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1. INTRODUCTION

n the face of a global shift towards renewable energy and ambitious net-zero targets, the decar-

bonization of all industries, including petroleum refining, is paramount. This sector accounts for
a significant share of global industrial energy consumption, reaching up to eight percent. While a
transition to sustainable sources is underway, demand for fossil fuel-derived products, particularly
plastics, will persist in the near future (EC, 2020). Therefore, optimizing emissions from refineries
1s crucial to mitigate their environmental impact as we navigate towards a low-carbon future (Jeje
etal., 2024). The current energy crisis further underscores the urgency of accelerating this energy
transition (Karakosta & Papathanasiou, 2024).

Decarbonizing the refining industry presents a multifaceted challenge and, thus, a comprehensive
analysis of the hydrogen market landscape is important (Moller et al., 2017), as well as an analy-
sis of the factors influencing the transition to hydrogen-based technologies is needed (Liu et al.,
2021). Refineries boast extended lifespans, and integrating novel technologies necessitates not
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only technological advancements and economic viability but also supportive policy frameworks
and societal acceptance, factors that lie, to a certain extent, beyond the direct influence of tech-
nology providers. Nevertheless, a strategic combination of low-carbon interventions across the oil
refining sociotechnical system, alongside robust institutional and market drivers, can incentivize
innovation (Mohammed et al., 2022). This multi-pronged approach will equip refineries to evolve
and meet the growing demand for low-carbon fuels and feedstocks, ultimately delivering a more
sustainable future.

In the above framework, this paper focuses on the potential role of green hydrogen in reducing
emissions and fostering the transformation of Europe’s energy system. Specifically, it aims to pro-
vide a comprehensive analysis of the hydrogen market landscape, focusing on global and EU-level
production and consumption trends, market segmentation, and growth potential. It examines the
viability of integrating large-scale electrolysis based on renewable energy sources within refinery
operations, assessing market identification, sizing, and potential replication beyond the project
scope.

A PESTEL analysis is employed to identify Political, Economic, Social, Technological, Environ-
mental, and Legal factors influencing the transition to hydrogen-based technologies (Akbalik &
Citilei, 2019; Kokkinos et al., 2023). The analysis emphasizes the importance of pre-normative
research, effective communication of environmental benefits, and the development of regulatory
frameworks to promote large-scale hydrogen deployment.

Additionally, the paper highlights the necessity of a holistic approach, considering the entire value
chain, including green electricity management, waste heat regeneration, wastewater treatment, and
water reuse. The results of this research can inform policymaking, shape investment decisions,
and ultimately facilitate the successful integration of hydrogen into petroleum refining processes.

2. MARKET ASSESSMENT

Hydrogen (H,) is an essential element to enable a carbon-free future in our global economy. A
comprehensive evaluation of the hydrogen market landscape is necessary to address the challenges
associated with the transition and the potential role of green hydrogen. Specifically, in this study,
the approach followed (Figure 1) is to provide a comprehensive analysis of the hydrogen market
landscape, focusing on global and EU-level production and consumption trends, market segmen-
tation, and growth potential. The paper examines the role of green hydrogen in reducing emissions
and fostering energy system transformation, as well as the importance of a holistic approach for
successful integration into petroleum refining processes.

The integration of hydrogen in different applications and industrial sectors requires safety and efficiency
throughout the whole value chain. The hydrogen value chain can be split into three main segments
such as Feedstock & Production, Storage & Distribution and End-users & Applications (Figure 2).

The cost of green hydrogen presents a common obstacle across various sectors struggling to reduce
or eliminate CO, emissions, often referred to as “Hard to Abate” sectors. Studies and analyses
(Gullietal., 2023; PwC, 2022) suggest that green hydrogen production costs will become compet-
itive within the next decade. According to the IRENA (2024), green hydrogen production could
already be cost-competitive with blue hydrogen by 2050. Green hydrogen and its derivatives are
considered crucial for achieving net-zero emissions by 2050, potentially contributing to 12% of
emissions reductions and representing 14% of final energy consumption under a 1.5°C scenario.
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Reaching this target necessitates a substantial increase in electrolyser capacity, from negligible
levels today to an estimated 5,722 GW by 2050. Therefore, accelerating the deployment of green
hydrogen and its derivatives is essential, alongside efforts to stimulate strong off-take signals.

01
Overview of the hydrogen market landscape in Europe

- Analysis of production and consumption trends
- Evaluation of market segmentation and growth potential

02
Role of green hydrogen in reducing emissions and fostering
energy system transformation

- Focus on integrating large-scale electrolysis based on renewable
sources in refinery operations

03

Importance of a holistic approach for successful integration into
petroleum refining processes

- Considerations for the entire value chain, including green
electricity management and waste heat regeneration

Figure 1. Approach followed
Source: Author's illustration

Recognizing the need to overcome cost barriers and accelerate adoption, various incentive schemes
have been implemented globally. These initiatives are likely to have far-reaching implications
beyond the borders of their implementing countries, potentially influencing international market
dynamics. While the design and approaches of these schemes differ, they share a common goal:
stimulating strong demand signals while securing sufficient supply.
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Figure 2. Hydrogen value chain fields, interconnection, and roles
Source: T.U.V. SUD (2022)
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The market analysis indicated that, according to a recent report published by MarketsandMarkets
(2023), the hydrogen global market was valued at USD 222.0 billion in 2022 and is projected to
reach USD 410.6 billion by 2030, with a CAGR (compound annual growth rate of 7.8% during the
forecast period (Figure 3). The growth of the hydrogen market is driven by the increasing adoption
of hydrogen-based fuel cell vehicles and by increasing government initiatives to reduce greenhouse
gas emissions and achieve a net-zero target by 2050 (MarketsandMarkets, 2023).

In particular, Greece’s current hydrogen consumption in 2022 has been estimated at 326.54 kt,
with just 0.11 kt recorded as clean hydrogen consumption (IEA, 2023).

Greece is poised to embark on a transformative journey towards a decarbonized future, with
hydrogen playing a pivotal role in this transition (Nanaki et al., 2024). While the Greek H2 market
is still in its nascent stages, it holds immense growth potential, driven by a supportive policy
environment, abundant renewable energy resources, and a growing demand for clean energy
solutions. Currently, Greece lacks commercial renewable H2 production facilities (Nanaki et
al., 2024; Petrova, 2022). However, the country is actively pursuing the development of a robust
H2 production infrastructure, with several promising projects in the pipeline (Aposporis, 2023).
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Figure 3. Hydrogen market global forecast to 2030 (USD BN)
Source: MarketsandMarkets (2023)

The Greek government actively fosters the development of the green hydrogen market through

various policy instruments:

*  National Energy and Climate Plan (NECP): This plan outlines Greece’s roadmap for achiev-
ing climate targets, with GH2 playing a crucial role in decarbonizing various sectors. The
NECP sets ambitious targets for green hydrogen production capacity, aiming for 300 MW
by 2030 and a staggering 6 GW by 2050 (EC, 2023).

*  H2 Support Scheme: This financial support program incentivizes investments in green hydrogen
projects. Grants are provided for production, storage, and distribution infrastructure, alongside
subsidies for green hydrogen vehicles and refueling stations. This scheme offers a significant
financial push to overcome initial investment hurdles and stimulate broader market participation.

Beyond national policies, EU-funded projects provide additional impetus for green hydrogen market
development in Greece. The Greek green hydrogen market is expected to grow significantly, driven
by a supportive policy landscape, abundant renewable energy resources, and a growing demand
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for clean energy solutions. With continued investment, innovation, and strategic partnerships,
Greece has the potential to emerge as a frontrunner in the global H2 revolution, contributing to a
sustainable and decarbonized future.

3. PESTEL ANALYSIS

To effectively navigate the complexities of decarbonization, a comprehensive PESTEL analysis
is crucial. This framework examines the interplay of Political, Economic, Social, Technological,
Environmental, and Legal factors that will influence the industry’s transition.

This section presents the PESTEL analysis conducted to identify Political, Economic, Social,
Technological, Environmental, and Legal factors influencing the transition to hydrogen-based
technologies. Along with the analysis, mitigation strategies are also identified. Indeed, PESTEL
analysis provided a comprehensive understanding of the evolving hydrogen sector, and its sum-
mary is illustrated in Figure 4.

Political

Economic

Uncertainties surrounding RED Il implementation and hydrogen availability necessitate a supportive policy agenda to establish a clear and predictable
P statutory and regulatory framework, harmonized with international efforts, that incentivizes low-carbon technologies, facilitates firm decision-making, and
effectively balances carbon tax policies with existing ETS schemes.

Mitigation Measure: Develop targeted strategies & informative communication materials for authorities & policymakers to advocate for supportive policies.

The absence of a green hydrogen market in Greece, coupled with uncertainties surrounding its future cost and infrastructure development, creates economic
E hurdles. The potential for commercial and safety risks associated with hydrogen further complicates the equation.

Mitigation Measures: Advocate for clarity regarding public funding sources, including exploring public-private partnerships. Develop clear communication
materials addressing the economic viability of low-carbon solutions.

Gaining public acceptance for the production, storage, and transport of large-scale hydrogen infrastructure (NIMBY phenomenon) requires careful
consideration. Public concerns, particularly regarding safety, need to be addressed proactively.

The operation and maintenance of electrolyser systems used for hydrogen production present technological challenges.
Mitigation Measures: Collaborate directly with electrolyser vendors and manufacturers to develop and integrate novel technologies like advanced electrolysis

Sociological -
2AAS 51Ca Mitigation Measures: Implement a strong hydrogen advocacy program emphasizing safety, zero-emission benefits, and positive climate and air quality
impacts. Foster close interaction and communication with local stakeholders throughout the process.

Legal

stacks and Organic Rankine Cycle (ORC) systems for improved efficiency.

L The environmental benefits of decarbonization efforts are inherently positive.
Mitigation Measures: Clearly document and communicate the positive environmental outcomes achieved through pilot projects and research initiatives.

Foreseeable regulatory frameworks addressing safety concerns are essential for large-scale hydrogen deployment.

Environmental E Mitigation Measures: Contribute pre-normative research results and data based on project findings to inform future regulations. By systematically addressing

the factors identified in this PESTEL analysis, the petroleum refining industry can navigate the path towards a more sustainable future.

Figure 4. PESTEL analysis for hydrogen transition in petroleum refining

Source: Author's illustration

Political Factors. Uncertainties surrounding the implementation of the Renewable Energy Direc-
tive II (RED II) and the future availability of hydrogen by 2030 pose significant challenges. A
supportive policy agenda is essential to foster a robust low-carbon hydrogen supply chain. This
requires a clear and predictable statutory and regulatory framework that incentivizes the adoption
of low-carbon technologies and facilitates firm decision-making, ideally aligned with international
efforts. Balancing carbon tax policies with existing emission trading schemes (ETS) will be a
crucial consideration.

Mitigation Measures: Develop targeted strategies and informative communication materials for
authorities and policymakers to advocate for supportive policies.

Economic Factors. The absence of a green hydrogen market in Greece, coupled with uncertainties
surrounding its future cost and infrastructure development, creates economic hurdles. The poten-
tial for commercial and safety risks associated with hydrogen further complicates the equation.
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Mitigation Measures:

*  Advocate for clarity regarding public funding sources, including exploring public-private
partnerships.

. Develop clear communication materials addressing the economic viability of low-carbon
solutions.

Social Factors. Gaining public acceptance for the production, storage, and transport of large-
scale hydrogen infrastructure (NIMBY - not in my back yard - phenomenon) requires careful
consideration. Public concerns, particularly regarding safety, need to be addressed proactively.

Mitigation Measures:

*  Implement a strong hydrogen advocacy program emphasizing safety, zero-emission benefits,
and positive climate and air quality impacts.

. Foster close interaction and communication with local stakeholders throughout the process.

Technological Factors. The operation and maintenance of electrolyser systems used for hydrogen
production present technological challenges.

Mitigation Measures: Collaborate directly with electrolyser vendors and manufacturers to develop
and integrate novel technologies like advanced electrolysis stacks and Organic Rankine Cycle
(ORC) systems for improved efficiency.

Environmental Factors. The environmental benefits of decarbonization efforts are inherently
positive.

Mitigation Measures: Clearly document and communicate the positive environmental outcomes
achieved through pilot projects and research initiatives.

Legal Factors. Foreseeable regulatory frameworks addressing safety concerns are essential for
large-scale hydrogen deployment.

Mitigation Measures:
. Contribute pre-normative research results and data based on project findings to inform future
regulations.

* By systematically addressing the factors identified in this PESTEL analysis, the petroleum
refining industry can navigate the path towards a more sustainable future.

4. FUTURE RESEARCH DIRECTIONS

To maintain a comprehensive understanding of the evolving hydrogen sector, it is essential to
periodically reevaluate growth projections from various sources and to conduct a new assessment
to reflect the latest market dynamics. This ongoing process ensures that research remains strate-
gically aligned with the ever-changing hydrogen landscape.

A future research direction of the hydrogen market characterization could also focus on the suitability
of large-scale electrolysis powered by renewable energy sources (RES) within the context of refinery
operations. It should also assess the potential for achieving global circularity through the complete
utilization of all intermediate streams and materials generated during the process.
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CONCLUSION

Summing up some conclusions resulting from the market analysis conducted for this study, it could
be mentioned that renewable energy sources are steadily increasing in Europe, and this trend is
expected to continue. The flourishing hydrogen market, particularly for green hydrogen, presents
a substantial opportunity, especially in the refinery industry. Hydrogen is an essential element to
enable a carbon-free future in our global economy. The focus on green hydrogen production for the
refining sector aligns with market trends and benefits from supportive policies. Cost challenges
should be addressed in this rapidly growing market.

PESTEL analysis provided a comprehensive understanding of the evolving hydrogen sector. Over-
all, the study highlights the necessity of a holistic approach, considering the entire value chain,
including green electricity management, waste heat regeneration, wastewater treatment, and water
reuse and the results of this research can inform policymaking, shape investment decisions, and
ultimately facilitate the successful integration of hydrogen into petroleum refining processes.
Renewable hydrogen - crucial component of future green fuels — and green hydrogen play a key
role in reducing emissions and fostering the transformation of Europe’s energy system and the
pathway to a sustainable energy future.
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