying on external suppliers. However, this
approach also entails that a single company shoulders the full burden of
costs and risks. Such initiatives make sense, particularly during the
industry’s scaling-up phase, when the supply and demand for green
hydrogen remain uncertain and limited. In practice, hydrogen and
electricity consumers and producers are not always completely distinct.
This happens to either disseminating financial burdens and risks through
consortium formations or by ensuring a dependable supply of electricity
or hydrogen. Both approaches can serve as determining factors leading
to the approval of more projects, thereby facilitating the growth of the
industry. However, it is reasonable to anticipate that specialization will
emerge as the green hydrogen value chain evolves, as companies typi-
cally gravitate toward activities that optimize their profitability (Tsa-
kanikas et al., 2022). In addition to the main stakeholders mentioned
above, there are several other stakeholders that directly or indirectly
influence the green hydrogen value chain. Among others, Expert A
mentioned the financial sector as a stakeholder involved, as electrolyzer
and hydrogen producers are likely to need debt capital for the
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investment. Furthermore, Expert H mentioned infrastructure operators,
since the transport and storage of hydrogen adds significant costs. The
green hydrogen produced can be used to produce carbon-based chem-
icals like methanol or other chemicals like ammonia (Capurso et al.,
2022). Initial project plans are already being developed, such as the
Rhyme Bavaria project, which plans to use green hydrogen to produce
15,000 t/a of methanol (Wacker, 2022). However, Expert D found the
provision of water for electrolysis and CO5 to be less important for the
overall growth of the industry, since they see investment in new elec-
trolyzers as a bigger challenge.

For this reason, we will subsequently focus on the following stake-
holders: Hydrogen customers, hydrogen producers, electrolyzer manu-
facturers, electricity producers, and the government.

3.1.2. Role of the government

Companies have a direct influence on the development of the green
hydrogen value chain, mainly through their investment decisions, while
governments have a more indirect influence. However, governments can
influence the value chain at different points. For example, they can in-
fluence the cost-competitiveness of green hydrogen through incentive
policies (e.g. subsidies, cf (European Commission, 2022). or a CO3 tax, cf
(European Union, 2018).). They can also bring about a certain demand
for green hydrogen through mandates, which to date has only happened
in several places (IEA, 2022b). Governments can also encourage in-
vestment in new renewables (cf (Bundesregierung Deutschland, 2017).).
Finally, governments can directly reduce the cost of electrolyzers
through subsidies on hydrogen or electrolyzers (cf (European Commis-
sion, 2022).). The experts interviewed agreed that governments will
play an important role, but there were two different opinions on what
the role of the government will be. On the one hand, the government can
provide planning security through regulations and targets. In particular,
the EU renewable energy directive RED II (Wilson, 2022) was high-
lighted by most experts (Expert A, C, E, H) as a key driver of demand for
green hydrogen. The EU’s strategy sets specific targets for 2024 and
2030 (European Commission, 2020). Certification and standardization
are regarded by the industry as a significant means of how governments
could support the growth of the green hydrogen value chain (DNV,
2022). Some notable instances of beneficial policy measures encompass
financial support allocated to hydrogen technology and systems through
Important Project of Common European Interest (IPCEI) initiatives (cf
(European Commission, 2022).). According to Expert A, subsidies play a
pivotal role for companies within the industry, given the scarcity of
equity in these companies for independent execution of such projects.
Another instance of favorably seen policies involves the promotion of
hydrogen refueling stations in Germany, (cf (BmDV, 2023).), which will
help to stimulate the demand for green hydrogen. As noted by Expert B,
particularly on the demand side, the carbon pricing policy stands as a
driving force for industry, ensuring that products derived from green
hydrogen become competitiveness. However, policies need to be in
place to prevent the industry from relocation. In this regard, Expert B
mentioned the Carbon Border Adjustment Mechanism (CBAM) of the EU
(cf (European Commission, 2023).) as a safety net. Expert H concurs,
emphasizing the necessity for local policymakers to intervene to retain
employment opportunities within the region.

However, politics can also effectively hinder the scale-up of the in-
dustry. The RED II directive was cited by the experts as a negative
example. It has not yet been clarified and thus delays investment de-
cisions. Furthermore, the industry sees uncertainties regarding the cer-
tification of green hydrogen as a risk (GroenvermogenNL, 2022). The
experts share this view and consider the prerequisites for certification to
be another possible bottleneck. In addition, Expert E warned that the
government should be wary of overregulation and should facilitate the
rapid growth of the green hydrogen economy by imposing fewer re-
quirements, or at least to not hinder its growth by being too strict. The
requirements for the certification of green hydrogen are seen as a po-
tential bottleneck by the interviewees. One example that was often
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mentioned is the rumored plan as part of RED II to only certify green
hydrogen produced by electricity sourced from dedicated newly built
green energy projects.’ Similar concerns that RED II could hinder green
hydrogen production in Europe have also been expressed by industry in
the press (Graham, 2022). Since the interviews, the question has
remained as to what kind of electricity to use to produce certified green
hydrogen. In the meantime, there is a dispute in the European Union
about low-carbon hydrogen, with France demanding that such hydrogen
produced by electrolysis using electricity from nuclear power plants
should also be certifiable (Jack, 2023). As reported, countries such as
Romania, Bulgaria, Slovenia, Croatia, Slovakia, and Hungary argue that
this could accelerate the scale-up of the hydrogen industry (Abnett,
2023). Other potential pitfalls include questions of responsibility be-
tween different ministries, as Expert E criticized. Furthermore, Expert G
felt that existing regulations should be revised to ensure that there are no
false financial incentives and that there is a fair playing field for tech-
nologies using hydrogen. They mentioned, for example, that buses with
overhead lines would receive more funding than fuel cell buses. Another
instance of biased favoritism towards alternative technologies over
hydrogen is exemplified by the pilot project involving overhead lines on
German highways, which primarily promotes direct electrification for
long-distance transportation (cf (Autobahn GmbH, 2023).). Expert G
disapproves of the prevalent trend of offering subsidies exclusively for
projects for technological development, contending that these subsidies
primarily yield prototypes and do not significantly contribute to the
scale-up of the industry via mass production. In contrast, Expert A holds
a differing viewpoint, asserting that such regulations are essential to
prevent stagnation in technological advancement. Due to the continuous
potential for innovation in electrolyzer technology, Expert A maintains
that these regulations are crucial in promoting advancements.

3.2. Challenges and opportunities

3.2.1. Biggest challenges

While governments can attempt to influence the development of the
green hydrogen value chain through directives and incentives, growth
will be determined by investment from producers of green hydrogen,
renewable electricity, and electrolyzers. The existence or expectation of
unmet demand is usually a condition for investment in new production
facilities, whether it is demand for green hydrogen or for electrolyzers.
Most experts (Expert B, D, E, G) interviewed agreed that the lack of
demand for green hydrogen is currently one of the biggest obstacles.
Industry sees targets set by governments as an important tool to create
long-term demand, which would create more security for investments
(Hydrogen Council, 2022). While scientific analyses usually predict
huge demand for green hydrogen (Pathak et al., 2022), and governments
have set targets (cf (Rijksoverheid, 2020; European Commission, 2020;
Bmwi, 2020; METI, 2019; Diis, 2019).) to stimulate demand for
hydrogen, key stakeholders see a “chicken or egg” dilemma. In simple
terms, this means that investment in large-scale green hydrogen pro-
duction is limited by uncertain demand, while the commitment to use
green hydrogen is hindered by the high costs of green hydrogen. How-
ever, the costs of green hydrogen can be reduced through large-scale
investment in green hydrogen production. In addition, demand for
green hydrogen depends on whether the price of green hydrogen can
compete with hydrogen from other sources. In other words, there would
need to be a coordinated investment dynamic of different industries
without a coordinating body, such as governments.

The cost of green hydrogen is strongly dependent on the price and
availability of renewable electricity (Martinez de Leon et al., 2022).
Dutch industry says that for the Netherlands, operational expenses
(OPEX) and, in particular, electricity costs are the dominant cost driver

! This rule has been relaxed by the European Parliament since the conclusion
of the interviews and the publishing of this article (Recharge, 2022).
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of green hydrogen production (GroenvermogenNL, 2022). The cost of
electricity from renewable sources has decreased immensely in the last
few years. For PV rooftop systems, the costs decreased by 92% over a
period of 30 years in Germany (Philipps, 2022). Meanwhile, for onshore
wind power, the levelized cost of energy decreased by 35% between
2008 and 10 and 2014-16 in Germany (Duffy et al., 2020). Interna-
tionally, the levelized cost of electricity for PV fell by 88%, for onshore
wind by 68%, and offshore wind by 60% between 2010 and 2021
(IRENA, 2022). In addition, the installed capacity of renewables
increased from 97.7 GW in 2015 to 138.6 GW in 2021 in Germany
(BNetzA, 2022) and from 4.3 GW in 2015-15.4 GW in the Netherlands
(ENTSO-E, 2023). It is sometimes assumed that to produce hydrogen
from electrolysis, renewable electricity is mainly used or electricity from
renewable sources that cannot be used in any other way (Bareil3 et al.,
2019; Giocoli et al., 2023). Although this was considered by some ex-
perts (Expert B, D, E, H) to be unrealistic and a huge obstacle for the
rapid adaptation of green hydrogen, there are two main reasons for this
assumption. On the one hand, it makes sense to use renewable electricity
first to replace electricity from fossil sources and to not use it to produce
green hydrogen. In fact, the production of hydrogen from electricity
from fossil sources produces more CO, emissions than the direct pro-
duction of hydrogen from fossil sources (Ji and Wang, 2021). The second
reason is the cost of producing hydrogen. The cost of producing
hydrogen from electrolysis is primarily influenced by the cost of elec-
tricity (Pivovar et al., 2018). High electricity costs, such as the variable
costs of electricity from fossil sources, ensure that hydrogen from elec-
trolysis is more expensive than production methods for hydrogen with
fossil fuels (Ji and Wang, 2021). However, the availability of excess
renewable electricity remains low. During 2022, there were only 20 h in
Germany when electricity production from renewables was greater than
the demand (BNetzA, 2023a, 2023b). One obstacle mentioned for the
rapid expansion of renewables is the long approval procedure and the
project length of renewables. In Germany, the average approval period
is 23 months and the time taken from approval to commission is 25.9
months according to industry data (Wind, 2022). Long approval times
for permits and grants for green hydrogen plants are cited in industry
reports as a bottleneck for the growth of green hydrogen (Deloitte,
2022). Investments are therefore not undertaken, as the possible utili-
zation of electrolyzers is too little with the current amount of low-cost
renewable electricity. This is another reason why the price of green
hydrogen remains high, as the capital costs (CAPEX) must be distributed
to cover the fact that less hydrogen is produced due to low operating
hours based on available low-cost electricity. According to industry
sources, electrolyzers need at least 4000 h to operate profitably
(GroenvermogenNL, 2022). The same issue was raised in the interviews.
It was commented that a major obstacle to producing green hydrogen is
the availability of green electricity. The slow deployment of renewables
is also stated as a big problem faced by the industry (DNV, 2022). The
idea of using only excess green electricity was criticized and, in light of
the lack of low-cost green electricity, it was asked whether it makes
sense to solely fixate on green electricity to achieve the necessary growth
of the green hydrogen value chain in the time frame envisioned. These
criticisms can also be found in politics and industry. As mentioned
above, some countries in the European Union are pushing to recognize
nuclear power as an additional legitimate power source for green
hydrogen. Meanwhile, some industry actors have proposed subsidizing
hydrogen on the basis of lifecycle CO5 emissions instead of its produc-
tion type (Deloitte, 2022). This should allow for more mixed forms of
production, thus helping to achieve the necessary production hours for
electrolyzers as well as cost competitiveness, while also allowing for an
incremental transition.

3.2.2. Other potential bottlenecks

Besides the two aforementioned main issues, other smaller obstacles
were brought up during the interviews. For example, the utilization of
production facilities for electrolyzers is dependent on precious metals,
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among other things, as Expert E and Expert F noted.

However, other experts had different opinions as to whether the
demand for rare metals could be neglected. Expert G did not see any
bottlenecks among suppliers and considered the reduced need per
electrolyzer and recycling to be adequate means of avoiding shortages.

Another challenge for the growth of the green hydrogen chain is the
need for a trained workforce that can operate the new equipment. While
these concerns were raised in the interviews, this problem should
theoretically only be able to slow the growth and not stop the devel-
opment of the industry. In theory, a shortage in workforce should lead to
higher wages, which would attract more people. However, training
these people would take time and thus delay the growth.

Regarding the financing of projects in the green hydrogen value
chain, the discrepancy between governments and the financial sector
was pointed out by Expert A. According to some interviewees, govern-
ments want to fund projects that drive innovation in the green hydrogen
sector, while the financial sector would rather invest in proven
technologies.

In addition to these potential obstacles, industry reports often cite
safety concerns and risks regarding the transport, use, and storage of
green hydrogen as possible bottlenecks for the expansion of green
hydrogen (cf (DNV, 2022; GroenvermogenNL, 2022).).

3.2.3. First-mover advantage

When asked why, despite all these challenges, investments are being
made in electrolyzers and production capacities for electrolyzers today,
the participants responded with different but complementary arguments
for a first-mover advantage. Firstly, Expert G explained that first movers
in the green hydrogen industry can expect political support in the form
of subsidies for early projects (European Commission, 2022).

The second possible reason cited for early investment in the green
hydrogen industry was the experience gained. The collected experience
is not only valuable for the electrolyzer manufacturers but — according to
the experts (Expert A, E, F) — is also a reason for the operators to invest
and help as references with new contracts. A lack of experience with
large-scale electrolyzers could otherwise become another bottleneck for
the growth of the green hydrogen value chain according to industry
reports (DNV, 2022).

There are also strategic incentives to invest, which are dependent on
the current market phase and are therefore indirectly linked to the
amount of electrolyzers installed. Especially in the early phases, in-
vestors are willing to forgo an initial profit if higher profits can be
achieved later. Electrolyzer manufacturers have made losses in recent
years, yet continued to invest (cf (Nel, 2020, 2021, 2022).).

3.2.4. Technological development

The installed electrolyzers are a good indicator for their production
costs. The economy of scale can reduce the costs of new technologies
(Kim, 2021). Examples of energy technology cost trajectories are wind
turbine and solar panel costs (Louwen and van Sark, 2020). In terms of
the overall potential for reducing the cost of electrolyzers, the experts
are of the same opinion. They assume that a realistic cost reduction
potential is lower than the price potentials discussed in scientific liter-
ature. Academic literature currently indicates that the system costs are
620-1240 €/kW for polymer electrolyte membrane electrolyzers and
450-900 €/kW for alkaline electrolyzers, but they are projected to fall
below 180 €/kW in the future (IRENA, 2020). According to some experts
interviewed, this seems too optimistic. They consider estimates by the
Institute for Sustainable Process Technology of 1400 €/kW for alkaline
electrolyzers and 1800 €/kW for polymer electrolyte membrane elec-
trolyzers to be more realistic (van’t Noordende and Ripson, 2020;
Krishnan et al., 2023). System cost estimates for 2030 are 730 €/kW and
830 €/kW for alkaline and polymer electrolyte membrane electrolyzers,
respectively (van’t Noordende and Ripson, 2022). Other industry sour-
ces project costs of 400-900 €/kW for polymer electrolyte membrane
electrolyzers and 260-620 €/kW for alkaline electrolyzers by 2050
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(DNV, 2022).

3.2.5. Investment decisions

Using the insights obtained from the interviews, we constructed a
detailed overview of stakeholders, investment decisions, and influ-
encing factors. Fig. 4 shows the updated version of the green hydrogen
value chain.

The focus is still on the electrolyzer or the investment decision in new
electrolyzers. New investments in electrolyzers are influenced by ex-
penses and returns. In addition to these financial aspects, however, there
is also a strategic influence, represented here by the market phase, since
the strategic aspects of new investments decrease as the market de-
velops. The income of the hydrogen producer depends on how much
green hydrogen can be sold profitably. This quantity is limited either by
lack of demand or by the lack of abundant renewable electricity for
production. Demand can be affected during the scale up primarily by
two possibilities. Firstly, the government can bring about the use of
green hydrogen, and secondly, there will be further demand for green
hydrogen if it is just as inexpensive as hydrogen from alternative sour-
ces. The government, of course, can also bring about the latter condition.
Similar assumptions apply to electrolyzer manufacturer as they do for
the hydrogen producer. They will invest in new electrolyzer manufac-
turer facilities if there is unmet demand or if there is a strategic
advantage to be gained from the investment. In contrast, new in-
vestments in renewables will only be made when they make financial
sense. This results in a negative feedback loop between abundant
renewable electricity and investment in renewables. New plants in-
crease the amount of abundant renewable electricity, but too much
excess electricity prevents new investments unless governments step in
and make them profitable anyway. A similar situation applies to in-
vestments in new production capacities for electrolyzers. These depend
on whether there is an unmet demand for electrolyzers. If such demand
exists, investments in new production facilities can be profitable.
However, if these investments are made and the installed production
capacity increases, the unmet demand will logically decrease. An
example of a positive loop is that new investments in electrolyzers due to
learning effects (represented by the market phase) can help to lower the
cost of new electrolyzers. This in turn can lower the cost of green
hydrogen and thus generate new demand that was previously met by
hydrogen from fossil sources. This new demand again allows for in-
vestments in new electrolyzers and thus results in a positive reinforce-
ment. Another example of a complex feedback loop is how greater
investment in electrolyzers increases the learning effect of electrolyzer
manufacturer to produce electrolyzers, which can lead to lower elec-
trolyzer costs. Lower costs for electrolyzers can subsequently lead to
more investment in electrolyzers. Overall, a complex picture emerges
with different positive and negative feedback loops, showing how the
interaction of the different stakeholders works and what is needed for
the industry to grow.

4. Conclusion

In this paper, a socio-technical analysis was conducted for the green
hydrogen value chain in Germany and the Netherlands. Germany and
the Netherlands are in a special position because of their energy-
intensive industries, their electricity mix, and their existing electro-
lyzer industry. The analysis uses semi-structured stakeholder interviews
to shed light on the development, challenges, and opportunities of the
green hydrogen value chain in Germany and the Netherlands. In addi-
tion, we provide a view of the dynamics of scale-up from a stakeholder
perspective, thus improving the scientific understanding of this trans-
formation process.

The study reveals the specific views of the stakeholders of these in-
dustries in Germany and the Netherlands. According to the experts
interviewed, the lack of demand for green hydrogen and the lack of
abundant renewable electricity are the two major problems. The EU is
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individual actors.

trying to stimulate the demand side through RED II and thus solve the
“chicken or egg” dilemma. The availability of abundant renewable
electricity is increased through various national regulations. The
stakeholders interviewed see these interventions as positive, but also
warn against overly complex rules. Many of the stakeholders’ experi-
ences are in line with similar work (cf (Damman et al., 2021).).
Furthermore, the statements regarding the first-mover advantage and
the strategic rationale behind investment decisions within the green
hydrogen value chain provide insights into the current investments
made in projects that may not yield immediate profits. The interviews
provide an insight into how industry stakeholders are connected by in-
vestment decisions as well as the current state of the industry, supply,
and demand for green electricity and electrolyzers. The positive feed-
back loop between the cost of electrolyzers and the demand for elec-
trolyzers could be a potential point for stimulating the growth of the
green hydrogen value chain. Governments only need to create an
incentive once to catalyze the process, after which the industry should
theoretically grow on its own based on the feedback loop.

Germany and the Netherlands have a substantial interest in fostering
the green hydrogen industry, given their status as the largest hydrogen
consumers within the EU today. However, these countries grapple with a
relatively limited availability of electricity sourced from renewables,
which could render regulatory provisions like RED II problematic. Ex-
perts interviewed from the industry express a desire for subsidies with
more relaxed prerequisites to facilitate the initial scale-up.

Concerns in Germany also revolve around the distance requirements
related to the origin of green power, as existing hydrogen customers are
often situated far from optimal spots for renewable energy. This would
result in additional transportation costs. The consensus among these
experts emphasizes the importance of retaining hydrogen customers
within their respective countries. Thus, mechanisms such as CBAM or
regional subsidies for hydrogen products assume special significance. In
addition, regional and national policymakers have a strong interest in
preserving jobs, which should increase the focus on this type of
regulation.

Furthermore, manufacturers of electrolyzers in Germany emphasize
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the importance of receiving support to remain competitive on the in-
ternational stage. Failure to do so could result in the relocation of not
only their operations but also those of their suppliers. Whether current
policies should rather support technological developments or cost re-
ductions through economy of scale is disputed among experts.

Further research should investigate how these insights could help to
better understand and model the dynamics of the emerging green
hydrogen value chain. New studies should include analyses of the most
efficient ways that governments could stimulate the electrolyzer in-
dustry in Germany and the Netherlands and countries in a similar
position.
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