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Abstract:

The European Union has set forth an objective to reduce its reliance on fossil fuels
and external supply chains. Hydrogen technologies are regarded as a pivotal element
in achieving a sustainable and resilient energy supply. Despite the prioritization of hy-
drogen-powered fuel cells in numerous strategies, hydrogen combustion engines also
offer promising opportunities, particularly with regard to heavy-duty applications and
industrial processes. The successful deployment of this technology hinges upon its
societal acceptance. The present paper analyzes, on the basis of empirical studies,
the determinants influencing the acceptance of hydrogen engines in various societal
and economic contexts. In doing so, it takes into account the political, infrastructural,
and technological framework conditions. Additionally, the paper explores the potential
contributions of the promotion of hydrogen engines to the European Union's strategic
autonomy in the energy sector. Finally, policy recommendations have been formulated
to support broader societal acceptance and the economic implementation of this tech-
nology.

Key Words:

Societal Acceptance, Energy Autonomy, European Union Policy, Decarbonization, Hy-
drogen Internal Combustion Engines

Authors: (all University of Applied Sciences Zwickau)

Julian Meitz, Email: julian.meitz@whz.de.

David Faude, Email: david.faude.joy@whz.de

Lisa Strauch, Email: lisa.strauch@whz.de

Viktoria-1sabell Kampf, Email: viktoria.isabell.kaempf.m4a@whz.de
Prof. Dr. Michaela Glal3, Email: michaela.glaess@whz.de

Prof. Dr. Ulrich Walther Email: ulrich.walther@whz.de



1. Hydrogen as a Cornerstone of European Energy Policy

The European Union, through its Hydrogen Strategy, aims to establish hydrogen as a
central pillar of a climate-neutral energy future by 2050. The strategy constitutes an
integral component of the European Green Deal and positions hydrogen as a key ele-
ment for the decarbonization of industrial processes, transport, and energy supply (Eu-
ropean Commission, 2020a). A central geopolitical motive is the reduction of depend-
ence on fossil energy imports, particularly from Russia (European Commission, 2023).
In response to the war against Ukraine and the resulting energy crisis, the expansion
of renewable energies — including green hydrogen — has been massively accelerated
(Marhold, 2023, p. 764). At the same time, the EU faces the challenge of reducing its
dependency on energy imports: in 2022, the import share amounted to 62.5 %, with a
particularly high vulnerability in oil and gas (Dulian, 2024). In light of this, the EU aims
to build an integrated European hydrogen market. The focus lies on strengthening se-
curity of supply and consolidating Europe’s global leadership in future technologies

(European Commission, 2020b).

The 2050 outlook envisions that hydrogen will account for approximately 10 % of Eu-
rope’s total energy demand. This target is embedded in a hydrogen economy that is
defined as climate-neutral, competitive, and resilient. According to the available evi-
dence, close networking between industry, politics, and civil society is foreseen, along-
side the establishment of joint standards, certification schemes, and infrastructure pro-

jects (European Commission, n.d.).

Given an unstable geopolitical environment characterized by trade conflicts, competi-
tion for raw materials, and questions of technological sovereignty, the EU has intensi-
fied its call for strategic autonomy — understood as the capacity to secure key energy
and technology sectors through its own resources (Yildiz Bravo, 2023, p. 403; Deir-
mentzoglou et al., 2024, p. 1). However, the political framework continues to be
marked by competence conflicts between the EU level and the Member States. Con-
sidering multiple crises — from the war in Ukraine to climate change and fluctuations in
prices and supply — numerous stakeholders are calling for a recalibration of energy
policy decision-making structures (Marhold, 2023, p. 757). A strategically aligned, co-
ordinated, and anticipatory energy policy is considered key to managing the transfor-

mation



2. Production, Utilization, and Integration of Hydrogen in Key Sectors
2.1Hydrogen Production: Technologies, Potentials, and Challenges

The question of hydrogen production is central to the future role of hydrogen technol-
ogies in the European energy mix. While EU strategies have so far focused primarily
on fuel cells and end-use applications, it is ultimately the method of production that
determines ecological sustainability, economic viability, and societal acceptance.

At present, hydrogen is predominantly produced from fossil sources such as natural
gas and coal, resulting in significant CO, emissions (Ji & Wang, 2021, p. 38612). In-
creasingly, however, low-emission processes such as electrolysis powered by renew-
able electricity are coming to the fore, gaining competitiveness through declining costs
and technological advancements (Osman et al., 2021, p. 153; Ji & Wang, 2021, p.
38612). Nevertheless, no single production pathway meets all ecological and eco-
nomic requirements, making hybrid and site-specific solutions appear most viable for
the future (Hamid et al., 2025, p. 1).

In the long term, technological progress, technology-neutral support schemes, and
strategic site selection will be decisive in building a robust hydrogen economy that

contributes to the EU’s energy autonomy and enjoys societal acceptance.

2.2Hydrogen in Mobility and Industry: Pathways and Strategic Relevance

Hydrogen is gaining increasing importance in the commercial vehicle sector and in
industry — both for achieving climate neutrality and for enhancing the resilience of the

European energy system.

In the heavy-duty transport sector, it offers advantages such as long range, short re-
fueling times, and flexible refueling infrastructure (Fraunhofer, n.d.). In addition to fuel
cell vehicles, which are already being deployed in the logistics sector, manufacturers
are also advancing hydrogen combustion engines: MAN plans to deploy test fleets
starting in 2025, while other producers and suppliers are working on dual-fuel systems
and jet-ignition spark-ignition engines (BMW Group, 2021; Amann & Carey, 2024; Bo-
retti, 2020, p. 23692). These technologies make use of existing infrastructure, reduce

dependency on scarce raw materials, and thereby enhance security of supply and



system resilience (Onorati et al., 2022, p. 530). Research and practical testing have
gained considerable momentum in recent years (Turner et al., 2024, p. 606; Shinde &
Karunamurthy, 2022, p. 1568).

In industry, hydrogen is regarded as a key enabler for decarbonizing energy-intensive
processes. In particular, hydrogen-based direct reduction enables significant emission
reductions in steel production. Carbon capture and utilization (CCU) processes also
open new perspectives for a circular raw materials economy (Fraunhofer, n.d.). Fur-
thermore, H,-fired power plants and fuel cells contribute to grid stability and security
of supply, while hydrogen can substitute fossil fuels in high-temperature processes in
the chemical, glass, or cement industries (Fraunhofer, n.d.). As such, it represents not
only a building block for CO, reduction but also a means of strengthening Europe’s

technological sovereignty.

3. Societal Acceptance as a Key Enabler for Strategic Hydrogen Transformation

Societal acceptance constitutes a central prerequisite for the successful diffusion of
hydrogen-based technologies. Irrespective of technological feasibility and political sup-
port, the extent to which hydrogen technologies are integrated into everyday life and
work contexts largely determines whether they can be widely implemented in the do-
mains of mobility, households, and industry. European studies generally document a
positive basic attitude toward hydrogen and fuel cell technologies but simultaneously
point to limited awareness and a persistent need for information; country-specific dif-
ferences are mostly rated as low to moderate (Oltra et al., 2017, p. 2; Emodi et al.,
2021, p. 30581). Within this constellation, level of knowledge, perceived benefits and
risks, and clearly identifiable enabling conditions function as key determinants that can
be deliberately addressed by policymakers and practitioners.

The Technology Acceptance Model (TAM) provides a well-established theoretical
framework for explaining the acceptance and use of technological innovations (Davis,
1989; Venkatesh & Davis, 2000; Venkatesh et al., 2003; Venkatesh & Bala, 2008).
According to the TAM approach, the willingness to adopt a technology essentially rests
on two core expectation dimensions: the perceived usefulness in everyday life (e.g.,

contribution to climate protection, extended range, improved security of supply) and



the anticipated ease of use (e.g., aspects of refueling, maintenance effort, operational
convenience). In the context of hydrogen applications, these fundamental dimensions
are modified by specific contextual factors, including the availability and visibility of
infrastructure, individual technical knowledge and perceived information transparency,
trust in established safety standards, and subjective cost perceptions. Infrastructural
conditions represent a fundamental prerequisite for everyday integration; knowledge
reduces uncertainty; increased trust in safety standards mitigates perceived risk; and
cost perception negatively influences the overall assessment of usefulness. The cur-
rent literature on hydrogen mobility confirms these mechanisms and further highlights
the reciprocal feedback between a positive perception of hydrogen-powered vehicles
and societal support for accompanying infrastructure expansion measures (Huan et
al., 2024, p. 1; Le et al., 2024, p. 791). In the domestic, everyday context, domain-
specific models such as the Domestic Hydrogen Acceptance Model (DHAM) addition-
ally consider the importance of emotional evaluations alongside cognitive assessment
in shaping acceptance of hydrogen technologies (Gordon et al., 2022, p. 1; Gordon et
al., 2024, p. 498).

Against this backdrop, an online survey conducted by the authors (N = 187) provides
concrete points of reference. The analysis of participants’ mobility behavior reveals a
marked preference for individual transport: 63 % of respondents predominantly use a
car, while 23 % regularly rely on public transportation. Self-assessments of information
levels are distributed primarily across the categories “partial” (39 %) and “good” (33
%), while 15 % of respondents rated their knowledge as “low” and 12 % as “very good,”
indicating identifiable and potentially addressable knowledge gaps. The main barriers
to the implementation of renewable energies primarily include insufficiently developed
infrastructure and high investment costs, supplemented by technical limitations and a
lack of information or public awareness. With regard to hydrogen, deficiencies in infra-
structure (60 mentions) and insufficient information (56 mentions) are identified as the
most significant challenges; cost-related aspects (27 mentions) and safety concerns
(17 mentions) are cited less frequently but still represent relevant barriers. Approxi-
mately 75 % of respondents stated that sound information and education on the safe

handling of hydrogen would positively influence their attitude toward the technology.



The survey identifies key influencing factors in the areas of risk communication, edu-
cation, and technological visibility. These findings align consistently with the ac-
ceptance framework. First, a visible and reliable infrastructure increases the antici-
pated functionality and perceived everyday usability of hydrogen applications, while
the required effort for use is considered low. Targeted information and training
measures, particularly regarding safety procedures, standards, and emergency proto-
cols, foster trust among stakeholders and reduce the perceived relevance of hypothet-
ical risk factors. Moreover, subjective perceptions of cost structures significantly shape
the overall evaluation of benefits, particularly during the initial phases of market adop-
tion. Social influence factors — for instance, those experienced in application-oriented
exhibition environments — can significantly increase acceptance, willingness to adopt,
and support for infrastructural innovations. Together, these mechanisms form a coher-
ent system: more precise anticipation of everyday user requirements and greater
transparency regarding safety aspects promote a more favorable attitude toward the
technology, while increased infrastructure presence correlates with a higher percep-

tion of hydrogen technologies as a realistic course of action.

Empirical analyses of European research confirm that attitudes are predominantly de-
termined by perceived benefits, emotional factors, and sociodemographic characteris-
tics (Oltra et al., 2017, p. 2). Infrastructure, affordability, local integration, safety, and
fair distribution of benefits are identified as key determinants, with overall awareness
levels remaining low in most of the analyzed countries (Emodi et al., 2021, p. 30669).
Recent reviews and meta-analyses (Le et al., 2024, p. 791; Huan et al., 2024, p. 1)
demonstrate that educational measures, public outreach, and the visibility of practical
use cases significantly enhance acceptance and that positive attitudes toward vehicles
translate into a higher willingness to support corresponding infrastructure develop-
ments. Conceptual frameworks in the context of hydrogen adoption emphasize the
necessity of an integrative analysis of interactions between individual attitudes, politi-
cal-institutional structures, market mechanisms, and observed behavior (Gordon et al.,
2022, p. 1), while the Dynamic Heuristic Adoption Model (DHAM) highlights the rele-
vance of affective factors in everyday decision-making situations (Gordon et al., 2024,
p. 498).



Societal acceptance thus represents a key resource for the successful implementation
of the strategic hydrogen transformation, as it aggregates collective expectations re-
garding benefits, practicality, safety, and fairness, thereby decisively shaping the fea-
sibility of political steering approaches. The combination of a generally positive atti-
tude, identified knowledge gaps, and a pronounced willingness to embrace change
within the surveyed sample indicates considerable potential for development. Societal
acceptance therefore constitutes a fundamental prerequisite for building a strategically

autonomous hydrogen economy within the European context.

4. Environmental Considerations, Infrastructure, and Regulation as Building

Blocks of Strategic Energy Autonomy

The environmental impacts of hydrogen are largely determined by the production path-
way. Production via electrolysis powered by renewable energy sources is particularly
advantageous, as it enables the highest potential emission reductions. Other produc-
tion methods, despite technological progress, remain associated with disadvantages,
while production without CO, capture is increasingly regarded as unsustainable (Os-
man et al., 2021, p. 153; Riemer et al., 2022, p. 2). Climate-friendly hydrogen shows
particular potential in hard-to-decarbonize sectors such as heavy-duty transport and
industrial process heat (Seck et al., 2022, p. 1).

For large-scale deployment, a robust infrastructure and a clear regulatory framework
are essential. High production costs, substantial electricity and water demand, as well
as insufficient transport and storage networks are currently considered the main ob-
stacles (Sebbagh et al., 2024, p. 4017). The EU therefore prioritizes the expansion of
production, transport, and storage capacities — for instance, by deploying electrolyzers
at locations with abundant renewable energy, establishing a pan-European pipeline
network, and creating large-scale seasonal storage facilities such as salt caverns (Flei-
ter et al., 2024, p. 1). A comprehensive refueling station infrastructure is also crucial
for the market introduction of fuel cell vehicles, yet its expansion remains slow and

hesitant (Genovese & Fragiacomo, 2023, p. 1).

Success depends on cooperation between industry, research, and policymakers, sup-

ported by targeted funding instruments and financing models (Hamid et al., 2025, p.



1). At the same time, risks such as material shortages, import dependencies, and ge-
opolitical tensions pose challenges to the stable development of the sector (Battaglini
& Ceglarz, 2023, p. 2). Nevertheless, hydrogen remains central to grid flexibility and
energy storage and is thus considered a cornerstone of a resilient energy system (Fuel
Cells and Hydrogen 2 Joint Undertaking, 2019, p. 39).

At the political level, the EU is promoting initiatives such as the European Clean Hy-
drogen Alliance to coordinate the entire value chain. The objective is to remove invest-
ment barriers, foster international cooperation, and ensure market ramp-up by 2030
(European Commission, n.d.). Germany plays a leading role in this context, yet there
are still coordination deficits in infrastructure and supply chains (Singh et al., 2025, p.
1). Moreover, political uncertainty — such as unclear responsibilities or fluctuating fund-
ing programs — hampers investment and prolongs permitting procedures (Algburi et
al., 2025, p. 1). A binding, long-term, and consistent regulatory framework is therefore
indispensable to build trust and establish hydrogen as a cornerstone of an energy-

autonomous European Union.

5. Europe’s Strategic Sovereignty in the Context of Hydrogen Policy

Hydrogen is regarded as a key lever for strengthening European energy autonomy. It
reduces emissions, increases the flexibility of energy systems, and can decrease im-
port dependencies (DLR, 2020). Since countries such as Germany cannot fully exploit
their renewable energy potential, targeted imports from regions rich in solar and wind
resources will be required. This necessitates early investments in terminals, pipeline
networks, storage facilities, and conversion plants, as well as a coordinated market

and regulatory design that ensures planning security (Hydrogen Europe, 2024, p. 26).

In parallel, the EU is embedding its Energy Union as a strategic instrument to guaran-
tee security of supply, deepen the internal energy market, and promote innovations
such as hydrogen (European Commission, 2025). Complementary policy instru-
ments—such as recycling quotas for critical metals or eco-design regulations for elec-
trolyzers—are gaining importance in order to strengthen resource security and the cir-

cular economy (Axt et al., 2025, p. 1). In the long term, hydrogen is expected to trans-



form the geography of energy trade: regional partnerships based on renewable re-
sources create new opportunities but also entail new dependencies (IRENA, 2022, p.
29; Marhold, 2023, p. 1).

The planned scale-up also entails significant risks. Through the REPowerEU strategy,
the European Commission aims to produce and import ten million tonnes of hydrogen
each by 2030. This ambitious target significantly exceeds current capacities and poses
major implementation challenges (Battaglini & Ceglarz, 2023, p. 5). One key risk lies
in inefficient allocation: if hydrogen is used in sectors that could be electrified, it may
be lacking where it is most difficult to substitute, such as in high-temperature industrial

processes or heavy-duty transport.

There is also the risk of increasing import dependency. Since a substantial share of
demand is expected to be covered by third countries, vulnerability to geopolitical con-
flicts, competitive pressure, and unstable supply regions will rise (Battaglini & Ceglarz,
2023, p. 7). Societal acceptance is likewise not guaranteed: the high costs of infra-
structure and system integration could trigger resistance if benefits and burdens are

perceived as unevenly distributed.

What is needed, therefore, is a differentiated and prioritized hydrogen strategy that
simultaneously accounts for efficiency, sectoral suitability, and geopolitical resilience.
Only then can hydrogen become a cornerstone—rather than a potential weak point—

of European energy policy.

6. Conclusions and Strategic Implications

The present analysis highlights the significant potential of hydrogen technologies —
particularly hydrogen combustion engines — as a fundamental component of the Euro-
pean Union’s strategic energy autonomy. Beyond technical and political feasibility, so-
cietal acceptance is decisive for the successful implementation of the hydrogen tran-
sition. It aggregates expectations regarding benefits, practicality, and safety, and sub-
stantially influences the enforceability of policy initiatives. It is therefore essential that
available data be analyzed with due diligence.

10



The online survey (N = 187) indicates that, despite a generally positive attitude toward
hydrogen and fuel cell technologies, there remains a significant need for information
and education. Respondents identified insufficient infrastructure and lack of public
awareness as the main barriers. Conversely, sound education on safe handling of hy-
drogen could strengthen trust and positively affect acceptance. To sustainably en-
hance acceptance and ensure transformation, a systematically coordinated approach

is indispensable. The EU should therefore:

« Accelerate the development of a visible and reliable hydrogen infrastructure,
as this increases the perceived suitability for everyday use.

» Intensify societal participation and public awareness campaigns to deliberately
close information gaps.

« Promote targeted research and development on combustion-based hydrogen
applications to enable short-term utilization of existing industrial infrastructure.
Create political and economic incentives that facilitate widespread industrial
adoption while taking efficiency and sectoral suitability into account.

The establishment of hydrogen as a cornerstone of a climate-neutral and geopoliti-
cally sovereign energy future for Europe can only be achieved through a systemati-
cally coordinated, technology-open, and resilience-oriented approach. In this context,

public acceptance must be recognized as a central criterion for success.
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