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Hydrogen technology has advanced significantly in recent years, making it a promising future energy source. It
is, in fact, a clean, safe, and valuable fuel, offering a solution to renewable energy intermittency and redirecting
energy for various applications. Since hydrogen technologies can potentially represent the energy of the future,
understanding the determinants facilitating innovation is of paramount relevance. This study aims at under-
standing the determinants of hydrogen technology innovation across EU member states. Three sets of de-
terminants are considered: human capital (Stock of graduates), institutional quality (Size of Government, Legal
System and Property Rights, Sound Money, Freedom to Trade Internationally, Regulation), and sustainability
endorsement (Hydrogen public R&D, Sustainable competiveness index). From a methodological perspective, a
panel model comprising 27 EU member states is used. The final dataset consists of 540 observations from 1998 to
2019. Of the three sets of determinants, our results show that investment in human capital, the legal system,
property rights protection, and investment in R&D activities could support the development of hydrogen

technologies.

1. Introduction

Over the past two decades, significant advancements have been
made in hydrogen technologies, positioning it as the energy source of
the future (Gupta et al., 2023; Zhu et al., 2023; Seck et al., 2022; Mona
et al., 2020), leading some authors to speak about a future “hydrogen
economy” (see, for example, Ball and Weeda, 2015; Tseng et al., 2005).
Hydrogen technologies, in fact, have several promising advantages.
First, in some of its forms, it represents a valuable, clean, and safe
high-quality fuel (Becker, 2015). Second, hydrogen production emerges
as a highly promising solution to address the issue of intermittency in
renewable energy generation (Pinto, 2023; Jain, 2009). Third, hydrogen
technologies help mitigate impacts associated with energy conversion
(Chen et al., 2011). Fourth, hydrogen technology has the potential to
replace fossil fuels in sectors traditionally reliant on them, thus sup-
porting the shift towards more sustainable energy sources (Sarkar et al.,
2019). Fifth, hydrogen technology involves the widespread utilization of
hydrogen across various sectors, favoring an increase in energy supply,
reducing energy costs, and serving as a versatile energy medium
(Bockris, 2013). Lastly, it encompasses various components, including
hydrogen production, storage, transportation, and applications like
hydrogen refueling stations and fuel cell vehicles (Sinigaglia et al.,
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2019).

Therefore, research in the field of hydrogen technology is encour-
aged by several governments and sovra-national organizations, espe-
cially concerning the development, application and use of such
innovations (Ashari et al., 2024; Ampah et al., 2023; Seck et al., 2022;
Hacking et al., 2019). At the national and regional level, research on the
determinants of development, adoption and use of innovation, espe-
cially the green ones, is not new (see, for example, Li et al., 2021; San-
toalha and Boschma, 2021; Barbieri et al., 2020; Montresor and
Quatraro, 2020), but hydrogen technologies, despite their immense
potential, have been largely overlooked (Madsen and Andersen, 2010;
Walker, 2024; Ampah et al., 2023). Given the future potential of
hydrogen technology, identifying the determinants that contribute to its
development has emerged as a significant research area, particularly to
support the development of place-based and evidence-based hydrogen
policies (Walker, 2024; Ampah et al., 2023).

Given these premises, this paper aims at analyzing the determinants
of hydrogen technology innovation across European countries, where
the European Commission recognizes hydrogen technology as the key
driver for the Green Deal (Wolf and Zander, 2021). The relevance of
hydrogen in Europe has been recently demonstrated by the EU hydrogen
strategy published in 2020, i.e., “Hydrogen strategy for a climate-neutral
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Europe”, which sets out targets and three phases of hydrogen develop-
ment and adoptionl (Wolf and Zander, 2021) and which recognizes the
fundamental role of hydrogen innovation (Vivanco-Martin and Iranzo,
2023). However, for an efficient transition to the so-called hydrogen
economy, national governments need to develop their national
hydrogen strategies, considering their peculiar economic and techno-
logical developments (Wolf and Zander, 2021). Moreover, the relevance
of hydrogen technologies has also been recalled by REPowerEU
announced in 2022 and by the 2023 Joint Declaration of Joint Decla-
ration on Hydrogen Valleys by Hydrogen Europe, Hydrogen Europe
Research, S3 H2 Valleys Platform and the European Commission. In this
context, understanding the determinants of hydrogen technology at the
country level is extremely important, not only because European
countries are still entering the second phase highlighted by the EU
hydrogen strategy but also because in the last one (2030-2050),
hydrogen technologies are expected to reach maturity and to be used on
a large scale (Pinto, 2023).

To achieve the stated research objective, this study adopts a systemic
approach (Ott and Rondé, 2019; Buesa et al., 2010; Edquist, 1999) and it
considers three country level factors to study hydrogen technology
development: human capital (Stock of graduates), institutional quality
(Size of Government, Legal System and Property Rights, Sound Money,
Freedom to Trade Internationally, Regulation), and sustainability
endorsement (Hydrogen public R&D, Sustainable competiveness index).

In investigating the determinants at country level for hydrogen
technology development, Europe represents a fruitful case due to the
existence of a EU hydrogen 2020 strategy for innovation and energy
transition and for the availability of harmonized data that facilitates
comparative analysis across countries. From a methodological point of
view, two analyses are performed. First, a temporal evolution of
hydrogen technologies is described by identifying which countries drive
the patenting process in hydrogen technologies. Second, an econometric
model is estimated to identify the determinants of hydrogen technolo-
gies at the country level. Specifically, we conduct this analysis at the 27
EU countries level, considering the number of patents in hydrogen
technologies, using a panel of 540 observations from 1998 to 2019.

Results show that human capital positively affects hydrogen tech-
nology; similarly, specific R&D investments and protection of intellec-
tual property rights positively support innovation in the hydrogen
domain. These results contribute to the empirical literature on the ge-
ography of hydrogen technologies, confirming the need to adopt a sys-
tem approach to study innovation, particularly green ones. Moreover,
although the endorsement and support are at the European level, it is
necessary to define, at the country level, specific policies and tools that
facilitate this transition. Since the adoption of hydrogen technologies
varies across European countries, place-based policies need to be
defined at the national and regional level, taking into account the de-
terminants of such technologies, as well as the pre-conditions and the
specific territorial characteristics and innovation potential of the coun-
tries or regions. Supporting the development of hydrogen technologies
through place-based country level policies will in turn facilitate the
creation of cross-national collaboration and the so-called “hydrogen
valley” across Europe (Bampaou and Panopoulos, 2025).

This paper proceeds as follows. Section 2 reviews the extant litera-
ture, section 3 presents the analytical framework. Section 4 presents
data, variables and methods. Section describes the results and section 6
concludes.

! Phase 1 (2020-2024) is aimed at decarbonizing existing hydrogen pro-
duction; in phase 2 (2024-2030) hydrogen is expected to become a funda-
mental part of the energy system; in phase 3 (20,230-2050) hydrogen
technologies are expected to reach maturity and to be used on a large scale.
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2. Determinants of innovation at national and regional levels: a
synthesis of the extant literature

Technological innovation is crucial for economic development,
playing a vital role in developing a sustainable society and mitigating
climate change (Haggmark and Elofsson, 2022; Buesa et al., 2010), a
topic of particular relevance to the agenda of policy makers in recent
years (Gans, 2012; Steward, 2012).

The economics of innovation literature demonstrates that space
matters in the development of innovation (Lengyel et al., 2020; Scott
et al., 2003) and that innovation is not an isolated phenomenon but that
national and regional contextual factors may strongly affect the inno-
vation capabilities of a region or country (Edquist, 1997, 1999). This
aspect is at the heart of the National or Regional Innovation System
perspective (NIS or RIS) (Cooke et al., 1997), according to which in-
novations result from complex and interactive dynamics among
different actors in a specific institutional framework, setting the rules of
the game (Ortega and Serna, 2020; Edquist, 1997) in a specific
geographical area with its specific features (Camagni and Capello,
2005).

When looking at the determinants of innovation, Buesa et al. (2010),
according to a systemic view of innovation, considers several indepen-
dent variables: i) regional innovation environment, referring to size of
the region (comprising variables such as GDP, GVA, number of people
employed), gross fixed capital formation, wages) and human resources;
ii) university (i.e., university staff in R&D about total number employed,
R&D expenditure about GDP and 3rd cycle students about population;
iii) public administration (i.e., staff in R&D about total number
employed; about GDP); iv) national environment (i.e., investment cap-
ital about GDP, penetration of ICTs); v) innovatory firms, (ie., firm’s
staff in R&D about total employees and firm’s expenditure in R&D
compared to GDP). These authors, by using a knowledge production
function approach, find out that only regional environment, innovatory
firms, and national environment have a positive effect on innovation.
Rodriguez-Pose and Villareal Peralta (2015), in their study based on
Mexico, use the following variables: annual growth of regional GDP per
capita, level of GDP per capita, R&D expenditure, social filter (i.e., a
composite index for social regional variables) and spillovers and they
demonstrate that R&D investment and social filtering influence inno-
vation activities. In their French study aimed at understanding the
process of innovation generation, Ott and Rondé (2019) specifically
focus on the role of knowledge and human capital. They proxy inno-
vation using patents, and they consider i) regional firms competences,
measured through a specific survey that distinguishes between “tech-
nical competences” and ‘“organizational competences”, and ii) the
regional knowledge base, specifically proxied using R&D and education.
Recently, Olejnik and Zottaszek (2020), use the following variables:
employment in high-tech and knowledge intensive sector, a proxy for
skilled human capital; patent application; R&D investment, a proxy for
the stock of knowledge used to produce new knowledge and Gross Do-
mestic Product, as a measure for economic performance. Their analysis
confirms both the relevance of space (also in terms of proximity) and
that of social and human capital.

The spatial dimension of innovation also attracted scholars’ atten-
tion when green innovation is concerned (see, for example, Hansmeier
and Kroll, 2024; Grillitsch and Hansen, 2019; Boschma et al., 2018).
Literature on green innovation agrees on the relevance of space and
geographical features: green innovations depend on specific supply and
demand characteristics, as well as on institutional context and regula-
tory framework (Barbieri et al., 2020; Horbach et al., 2014). Galliano
et al. (2023), using the French Community Innovation Survey (CIS),
focus on the externalities (measured as Location Quotient, Related Va-
riety and Unrelated Variety) having a positive impact on green inno-
vation, taking into account also the spatial localization of the company.
They found that spatial externalities have a positive impact on firms’
green innovation and, specifically, this impact varies according to firms’
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location. Moreover, the positive effect of spatial externalities is much
more relevant for firms located in rural areas. In contrast, no effect was
found about green innovation development for urban forms (Galliano
et al., 2023). The relevance of spatial factors and regional and national
characteristics is also stressed by Losacker et al. (2023a,b) in their sys-
tematic review of the determinants of green innovation. In their review,
they highlight three main groups of regional determinants, named i)
supply-side determinants, referring to technological capabilities and
competitive advantages; ii) demand-side determinants, related to ex-
pected market demand and environmental awareness and, iii) institu-
tional and political demand, i.e., environmental policies and
regulations. Very recently, Hansmeier and Kroll (2024), focusing on the
geography of eco-innovation and sustainability transition, identify three
key driving factors: actors, institutions, and technological elements.
Actors and human capital are, in fact, fundamental in generating and
sharing new knowledge, which is necessary to develop innovation.
Moreover, actors are a powerful tool for the creation of knowledge
networks, which, in turn, facilitate the diffusion of knowledge and
technologies across space. The institutional context, by setting the rules
of the game, can influence both the behavior of actors as well as facili-
tate the adoption and diffusion of innovation through specific regula-
tions and incentives (Hansmeier and Kroll, 2024). Lastly, technological
elements refer to both technology itself and also to all the tacit knowl-
edge connected with technological innovation, provided by actors and
human capital (Hansmeier and Kroll, 2024).

Specifically focusing on the country or regional determinants of
hydrogen technology, the literature is still scant, with the majority of
studies focusing on factors affecting the creation of a hydrogen economy
(Ashari et al., 2024; Safronova and Barisa, 2023; Kar et al., 2023; Cader
et al., 2021), hydrogen R&D, hydrogen trade (Ashari and Blind, 2024)
and societal acceptance of hydrogen technologies (Scovell, 2022; Emodi
et al., 2021). However, in this limited literature, some previous studies
confirm that space matters also when hydrogen technology is concerned.
The pioneering work of Madsen and Andersen (2010), focusing on
hydrogen fuel cells (H2FC) in 16 European regions, highlights that
innovation and policy preconditions affect the development of hydrogen
and fuel cell technologies. Specifically, they find that the presence of
innovative clusters and being an innovative region have a positive
impact on the H2FC innovation system. More recently, Ampah et al.
(2023), in their analysis based on patent data across different countries
worldwide, highlight a different level of hydrogen technology devel-
opment maturity, with Japan as the leading country, followed by US and
China and that the presence of a clear and effective policy strategy could
support the development of hydrogen technology, as was the case of
both Japan and Germany (Ampah et al., 2023). Other two studies are
worth mentioning, and they are both focused on the case of Germany.
Bolz et al. (2024) investigate the adoption barriers that can hinder the
development of hydrogen technologies in the Bremen region. Using a
qualitative approach based on different focus groups, they identified five
different barriers, namely regulation (i.e., subsidies, funding policy,
approval procedure and legal framework), technology (i.e., life cycle
assessment and suitability), costs (categorized as energy carrier, in-
vestment and operating), availability (i.e., energy carrier, distribution
infrastructure, technical components, service and maintenance, and
network), and, lastly, acceptance (operationalized as customers,
personnel development, visibility, willingness to pay, public fears) (Bolz
et al., 2024). In the same year, Walker (2024) studies the allocation of
R&D funding in Germany and the related effect of hydrogen technology
in light of the mission-oriented innovative system and mission-oriented
innovation policy. He finds that allocating R&D funding considering
spatial and geographical characteristics leads to different outcomes,
such as creating clusters for research activities and local specialization
(Walker, 2024).

The extant literature clearly highlights that space (i.e., regions or
countries) and their characteristics may influence innovation, especially
when the green one is concerned. However, although this stream of
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research is increasing, more contributions are needed, especially in the
field of hydrogen technology, which has been largely overlooked despite
the potential of being the energy of the future. Starting from the extant
literature, a conceptual framework has been developed (and presented
in section 3) to investigate the regional determinants of hydrogen
innovation.

3. Analytical framework

Following the previous review of the literature, an analytical
framework has been developed. Three main sets of variables are iden-
tified, each of which have an impact on the hydrogen technologies at the
country level (Fig. 1).

The first key factor is the stock of skilled human capital. The role of
human capital has been widely recognized in literature on innovation
and green innovation in particular (Pinate et al., 2024; Losacker et al.,
2023a,b; Wen et al., 2022a,b; Barbieri et al., 2020). The relationship
between human capital and innovation finds its theoretical justification
in what was termed “conversion” by Bourdieu (1986), according to
which country-level human capital works as input resources that can be
transformed into output. In line with the human capital theory (Becker,
1964), in fact, highly educated individuals can foster productivity
growth since they act as a key determinant for technological innovation
(Zhang and Li, 2023; Benhabib and Spiegel, 2005; Cannon, 2000;
Romer, 1990). In particular, concerning green innovation, Consoli et al.
(2016) show how green innovation requires a high level of cognitive
skills and a high level of education. The relevance of skilled human
capital to foster innovation, and especially the green one, is highlighted
by the European Commission (2022, 2021). A country with a high
capital-labor ratio generally has a higher level of education and a greater
number of skilled workers, and then it may have more prospects for
innovation and the ability to generate new ideas and successfully bring
them to market (Aron and Molina, 2020; Cascio and Boudreau, 2016).
This can be particularly true in a highly innovative field, such as that of
hydrogen (Lenihan et al., 2019).

The second key factor is institutional quality (Zanello et al., 2016;
Rodriguez-Pose and Di Cataldo, 2015; Tebaldi and Elmslie, 2013;
Rodriguez-Pose, 2013). Scholars have underscored the favorable influ-
ence of institutional factors on innovation, drawing upon the theoretical
underpinnings of the Porter Hypothesis (Zhang and Li, 2023; Li and
Shao, 2021). This hypothesis posits that strong institutional frameworks
can catalyze individuals’ enthusiasm for innovation and enhance oper-
ational efficiency (Li and Shao, 2021). Several scholars, by using the
Economic Freedom of the World Index (see, for example, Boudreaux,
2017; Young and Sheehan, 2014), assess institutional quality using five
categories: i) size of government; ii) legal system and property rights; iii)
regulations; iv) sound money; and v) free international trade (Cascio and
Boudreau, 2016). Size of government is said to enhance public service
functions, offering society beneficial externalities through the provision
of public services and products (e.g., transportation, energy, commu-
nication, and infrastructure); successfully address market failures and,
lastly, generate positive externalities by restricting or eradicating mo-
nopolies and promoting the growth of businesses (Havercroft, 2021).
Favorable legal systems and property rights, such as tax incentives for
research and development or strong intellectual property protection,
can encourage companies to invest in new ideas and technologies
(Butenko and Larouche, 2015). Conversely, uncertain or restrictive
regulations can act as barriers to innovation (Hueske et al., 2015), due to
the “crowding out” effect (Kemp and Pontoglio, 2011). By way of
example, considering the innovation in renewable energy, Li and Shao
(2021) find a significant negative impact of the legal system and regu-
lation on renewable patents. In OECD countries, there is a negative link
between innovation and the levels of the national legal system, property
rights, restrictions in the credit market, labor and business. Regulation is
related to governmental law and policies that can hinder or support the
freedom of exchange in credit, labor, and product markets. The extant
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Fig. 1. Determinants of hydrogen innovation. Authors’ elaboration.

literature generally distinguishes between three types of regulation,
namely “market-incentive regulation” (mainly focused on pricing or cost
mechanism), “command and control”, i.e., mandatory measures for
companies, and “public participation-based regulation”, with the active
involvement of the civic society (Ni et al., 2023). Although there is a
broad investigation on the effect of regulation on innovation, results are
mixed, particularly when green innovation is concerned. Some authors,
in fact, highlight that environmental regulations can promote green
innovation, mainly thanks to the “innovation compensation” mecha-
nism (Zhang and Li, 2023; Feichtinger et al., 2005). On the contrary,
other scholars provide evidence that strict environmental regulation
often acts as a barrier to innovation, mainly due to high investment costs
to achieve the government’s stated standards and measures (Zhang and
Li, 2023). Sound economic institutions are crucial in fostering innova-
tion, while inadequate economic institutions will divert the efficient
distribution of resources towards unproductive avenues (Cascio and
Boudreau, 2016). The role of governments is fundamental in developing
innovations because they can develop policies to create incentive sys-
tems to strengthen inventions (Niroumand et al., 2021). They can also
attract foreign investment to the country that promotes this type of
innovation (Niroumand et al., 2021). Countries or regions with high
trade barriers hinder the growth of international trade due to their
limited import and export volumes. Consequently, they have fewer op-
portunities to access advanced technological knowledge through trade
channels (Niroumand et al., 2021). The absence of technical interna-
tional interaction and communication will inevitably result in a lower
capacity for technological innovation.

The third key factor is the sustainability endorsement. According
to a systemic perspective (Camagni and Capello, 2005; Edquist, 1997),
the external institutional context plays a central role in supporting in-
novations through different policies and investments. First,
technology-push policy instruments, such as government-sponsored
R&D initiatives, can promote technological advances from the in-
novators’ perspective (Sagar and van der Zwaan, 2006). Publicly funded
R&D, in fact, is said to overcome the problem of firms’ R&D, which
shows the classical problem of public goods being non-rivalrous and
non-completely excludable (Becker, 2015). Specifically, R&D perfect
competition is not able to maximize the social welfare function since
positive externalities generated by the innovative activities are charac-
terized by non-appropriability, non divisibility and a high level of un-
certainty, preventing firms from internalizing the return generated by
initial investment in innovation (Bronzini and Piselli, 2016; Becker,

2015). To overcome this problem, in most countries, the government has
defined different policies to support R&D activities through devoted
public funds (e.g., through subsidies or tax incentives) in order to sup-
port an optimal allocation of innovation resources. Public R&D funds
can help companies in taking riskier innovation activities due to reduced
private investment in innovation input (Xu et al., 2021), especially when
exploratory innovation is concerned (Gao et al., 2021). Competitiveness
encompasses not only the economic performance of a nation but also its
environmental and social performance. The World Economic Forum
(2013) defines sustainable competitiveness as the combination of in-
stitutions, policies, and elements that enable a country to maintain
productivity in the long run while also ensuring social and environ-
mental sustainability. Innovation in the hydrogen sector is not only a
question of technological advancement but also of how these in-
novations are integrated in a context that enhances environmental and
social sustainability. Countries with high sustainable competitiveness
tend to create the institutional and political conditions necessary to
support technological innovations in harmony with long-term sustain-
ability goals.

4. Data and sources

The variables used in this study were sourced from four primary data
providers: OECD REGPAT, EUROSTAT, EFotW (Economic Freedom of
the World), The Global Sustainability Index, and International Energy
Agency (IEA) (see Table 2). OECD REGPAT database provides infor-
mation on patents registered with the European Patent Office (EPO) and
the Patent Cooperation Treaty (PCT). This data source allowed us to
identify patents in hydrogen technologies. EUROSTAT provides infor-
mation on persons with a university degree, the economically active
population, the unemployment rate, GDP and the risk of poverty. The
EFotW dataset measures the degree to which countries’ policies and
institutions support economic freedom. The Global Sustainable
Competitiveness, published by SolAbility, measures competitiveness
and sustainability together at the country level. The IEA is an interna-
tional intergovernmental organization funded in 1974 by the Organi-
zation for Economic Cooperation and Development (OECD) following
the oil shock of the previous year. The variable related to public
hydrogen investment was obtained from IEA. Based on the IEA’s scope,
public R&D spending includes funding from central or federal govern-
ment units and, when significant, provincial and state government units.
Local and municipal government units are excluded.
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Table 2
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Variables used in the study. Source: author’s elaboration.

Table 1
Patent families considered in the study. Source: author’s elaboration.
Family Description
YO2E 60/00 Enabling technologies; Technologies with a potential or indirect
contribution to GHG emissions mitigation
YO2E 60/30 Hydrogen technology
YO2E 60/32 Hydrogen storage
YO2E 60/34 Hydrogen distribution
YO2E 60/36 Hydrogen production from non-carbon containing sources, e.g. by
water electrolysis
YO2E 60/50 Fuel cells
YO2P 20/00  Technologies relating to chemical industry
YO2P 20/ Energy recovery, e.g. by cogeneration, H2 recovery or pressure

129 recovery turbines
CO1B 3/00 Hydrogen; Gaseous mixtures containing hydrogen; Separation
of hydrogen from mixtures containing it (separation of gases by
physical means B01D); Purification of hydrogen (production of
water gas or synthesis gas from solid carbonaceous material
C10J; purifying or modifying the chemical compositions of
combustible technical gases containing carbon monoxide C10K)
C25B 1/00 Electrolytic production of inorganic compounds or non-metals
CO1B 2203/  Integrated processes for the production of hydrogen or synthetis
00 gas

4.1. Dependent variable

The dependent variable is represented by hydrogen technologies,
proxied by using patents. Specifically, to construct our dependent vari-
able, we follow Maurat et al. (2008) and we use fractional patent counts
based on the applicant’s address, a method that allows to allocate a
share of each patent to the countries of applicants, when co-applicants
are involved. Patents demonstrate the extent of environmental techno-
logical advancement and innovation within companies and the inven-
tiveness of such corporations. As to the OECD (2009), patent data offer
various advantages over other innovation metrics, including their
commensurability, quantitative nature, and accessibility.

Patent applications contain a substantial amount of information
regarding the characteristics of the invention and can be broken down
into specialized technological areas (Johnstone et al., 2010). Remark-
ably, scant instances of commercially substantial innovations have not
been patented (Johnstone et al., 2010).

We searched the European Patent Office for all families of patents
covering technologies used in the extraction, generation, distribution,
and storage of hydrogen, whether based on chemical, electrolytic, or
other processes. The results led to the identification of patent families
reported in Table 1. Following Li and Shao (2021) and Milindi and
Inglesi-Lotz (2022), the OECD REGPAT database in the available version
of August 2023 was used.

4.2. Independent variable

Human capital. Graduate population represents the percentage of
graduates in tertiary education and reflects the educational level of the
population and the availability of a skilled workforce, providing an
indication of the intellectual potential and skills present in society
(Delaney and Yu, 2013).

Institutional quality. To represent the political and legal process,
we use indices developed by Economic Freedom of the World that
analyze different aspects of institutions (Agboola and Alola, 2023;
Nwani et al., 2023; Sun et al., 2019). Size of Government” reflects the
extent to which countries rely on the political process to allocate re-
sources, goods, and services, potentially indicating the government’s
role in economic activities. When public spending increases relative to

2 It is divided into five components: government consumption, transfers and
subsidies, public enterprises and investments, the top marginal tax rate, and
state ownership of assets.

Variables Description Data source
Dependent
Hydrogen patents Number of patents in hydrogen OECD
technologies. REGPAT
Independent
Human capital
Graduate population Percentage of graduates in tertiary Eurostat
education.
Institutional quality
Size of Government Indicators of the extent to which countries ~ EFotW
rely on the political process to allocate
resources, goods and services.
Legal System and Indicators of the effectiveness with which EFotW
Property Rights the protective functions of government are
carried out.
Sound Money Measure the consistency of monetary EFotW
policy (or institutions) with long-term
price stability and the ease with which
other currencies can be used through
domestic and foreign bank accounts.
Freedom to Trade Measure a wide variety of restrictions that ~ EFotW
Internationally affect international trade.
Regulation Measures regulatory constraints that limit =~ EFotW
the freedom of exchange in credit, labor
and product markets.
Sustainable
endorsement
Hydrogen public R&D R&D public expenditure in the field of IEA
hydrogen technologies in billions of €.
Sustainable Global Sustainable Competitiveness Index.  SolAbility
competitiveness
index
Control variable
Economically active Thousands of economically active people. Eurostat
population
Unemployment rate Percentage of unemployed persons. Eurostat
GDP Gross domestic product in billions of €. Eurostat
Risk of poverty Percentage of people at risk of poverty. Eurostat

spending by individuals, households, and businesses, government
decision-making replaces personal choice, reducing economic freedom.
Legal System and Property Rights’ indicates the effectiveness of the gov-
ernment in protecting property rights, enforcing legal systems and
assessing the rule of law in a country. A coherent legal system aligned
with economic freedom emphasizes the rule of law, security of property
rights, an independent and impartial judiciary, and the impartial and
effective application of the law. Sound Money" measures the consistency
of monetary policy with long-term price stability and the ease of using
other currencies through domestic and foreign bank accounts, relating
to monetary stability. Freedom to Trade Internationally” measures various
restrictions affecting international trade, reflecting the ease of engaging
in international commerce. The components in this area are designed to
measure various restrictions that affect international trade, including
tariffs, quotas, hidden administrative restrictions, and controls on ex-
change rates and the movement of capital and people. To achieve a high

8 It is divided into nine components: legal independence, impartial courts,
protection of property rights, military interference in the rule of law and pol-
itics, integrity of the legal system, legal enforcement of contracts, regulatory
costs of property transfer, police reliability, business costs of crime, and Gender
disparity adjustment.

4 It is divided into four components: money growth, standard deviation of
inflation, recent inflation, and freedom to own foreign bank accounts. The first
three components are designed to measure the consistency of monetary policy
(or institutions) with long-term price stability. The fourth component is
designed to measure the ease with which other currencies can be used through
domestic and foreign bank accounts.

5 1t is divided into four components: tariffs, regulatory trade barriers, black
market exchange rates, and controls on capital and people movement.



C. Leggerini et al.

rating in this area, a country must have low tariffs, smooth and efficient
customs procedures, freely convertible currency, and few controls on
physical and human capital movement.

Regulation® assesses the extent to which restrictions that limit market
entrance and obstruct voluntary trading diminish economic freedom. It
measures regulatory constraints limiting the freedom of exchange in
credit, labor, and product markets, assessing the extent of regulatory
barriers. Governments employ many instruments to restrict the freedom
to engage in foreign exchange and may also impose burdensome laws,
both domestically and on international trade, that curtail the right to
trade, obtain credit, employ or work for any desired individual, or
conduct one’s business freely. As these restrictions proliferate, economic
freedom diminishes.

Sustainability endorsement. Hydrogen public R&D represents
public spending on R&D in hydrogen technologies, expressed in billions
of euros. It indicates the specific public investment in the research and
development of hydrogen-related technologies, which may include fuel
cells, hydrogen production and storage, and other applications related to
this energy source (Hassan et al., 2024). The Global Sustainable
Competitiveness Index’ (GSCI) measures a country’s global sustainable
competitiveness, giving the evaluation of businesses’ sustainability
performance a more comprehensive framework (Rajnoha and Lesni-
kova, 2022). It considers 190 indicators, organized into 6 sub-indices:
natural capital, resource efficiency & intensity, social cohesion, intel-
lectual capital, economic sustainability, and governance efficiency. The
higher the global sustainable competitiveness index corresponds, the
higher the level of sustainable competitiveness.

4.3. Control variables

Economically active population represents the number of economically
active people in a specific geographical area, expressed in thousands (de
Souza, C.B.D. et al., 2023). It provides information on the available la-
bour supply and productive potential of a region. Unemployment rate
represents the proportion of unemployed persons in a given geograph-
ical area (Lambert et al., 2017). The unemployment rate is a key indi-
cator of labour market conditions, economic health and social stability
of a society, highlighting the ability of an economy to provide employ-
ment opportunities to its citizens. Gross Domestic Product (GDP)
expressed in billions of euros, measures the value of all goods and ser-
vices produced within a country’s borders during a given period of time,
and is widely used as an indicator of economic well-being and the size of
a country’s economy. Risk of poverty represents the proportion of people
at risk of poverty in a given geographic area (Hellwig and Marinova,
2023). It indicates the proportion of individuals living in conditions of
low income or economic deprivation relative to the total population,
offering an indication of the level of economic and social inequality in a
society.

5. Method

To analyze factors that can influence a nation’s propensity to patent
in hydrogen technology within European Union member states, we
develop a linear panel model where the 27 member states were
considered from 1998 to 2019. Applying a one- or two-year lag between
the explanatory variables and the dependent variable, the final dataset
consists of 540 observations. We decided not to consider 2020 and 2021
because they are affected by the COVID pandemic and because patents
are subject to truncation bias (e.g., patent applications not yet granted).
Since processing a patent application usually takes several years,

% It is divided into three components: credit market discipline, labor market
regulation, and business regulation.

7 www.solability.com/the-global-sustainable-competitiveness-index/the-in
dex.
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truncation bias impacts the data on patent applications. The presence of
truncation bias is widely recognized and has been extensively examined
(Hall et al., 2001). The EPO publicly discloses information on patent
applications soon after the grant date. Moreover, there is a considerable
(median of 3 years) and unpredictable interval between a company’s
patent application and the eventual grant of the patent (if successful).
Consequently, patent data have a truncation error, as it can take several
years to ascertain the total number of patents applied for in a given time
period (Dass et al., 2017; Lerner and Seru, 2022). Because they haven’t
been issued yet, a significant percentage of patent applications that are
close to a database’s expiration date may be missing (Fig. 2) (Macher
et al., 2024).

We decided to use a panel model to consider both the sample’s di-
versity and the temporal evolution of the phenomenon. Since a patent
may be shared by several companies located in different states, the
variable should not be treated as a simple discrete count, and it repre-
sents a continuous variable, as it reflects the degree of co-ownership
distributed among multiple entities (Wooldridge, 2010). In particular,
given the nature of the dependent variable, a panel model using linear
regression was chosen (Wooldridge, 2010). For all the independent
variables, a lag of two years has been considered in line with accounting
for a potential endogeneity issue (Ashwin et al., 2015; Liang et al.,
2013). The model with fixed effect was chosen, in line with the Hausman
test performed.®

The model is:

Model 1. Hydrogen patents = f(Graduate population + Size of Govern-
ment + Legal System and Property Rights + Sound Money + Freedom to
Trade Internationally + Regulation + Hydrogen public R&D + Sustainable
competiveness index + Control variables)

As a robustness tests, we use a different time lag of one year, a
different dependent variable (i.e., the number of firms that patent in the
hydrogen field), and the random effect model.

6. Results

Fig. 2 shows the total number of patents in hydrogen technologies in
the European Union, by application year, showing, overall, an
increasing trend, except for 2020 and 2021, probably due to COVID-19
pandemic and truncation bias (e.g., patent applications not yet granted).

Concerning the spatial distribution of hydrogen technologies be-
tween 1998 and 2021 (Fig. 3), Germany clearly stands out as the leader
in hydrogen technologies, with an impressive number of 3768,2 patents
in the period considered. Germany, in fact, began promoting hydrogen
as part of its energy strategy as early as the 1990s and early 2000s, well
before the National Hydrogen Strategy was formalised in 2020 (Bolz
et al., 2024; Walker, 2024). One example is the National Innovation
Programme for Hydrogen and Fuel Cell Technology, with a duration
from 2008 to 2016.

France follows at a considerable distance with 1608.5 patents and
Italy with 409.2 patents. These two countries clearly represent the main
players in hydrogen-related technologies in Europe. On the contrary,
countries like Greece, Estonia, Lithuania, Latvia, Malta, Croatia, and
Slovakia had the lowest number of hydrogen patent applications during
the period considered.

Table 3 shows the descriptive statistics. Multicollinearity has been
estimated through the Variance Inflation Factors (VIF). Table 3 shows
the descriptive statistics for the selected variables, reporting a VIF value
of 4.61 (Shrestha et al., 2020). The correlation matrix is in Appendix A.

8 The Hausman test yields a p-value of 0.0322, which is below the 0.05
threshold. This leads us to reject the null hypothesis that the differences be-
tween the fixed effects and random effects estimators are not systematic. In
other words, the differences are systematic, supporting the use of the fixed
effects model over the random effects model.
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Fig. 2. Number of patents in hydrogen technologies over time. Source: author’s elaboration.
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Fig. 3. Number of patents in hydrogen technologies in EU countries
1998-2021. Source: author’s elaboration.

Table 3
Descriptive statistics. Source: author’s elaboration.

Variable Obs  Mean Std. Dev. Min Max

Dependent variables

Hydrogen patents t+2 540 13.198 36.182 0 244

Hydrogen patents t+1 540 12.737 35.315 0 244

Firm that patent t+2 540 15.074 41.319 0 269

Firm that patent t+1 540 14.515 40.152 0 269

Independent variables

Human capital

Graduate population 540 30.904 11.172 8.671 57

Quality of governments

Size of Government 540 5.984 0.86 4.217 7.832

Legal System and 540 7.025 0.99 4.644 8.998
Property Rights

Sound Money 540 9.19 0.828 2 9.897

Freedom to Trade 540 8.308 0.59 6.017 9.684
Internationally

Regulation 540 7.411 0.619 5.433 8.645

Sustainability endorsement

Hydrogen public R&D 540 0.005 0.017 0 0.149

Sustainable 540 51.086 4.206 40.758 62.965
competiveness
index

Control variables

Economically active 540 7571.393 9930.919 133.087 43,111
population

Unemployment rate 540 9.056 4.381 1.8 27.5

Risk of poverty 540 24.998 8.528 12.2 61.3

GDP 540 459.149 727.039 7.295 3605.24

6.1. Empirical results

Table 4 shows the results of linear regression with a fixed effect of
factors influencing innovation in hydrogen technologies.

Human capital. Graduate population is positive and significant,
implying that a higher percentage of educated individuals contribute to
hydrogen technology (b = 0.147, p < 0.01). A high level of education
could provide a larger pool of talent that can contribute specialized skills
and advanced knowledge in the hydrogen field, thus facilitating inno-
vation. Our results thus confirm previous findings of the literature on
human capital and innovation, according to which the former is a
valuable input for innovation and competitiveness (Dakhli and De
Clercq, 2004; Maskell and Malmberg, 1999). Moreover, this finding also
aligns with the specific literature on green innovation. As demonstrated
by Pinate et al. (2024), Yun et al. (2020), Consoli et al. (2016), for green
innovation to occur, high levels of cognitive skills and highly educated
individuals are fundamental, as well as a high level of education.

Institutional quality. Government size is not statistically significant,
suggesting that the extent to which a country relies on the political
process to allocate resources, goods and services does not have a sig-
nificant impact on the number of patents in the hydrogen sector. Legal
System and Property Rights is significant and positive indicating that an
effective legal system and property rights protection are associated with
an increase in the number of hydrogen patents (b = 3.430, p < 0.05). A
stable legal environment and property rights protection can encourage
investment and innovation in the sector, confirming results of the extant

Table 4
Econometrics results. Source: author’s elaboration.
Model 1
Variables Hydrogen patents t+2 (FE)
Coeff Standard error

Human capital
Graduate population 0.147%* (0.0698)
Institutional quality
Size of Government 1.099 (1.256)
Legal System and Property Rights 3.430%* (1.445)
Sound Money —0.609 (0.712)
Freedom to Trade Internationally 1.130 (1.044)
Regulation —3.922%** (1.081)
Sustainability endorsement
Hydrogen public R&D 188.5%** (34.75)
Sustainable competitiveness index 0.273* (0.140)
Control variable
Economically active population 0.00215%** (0.000637)
Unemployment rate 0.0680 (0.136)
Risk of poverty —0.0764 (0.147)
GDP —0.0129%* (0.00545)
Constant —20.67 (17.60)
Observations 540
R-squared 0.6227
Number of states 27

Standard errors in parentheses,***p < 0.01, **p < 0.05, *p < 0.1.
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literature (see, for example, Clo et al., 2020; Butenko and Larouche,
2015; Rodriguez-Pose and Storper, 2006), according to which a stable
legal environment and proper intellectual property rights encourage
companies to invest in new ideas and technologies. Sound Money is not
statistically significant. The consistency of monetary policy with
long-term price stability has no impact on the number of patents in the
hydrogen sector. Freedom to Trade Internationally is not significant sug-
gesting that restrictions on international trade may not affect innovation
in the hydrogen sector. Regulation is also significant and negative (b =
-3.922, p < 0.01), suggesting that regulatory restrictions hinder
hydrogen innovation. These results confirm previous studies on the
relevance of the institutional context (see, for example, Santoalha and
Boschma, 2021; D’Ingiullo and Evangelista, 2020; Sun et al., 2019).
Sustainability endorsement. Focusing on the specific public in-
vestment in hydrogen, Hydrogen public R&D is significant and positive (b
= 188.5, p < 0.01). This suggests that greater public investment in
hydrogen technology R%D is associated with an increase in the number
of patents in the field, highlighting the role of public investment in
promoting innovation in strategic sectors such as hydrogen. This result,
therefore, confirms the relevance of public support in innovative tech-
nologies, especially the more riskier ones, as the extant literature pre-
viously demonstrated (see, for example, Bronzini and Piselli, 2016;
Moretti and Wilson, 2014; Branstetter and Sakakibara, 2002) . Sustain-
able competitiveness index is significant and positive, indicating that
greater global sustainable competitiveness is associated with an increase
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in the number of patents in the hydrogen sector (b = 0.273, p < 0.1).
Sustainable competitiveness could foster an environment conducive to
innovation in the hydrogen sector, promoting the development of sus-
tainable and competitive solutions in the global market.

Control variable. Economically active population is positive and sig-
nificant, indicating that a larger working population contributes posi-
tively to hydrogen technologies (b = 0.00215, p < 0.01), maily
facilitating the generation and circulation of new ideas, which, in turn,
support innovation. Unemployment rate and Risk of poverty are not sig-
nificant, suggesting that they do not have a significant direct effect on
hydrogen innovation. GDP is negative and significant, suggesting that
higher GDP is associated with less innovation in the hydrogen sector (b
=-0.0129, p < 0.05). This may be because in countries with a high GDP,
economies tend to be more mature and diversified. This means that,
rather than focusing exclusively on emerging technologies such as
hydrogen, they may be more inclined to invest in a wide range of
technological and innovative sectors.

6.2. Robustness test

As a robustness test, we use a different time lag of one year and a
different dependent variable (i.e., the number of firms patenting in the
hydrogen field) and the random effect model. The results are in line with
previous ones, as shown in Table 5.

Table 5
Robustness test. Source: author’s elaboration.
Model 2 Model 3 Model 4 Model 5 Model 6 Model 7 Model 8
Variables Hydrogen patents ~ Hydrogen patents ~ Hydrogen patents  Firm that patent Firm that patent Firm that patent Firm that patent
t+2 (RE) t+1 (FE) t+1 (RE) t+2 (FE) t+2 (RE) t+1 (FE) t+1 (RE)
Human capital
Graduate population 0.123* 0.153** 0.138* 0.0362%** 0.0316*** 0.0426*** 0.0396***
(0.0689) (0.0756) (0.0742) (0.00420) (0.00394) (0.00435) (0.00402)
Institutional quality
Size of Government 0.704 —0.183 —0.414 —0.111 —0.149** —0.337%** —0.364%***
(1.198) (1.361) (1.280) (0.0684) (0.0656) (0.0696) (0.0655)
Legal System and 4.314%** 3.462%* 4.172%** 0.562%** 0.573%** 0.668*** 0.668%**
Property Rights
(1.359) (1.566) (1.449) (0.0871) (0.0812) (0.0886) (0.0806)
Sound Money —0.674 —0.405 —0.494 -0.127 —0.0856 —0.0830 —0.0551
(0.719) (0.772) (0.775) (0.0786) (0.0791) (0.0802) (0.0804)
Freedom to Trade 1.423 1.107 1.150 0.112%* 0.154%** 0.110%** 0.133%**
Internationally
(1.038) (1.131) (1.120) (0.0468) (0.0448) (0.0480) (0.0455)
Regulation —3.865%** —3.908*** —3.750%** —0.159%** —0.178%*** —0.304%** —0.319%**
(1.085) (1.172) (1.169) (0.0427) (0.0417) (0.0437) (0.0424)
Sustainability endorsement
Hydrogen public R&D 172.1%%* 222.3%* 215.6%** 1.110* 1.166* 1.641%* 1.706**
(33.71) (37.66) (36.32) (0.663) (0.661) (0.683) (0.678)
Sustainable 0.295%* 0.277* 0.298%* 0.0347%** 0.0338%*** 0.0395%** 0.0380%**
competiveness index
(0.140) (0.152) (0.151) (0.00693) (0.00686) (0.00706) (0.00697)
Control variable
Economically active 0.00272%** 0.00285*** 0.00278*** 5.98e-05%** 0.000107*** 0.000103*** 0.000132***
population
(0.000399) (0.000690) (0.000417) (2.08e-05) (1.47e-05) (2.18e-05) (1.41e-05)
Unemployment rate 0.0630 —0.0902 —0.0887 —0.00342 —0.00514 —0.0309%** —0.0331%***
(0.137) (0.148) (0.148) (0.00830) (0.00825) (0.00858) (0.00850)
Risk of poverty —0.118 —0.00175 —0.0395 —0.0564*** —0.0502%** —0.0357** —0.0260**
(0.143) (0.160) (0.153) (0.0149) (0.0131) (0.0151) (0.0130)
GDP —0.00326 —0.0113* —0.00351 —0.000186** —0.000203*** —0.000185** —0.000197***
(0.00479) (0.00590) (0.00512) (7.55e-05) (7.34e-05) (7.62e-05) (7.35e-05)
Constant —34.74%* —22.56 —29.59* —3.489%* —3.126%*
(16.54) (19.08) (17.67) (1.366) (1.353)
Inalpha —0.0750 —0.362
(0.304) (0.305)
Observations 540 540 540 520 540 520 540
R-squared 0.7000 0.6572 0.6989
Number of states 27 27 27 27 27 27 27

Standard errors in parentheses ***p < 0.01, **p < 0.05, *p < 0.1.
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7. Discussion and conclusion

Governments across the world, and especially in Europe, are
devoting particular attention to the search for new sources of energy,
especially to mitigate the climate change effect (Sun et al., 2019).
Among the potential new forms of energy, that of hydrogen seems to be
particularly promising for the future, thanks to its features, e.g. it is a
safe and clean high quality fuel (Becker, 2015), its production may
address issues of intermittency in renewable energy generation (Sun
et al., 2019), it can replace fossil fuels, facilitating the use of more sus-
tainable sources of energy (Sarkar et al., 2019).

The relevance of hydrogen innovation, as well as the transition to a
hydrogen economy, has been at the heart of policy initiatives at the
European level. For these policies to be effective, national governments
have to develop their own national strategies, taking into account their
national and regional characteristics as well as innovative capacity. As
the traditional literature on economics of innovation and green inno-
vation has shown, countries and regions have different innovative po-
tential, different socio-economic development and are lastly
characterized by a different institutional setting (Ortega and Serna,
2020; Camagni and Capello, 2005; Edquist, 1997). According to the
National Innovation System or the Regional Innovation System
perspective, innovation is the result of a complex set of interactions
among different actors, playing in a specific context with a different
institutional framework. In this context, understanding which are the
factors supporting the development of hydrogen technologies becomes
crucial for the design of an efficient place-based hydrogen innovation
policy, for the development of a hydrogen economy, and lastly, to
support the future development of the hydrogen valley.

This paper aims at addressing this gap by analyzing which are the
determinants of hydrogen innovation in European countries. To this
end, patent data from 1998 to 2019 has been used as a hydrogen
innovation proxy. Following the extant literature, determinants have
been grouped in human capital, sustainability endorsement and insti-
tutional quality.

Our results confirm previous findings of the literature on the de-
terminants of innovation and, especially, the green and sustainable one
(Fig. 4).

First, the relevant role of skilled human capital turns out to have a
positive impact on hydrogen technologies. In fact, as previously high-
lighted by the literature, human capital, especially the highly skilled
one, plays a fundamental role in fostering innovation through

Energy Policy 204 (2025) 114675

knowledge creation, knowledge sharing and new idea development
(Baycan et al., 2017; Dahkli and De Clerq, 2004). Human capital,
particularly the skilled one, in fact, is a key input resource that can be
converted into innovative output (Bourdieu, 1986) enhancing, in turn,
country and regional economic growth and competitiveness (Dakhli and
De Clercq, 2004; Cannon, 2000; Maskell and Malmberg, 1999). The role
of skilled human capital becomes particularly relevant when green
innovation is concerned (Pinate et al., 2024; European Commission,
2021, 2022; Consoli et al., 2016). As such, in order to support the
development of hydrogen technologies and the transition to hydrogen
technology, investment in human capital is fundamental at the regional
and country level, especially to support the development of specific
courses at the higher education level, support continuous training and
education, and, eventually, support university-industry collaboration.

Second, the relevance of institutional quality in supporting hydrogen
innovation is confirmed, especially with respect on the one hand to the
legal system and property and, on the other hand, regulation. According
to the literature on innovation, institutions are not only players, but they
set the rules of the game (North, 1990) and, acting as a kind of “social
filters” (Crescenzi and Rodriguez-Pose, 2009), they can support the
translation of innovative input generated by human capital into inno-
vative output (D’Ingiullo and Evangelista, 2020). A sound legal system
and intellectual property rights can foster hydrogen innovation, pushing
companies to invest in innovative ideas, processes and technologies (Clo
et al., 2020; Butenko and Larouche, 2015; Rodriguez-Pose and Storper,
2006). This perspective aligns with the idea that a stable legal frame-
work and intellectual property rights can indeed encourage innovation
in emerging technologies like hydrogen. These results are aligned with
the more recent studies on institutional quality and green innovation.
For example, Chen et al. (2024), Amin et al. (2023), and Dam et al.
(2023) argue that robust institutions protecting intellectual property
rights encourage investment in green innovations. Conversely, we find
that stringent government regulation has the effect of hindering
hydrogen innovation, limiting investment from the private sector side,
confirming previous results showing the “crowding out” effect of
regulation.

Lastly, concerning sustainability endorsement, two factors have a
positive impact on hydrogen innovation. First, the results show the
importance of investing in R&D activities to promote innovation. Our
study highlights that specific government investment in hydrogen
technologies has a positive impact on innovation in the sector. This
result suggests that targeted government funding for research and
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Fig. 4. Determinants of hydrogen innovation. Authors’ elaboration.
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development of hydrogen technologies can foster innovation and tech-
nological advancement in this crucial sector. In line with the previous
literature, public support for explorative innovation (Gao et al., 2021),
which generally requires a high level of initial investment and is char-
acterized by a high level of uncertainty, turns out to support innovation
in hydrogen technologies. In this context, public incentives to R&D may
support companies in undertaking riskier innovation activities and also
in being involved in more challenging technological projects (Bronzini
and Piselli, 2016). Lastly, due to the national and European endorsement
in supporting hydrogen innovation and the development of a hydrogen
economy, supply support becomes fundamental, not only in providing
financial supports but also in developing technology, innovation and
R&D policies in accordance with the national and supranational priority
(Gao et al., 2021). The sustainable competitiveness index plays a sig-
nificant role in promoting innovation in the hydrogen technology sector.
This index, focused on assessing a country’s sustainability and
competitiveness, provides a useful framework for identifying areas
where nations excel or need to improve in terms of sustainability.

In conclusion, this research underscores the importance of a holistic
approach to hydrogen innovation. In fact, totally in line with the Na-
tional and Regional Innovation System Perspective, hydrogen innova-
tion is the result of complex dynamics involving different actors acting
in a specific institutional framework and in a specific geographical area,
with its own specific features (Ortega and Serna, 2020; Camagni and
Capello, 2005; Edquist, 1997).

7.1. Policy implications and limitations of the study

Our results lead to the identification of different policy implications,
which we highlight following the three dimensions of our framework of
analysis.

First, investment in human capital turns out to be a fundamental
driver for the development of hydrogen technologies. On the one hand,
we claim that country level policies are necessary to support the
development of specific university courses that, at the highest level of
education, provide the necessary skills and competencies to support the
transition to a hydrogen economy. Second, continuous training, by way
of example through government-sponsored programs at different levels
of education and work experience, has proven to be an important driver
for individuals to continuously upgrade their skills, not only at the
university level (World Development Report, 2008). A third policy
alternative we suggest is strengthening university-industry collabora-
tion, which can be a valuable source of innovation (Tian et al., 2022; Shi
et al., 2020; Freitas et al., 2013), for example with the ‘industrial
doctorate’ and specific government-funded projects or Public Private
Partnership.

Second, national and European institutions do play a relevant role in
fostering the development of hydrogen technology. Regulation, in
particular, may be treated with caution: if, on the one hand, it can
support innovation, it turns out to be a hindering factor. It is therefore
necessary to design a common regulatory framework effectively able to
support hydrogen innovation through the definition of measures and
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standards to be achieved but that, at the same time, do not discourage
companies’ investment in hydrogen technology. In other words, na-
tional and European institutions should work together to define a
coherent set of policy tools, by way of example, a mix of “market
regulation” and “command and control regulation” that effectively
supports hydrogen technology adoption and the transition to a hydrogen
economy.

Moreover, it is important, from the perspective of sustainability
endorsement, to support R&D activities through devoted resources and
incentives focused on the development of hydrogen-related technologies
and create funding programs for research institutes, universities and
businesses. Second, designing and implementing specific incentives for
companies that invest in hydrogen research and development, thereby
encouraging innovation. These policy tools are fundamental drivers for
companies to promote the transition to a hydrogen economy, not only
because they support companies in engaging in exploratory innovation
but also to align innovative activities at the firm level with the techno-
logical strategic areas at the country and European levels. Moreover, in
order to facilitate the future creation of the hydrogen valleys, cross-
country collaboration should also be supported, facilitating the
sharing of knowledge, resources and technologies.

Lastly, despite the endorsement and support at the European level, it
is crucial to establish specific policies and tools at the national level to
facilitate the transition to a hydrogen economy. Since the adoption of
hydrogen technologies varies across European countries, tailored, place-
based policies must be developed at both national and regional levels.
These policies should consider the key factors influencing these tech-
nologies, along with the unique territorial characteristics, preconditions,
and innovation potential of each country or region.

This study is not devoid of limitations. Not all inventions are
patented, so the number of patents in a state may not be fully repre-
sentative of the total level of innovation. Studying the European context,
some of our results may not be applicable to other countries or regions.
While qualitative analysis can elucidate why, quantitative analysis
clarifies what. Regarding this study, we look at the characteristics that
influence innovation in hydrogen technology but are unable to explain
why these things are important for innovation.
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Appendix A
Table S1
table of correlation matrix. Authors’ elaboration
Variables 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16
1 Hydrogen patents t+2 1
2 Hydrogen patents t+1 0973 1
3 Firm that patent t+2 0.997 0.97 1
4 Firm that patent t+1 0972 0997 0973 1
5 Graduate population 0.003 0.004 0.01 0.012 1
6  Size of Government —0.088 -0.088 -0.087 -0.087 -0.15 1
7  Legal System and Property 0.313 0.311 0.304 0.301 0.416 -0.421 1
Rights
8  Sound Money 0.162 0.16 0.162 0.16 0.329 -0.196 0.494 1
9  Freedom to Trade 0.162 0.156 0.156 0.15 0.255 -0.137 0.574 0.713 1
Internationally
10 Regulation —0.089 -0.087 —-0.085 -0.085 0.508 —-0.161 0.444 0.331 0.323 1
11 Hydrogen public R&D 0.522 0.525 0.557 0.562 0.149 -0.149 0.185 0.136 0.063 0.042 1
12 Sustainable competiveness 0.143 0.142 0.139 0.139 0.152 -0.414 0.517 0.25 0.224 0.324 0.112 1
index
13 Economically active 0.793 0.789 0.801 0.797 -0.08 -0.031 0.116 0.096 0.049 -0.201 0.523 -0.024 1
population
14 Unemployment rate —0.092 -0.095 -0.088 -0.09 —-0.004 0.081 -0.381 -0.175 -0.303 -0.258 —0.044 -0.113 0.091 1
15 Risk of poverty —-0.229 -0.225 -0.226 -0.223 -0.237 0.518 -0.644 -0.457 -0.391 -0.264 -0.186 -0.395 —-0.069 0.419 1
16 GDP 0.869 0.864 0.876 0.87 -0.006 -0.117 0.275 0.215 0.193 -0.112 0.59 0.075 0.951 -0.012 -0.219 1
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