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Abstract (English)

The global pursuit of carbon neutrality has accelerated the development of green hydrogen as a
strategic component of sustainable energy transitions and industrial decarbonization pathways.
As countries seek alternatives to fossil fuels, green hydrogen has emerged as a promising solution
for reducing emissions in hard-to-abate sectors including steel production, chemicals,
transportation, and heavy manufacturing. However, substantial variation exists in the pace and
effectiveness of green hydrogen deployment across national innovation systems. This study
investigates how scientific capacity, innovation governance, and industrial policy influence green
hydrogen development through a comparative analysis of Germany and Australia. Both countries
are recognized as leaders in energy transition strategies yet differ significantly in industrial
structures, resource endowments, governance arrangements, and technological deployment
models. Drawing upon sustainability transition theory, innovation systems scholarship, and
socio-technical governance frameworks, this study synthesizes evidence from the International
Energy Agency (IEA), OECD, International Renewable Energy Agency (IRENA), World Bank,
and peer-reviewed literature. The findings indicate that successful hydrogen transitions depend
not only on technological innovation but also on institutional coordination, infrastructure
investment, market formation mechanisms, and policy coherence. Germany demonstrates
strengths in industrial integration and technological commercialization, while Australia benefits
from abundant renewable energy resources and export-oriented hydrogen strategies. The study

proposes a conceptual model linking scientific capacity, innovation coordination, hydrogen
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deployment, industrial decarbonization, and sustainable economic transformation. The findings
contribute to interdisciplinary scholarship on energy transitions and provide policy insights for

countries seeking to accelerate low-carbon industrial development.

Keywords: Green Hydrogen, Energy Transition, Industrial Decarbonization, Sustainability

Science, Innovation Systems, Renewable Energy, Climate Policy, Comparative Analysis

Abstrak (Indonesia)

Upaya global untuk mencapai netralitas karbon telah mempercepat pengembangan
hidrogen hijau sebagai komponen strategis transisi energi berkelanjutan dan jalur
dekarbonisasi industri. Seiring negara-negara mencari alternatif pengganti bahan bakar
fosil, hidrogen hijau telah muncul sebagai solusi yang menjanjikan untuk mengurangi
emisi di sektor-sektor yang sulit dikurangi emisinya, termasuk produksi baja, bahan
kimia, transportasi, dan manufaktur berat. Namun, terdapat variasi yang signifikan
dalam kecepatan dan efektivitas penerapan hidrogen hijau di berbagai sistem inovasi
nasional. Studi ini meneliti bagaimana kapasitas ilmiah, tata kelola inovasi, dan kebijakan
industri memengaruhi pengembangan hidrogen hijau melalui analisis komparatif
Jerman dan Australia. Kedua negara ini diakui sebagai pemimpin dalam strategi transisi
energi, namun berbeda secara signifikan dalam struktur industri, sumber daya alam,
pengaturan tata kelola, dan model penerapan teknologi. Dengan mengacu pada teori
transisi keberlanjutan, kajian sistem inovasi, dan kerangka kerja tata kelola sosio-teknis,
studi ini mensintesis bukti dari Badan Energi Internasional (IEA), OECD, Badan Energi
Terbarukan Internasional (IRENA), Bank Dunia, dan literatur yang telah ditinjau oleh
para ahli. Temuan menunjukkan bahwa transisi hidrogen yang sukses tidak hanya
bergantung pada inovasi teknologi, tetapi juga pada koordinasi kelembagaan, investasi
infrastruktur, mekanisme pembentukan pasar, dan koherensi kebijakan. Jerman
menunjukkan kekuatan dalam integrasi industri dan komersialisasi teknologi, sementara
Australia diuntungkan oleh sumber daya energi terbarukan yang melimpah dan strategi
hidrogen yang berorientasi ekspor. Studi ini mengusulkan model konseptual yang
menghubungkan kapasitas ilmiah, koordinasi inovasi, penerapan hidrogen,

dekarbonisasi industri, dan transformasi ekonomi berkelanjutan. Temuan ini
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berkontribusi pada kajian interdisipliner tentang transisi energi dan memberikan
wawasan kebijakan bagi negara-negara yang berupaya mempercepat pembangunan

industri rendah karbon.

Kata kunci: Hidrogen Hijau, Transisi Energi, Dekarbonisasi Industri, IImu
Keberlanjutan, Sistem Inovasi, Energi Terbarukan, Kebijakan Iklim, Analisis Komparatif

Kirim

Introduction

The accelerating impacts of climate change have intensified global efforts to
transform energy systems and reduce greenhouse gas emissions. The Paris Agreement
and subsequent mnational climate commitments have established ambitious
decarbonization targets, compelling governments, industries, and research institutions
to pursue innovative pathways toward net-zero emissions (United Nations, 2023).
Among emerging solutions, green hydrogen has gained significant attention as a
versatile energy carrier capable of supporting industrial decarbonization, renewable
energy integration, and sustainable economic transformation.

Green hydrogen is produced through water electrolysis powered by renewable
energy sources such as solar and wind. Unlike conventional hydrogen derived from fossil
fuels, green hydrogen generates minimal carbon emissions and offers opportunities for
decarbonizing sectors where direct electrification remains challenging (IEA, 2024). These
sectors include steel manufacturing, chemical production, aviation, maritime
transportation, and heavy industrial processes.

The increasing prominence of green hydrogen reflects broader transformations in
sustainability science, technological innovation, and energy governance. According to
the International Renewable Energy Agency (IRENA, 2024), hydrogen could account for
a substantial proportion of future global energy demand if technological costs continue
to decline and supportive policy frameworks are implemented. Simultaneously,
governments worldwide have launched national hydrogen strategies aimed at fostering

innovation, attracting investment, and strengthening industrial competitiveness.
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Despite growing enthusiasm, significant uncertainties remain concerning the
scalability, economic viability, and governance of hydrogen systems. Previous studies
emphasize technological innovation and cost reduction as critical determinants of
hydrogen deployment (IRENA, 2024). Other scholars argue that institutional capacity,
market design, and innovation ecosystems play equally important roles in shaping
transition outcomes (Geels, 2020). These perspectives suggest that hydrogen
development should be understood as a socio-technical transition involving interactions
among technology, policy, industry, and society.

The literature on energy transitions has expanded substantially over the past
decade. Sustainability transition scholars highlight the importance of systemic
transformation and multi-level governance in facilitating low-carbon transitions (Geels,
2020). Innovation systems researchers emphasize the role of institutional coordination,
research networks, and technological learning in fostering industrial innovation
(Lundvall, 2021). However, existing scholarship remains fragmented regarding the
relationship between hydrogen innovation and industrial decarbonization.

Several gaps persist. First, much of the literature focuses on technological
feasibility rather than broader governance dynamics. Second, comparative evidence
remains limited concerning how different innovation systems influence hydrogen
deployment pathways. Third, insufficient attention has been given to the interaction
between hydrogen strategies and long-term sustainability outcomes.

Germany and Australia provide an analytically valuable comparison. Germany is
widely recognized for its Energiewende strategy, advanced industrial base, and strong
commitment to climate neutrality. Australia, meanwhile, possesses exceptional
renewable energy resources and has positioned itself as a potential global exporter of
green hydrogen. Despite pursuing similar sustainability objectives, the two countries
exhibit substantial differences in governance structures, industrial priorities, and
innovation ecosystems.

This comparison enables exploration of how scientific systems shape hydrogen
deployment and industrial transformation through distinct institutional mechanisms.

Accordingly, the study develops a framework linking scientific capacity, innovation
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governance, hydrogen deployment, industrial decarbonization, and sustainable
development outcomes.
The objective of this study is to examine how innovation governance influences

green hydrogen development and industrial decarbonization in Germany and Australia.

Method

This study employs a comparative sustainability transition approach integrating
innovation systems theory, socio-technical transition frameworks, and energy
governance scholarship. Germany and Australia were selected because both represent
prominent actors in the emerging hydrogen economy while exhibiting distinct resource
endowments, industrial structures, governance arrangements, and transition strategies.
The analytical framework investigates relationships among scientific capacity,
innovation coordination, hydrogen infrastructure development, industrial integration,
and sustainability outcomes. Evidence was derived from IEA reports, IRENA
assessments, OECD innovation indicators, World Bank datasets, governmental hydrogen
strategies, and peer-reviewed literature indexed in Scopus and Web of Science.

The analysis combines comparative institutional evaluation, interdisciplinary
evidence synthesis, and qualitative interpretation of socio-technical dynamics. Variables
examined include renewable energy capacity, hydrogen policy frameworks, industrial
integration mechanisms, research and development investments, market formation
strategies, and decarbonization outcomes. Reliability was strengthened through
triangulation across international datasets and academic literature. Ethical considerations
emphasize transparent interpretation of secondary evidence and responsible evaluation
of policy implications. Limitations include rapidly evolving hydrogen markets and the

long-term uncertainty associated with large-scale commercialization pathways.

Findings and Discussion
1. Scientific Capacity and Hydrogen Innovation Ecosystems

Both Germany and Australia have established strong scientific foundations
supporting hydrogen innovation. Germany benefits from extensive industrial research

networks, engineering expertise, and advanced manufacturing capabilities. National
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research institutions and industrial partnerships have accelerated hydrogen technology
development, particularly in industrial applications.

Australia has invested significantly in hydrogen research while leveraging its
renewable energy advantages. Large-scale solar and wind resources provide favorable
conditions for cost-effective green hydrogen production. The findings indicate that
scientific capacity is a critical enabler of hydrogen innovation but requires
complementary institutional support to generate large-scale deployment outcomes.

The comparison demonstrates that innovation ecosystems influence the direction
and pace of technological development. Germany emphasizes industrial integration and
domestic decarbonization, whereas Australia focuses more strongly on production

capacity and export opportunities.

2. Governance Structures and Policy Coordination

Governance arrangements significantly shape hydrogen transition pathways.
Germany has implemented a comprehensive National Hydrogen Strategy emphasizing
industrial transformation, technological innovation, and climate neutrality objectives.
Public investments, regulatory frameworks, and industrial partnerships collectively
support market development.

Australia has adopted a more resource-oriented strategy emphasizing production
expansion, infrastructure investment, and international export markets. Government
initiatives seek to position the country as a major supplier of green hydrogen to Asia-
Pacific economies.

The comparison reveals that governance systems function as coordinating
mechanisms linking scientific knowledge, technological innovation, and market
formation. Effective policy alignment reduces uncertainty and encourages long-term

investment in emerging hydrogen sectors.

Table 1. Analytical Matrix of Comparative Scientific and Innovation Systems
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The matrix illustrates that hydrogen development pathways reflect interactions
among resources, governance systems, scientific capacity, and industrial priorities.
Germany’s approach seeks deep industrial transformation, whereas Australia

emphasizes global market positioning and renewable energy exports.

3. Industrial Decarbonization and Economic Transformation

The findings indicate that hydrogen plays a critical role in decarbonizing hard-to-
abate sectors. Germany has prioritized hydrogen integration within steel manufacturing,
chemical production, and industrial energy systems. Such efforts align with broader
climate neutrality objectives and industrial modernization strategies.

Australia has focused on developing large-scale production facilities capable of

supplying both domestic and international markets. This strategy reflects the country's
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comparative advantage in renewable energy generation and export-oriented economic
development.

The comparison suggests that industrial decarbonization outcomes depend upon
interactions among technological innovation, infrastructure availability, regulatory
certainty, and market demand. Hydrogen deployment therefore represents a systemic

transformation rather than a purely technological substitution process.

4. Sustainability Implications and Future Transition Pathways

Hydrogen innovation contributes to sustainability through emissions reduction,
renewable energy integration, and industrial transformation. However, long-term
success depends on addressing challenges including infrastructure costs, technological
efficiency, water resource management, and international market development.

Germany’s approach demonstrates the importance of industrial policy and
coordinated innovation systems in supporting decarbonization. Australia highlights the
strategic value of renewable resource advantages and export-oriented transition models.
Together, the cases illustrate diverse pathways toward sustainable energy futures.

The findings extend sustainability transition scholarship by demonstrating how
governance arrangements mediate relationships among scientific innovation, industrial
transformation, and environmental outcomes. Effective hydrogen strategies require

integration across technological, institutional, economic, and societal dimensions.

Conceptual Model

Scientific Capacity — Innovation Coordination — Hydrogen Deployment —
Industrial Decarbonization — Sustainable Economic Transformation

This model proposes that scientific knowledge and technological capabilities
provide the foundation for hydrogen innovation. Effective innovation coordination
facilitates infrastructure development and market formation. Hydrogen deployment
supports industrial decarbonization, contributing to broader economic transformation
and sustainable development outcomes. Governance functions as a mediating

mechanism connecting technological innovation and sustainability performance.
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Conclusion

This study examined how innovation governance influences green hydrogen
development and industrial decarbonization through a comparative analysis of Germany
and Australia. The findings demonstrate that hydrogen transitions depend not solely on
technological advancement but on the interaction among scientific capacity, governance
quality, industrial policy, and sustainability objectives.

Germany and Australia represent distinct yet complementary transition models.
Germany emphasizes industrial integration, technological commercialization, and
domestic decarbonization. Australia focuses on renewable energy advantages,
production expansion, and international hydrogen markets. Both approaches contribute
valuable insights regarding pathways toward sustainable energy transformation.

Theoretically, this article contributes to interdisciplinary scholarship by
integrating sustainability transition theory, innovation systems research, energy
governance studies, and industrial transformation analysis. Empirically, it highlights
governance coordination as a critical determinant of hydrogen deployment success.

For policymakers, the findings underscore the necessity of aligning scientific
research, infrastructure investment, industrial strategy, and climate policy. Sustainable
hydrogen development requires long-term institutional commitment, collaborative
innovation ecosystems, and supportive regulatory frameworks.

Future research should investigate emerging hydrogen value chains, comparative
market development trajectories, and interactions between hydrogen innovation, circular

economy strategies, and global sustainability transitions.
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