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Abstract

Green hydrogen is considered the cornerstone of sustainable energy and has received attention from the world because

it is capable of removing carbon. However, it remains a challenge to achieve economic sustainability in the
downstream green hydrogen supply chain. This study aims to explore economic sustainability factors in the
downstream supply chain. Using Scopus and Web of Science databases, articles were pooled, selected and peer-
reviewed to ensure inclusion of studies with impact and relevance. This methodological understanding is based on
literature review (LR) integrated with bibliometric analysis to provide a comprehensive perspective. The bibliometric
analysis was based on identifying influential studies, research trends, and key areas, while the content analysis was
based on an in-depth exploration of the factors that drive sustainability. The analysis highlights critical factors such
relevance of green hydrogen research with other research areas, sustainability performance enablers for green
hydrogen supply chain related research connections and other areas that need improvement. The results indicate
economic sustainability because it is affected by economic and technical trade-offs and investments in logistics and
distribution networks. Moreover, digital technologies and artificial intelligence have become prominent in improving
supply chain performance. The study also underscores the importance of policies that influence green hydrogen
adoption and reduce barriers to private sector investment. This hybrid review not only fills knowledge gaps, but also
provides insights that can be applied by researchers and policy makers. This research is conducted to understand the
research gap in developing sustainable transportation for green hydrogen downstream supply chain and what are the
sustainability performance enablers with scope focused within the sultanate of Oman. Future research will focus on
developing quantitative frameworks and models to operationalize enabling factors across market contexts and
geographic regions.
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1. Introduction

The rapid global growth in manufacturing, transportation, and supply chains has led to increased companies’ interest
in environmental aspects and consideration of reducing emissions and preserving the environment (Tsoulfas & Pappis,
2006) and (Papadis & Tsatsaronis, 2020). According to Charles et al. (2017), most global companies are fully
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convinced of converting their operations into a sustainable manner and the urgent need to shift to renewable energies
that do not negatively affect the environment (Gielen et al., 2019). Therefore, green hydrogen has been highlighted as
a promising solution to this problem (Yue et al., 2021). Green hydrogen is produced by electrolysis of other renewable
energy sources such as wind and solar energy (Hosseini & Wahid, 2016). According to Zainal et al. (2024), green
hydrogen can be the ideal alternative due to its ability to effectively support industries such as transportation, heavy
manufacturing, and energy without affecting the environment. Turner et al (2008) maintained that hydrogen is
produced through the electrolysis process, as it is considered a highly reactive and light fuel. In addition, hydrogen
production through electrolysis is an important and 100% sustainable source of energy because it does not emit any
environmentally polluting or harmful gases during the production process.

Historically, fossil fuels are the dominant fuel in the Sultanate of Oman (Abdul-Wahab, 2015). However, with the
government's recent strategies and Vision 2040, it is important to enhance sustainability practices and diversify energy
sources (Vision, 2019). Amoatey et al. (2022), states that Oman has a great opportunity to become an important player
in the hydrogen market around the world, due to its abundant resources of wind and solar energy (Zubairu et al., 2024).
As it enjoys a strategic location that allows it to produce green hydrogen on a large scale in the world and serve local
and export markets (Ahshan, 2021). However, a project to develop a particularly robust supply chain for green
hydrogen may require long-term planning, significant investments, and careful consideration of environmental and
economic sustainability (Hassan, 2024). Council (2017), states that If hydrogen is deployed on a large scale, by 2050
it will account for nearly a fifth of total final energy. As a result, annual carbon dioxide emissions will decrease
compared to today's levels by about 6 gigatons, which will contribute to a 20% reduction in global warming.
According to Borowski & Karlikowska (2023) the study predicts that by 2050 annual demand for hydrogen will
increase tenfold.

Green hydrogen is emerging as a pivotal global solution for achieving carbon neutrality and mitigating climate change
using water electrolysis from renewable energy sources (Evro et al., 2024). Green hydrogen is considered a sustainable
alternative to fossil fuels in various industries, including industrial operations, transportation, and power generation
(Qazi, 2022). Transportation, storage and distribution of green hydrogen are part of the final supply chain, transporting
the fuel to the end user (Azadnia et al., 2023). Accordingly, the supply chain, especially the downstream sector of
green hydrogen, faces multiple challenges that hinder its ability to economically survive and expand (Easily et al.,
2022). According to Hunt (2022), ensuring the economic sustainability of the downstream supply chain is one of the
key challenges of the green hydrogen economy. Green hydrogen requires specialized technologies for storage,
infrastructure, and efficient and safe transportation, such as pipelines, cryogenic tanks, and pressure systems (Zhang
et al., 2024). What increases the complexity of costs is the volatility of demand and the integration of inputs for
renewable energy, which is the opposite of traditional energy carriers (Nnabuife et al., 2024). For hydrogen to be able
to compete with other energy sources, the downstream supply chain must be optimized to increase operational
efficiency and reduce costs (Gondal, 2019).

Caiafa et al. (2024) mentioned that it is important to research and focus on policy frameworks and technological
advances with knowledge of the gap to understand sustainability enablers to support the adoption of green hydrogen
supply chains on a broader scale. Therefore, it is important to consider factors such as stakeholder cooperation,
economies of scale, policy incentives and innovative financing mechanisms to create a cost-effective and flexible
green hydrogen system (Safronova & Barisa, 2023). Taibi et al. (2020) mentioned that getting rid of fossil fuels is the
current goal of countries, so green hydrogen will play a crucial role in achieving this goal. The content analysis
explores the interaction between financial, technological and political factors that affect the supply chain in terms of
economic performance (Yap & McLellan, 2023). This research will bridge the knowledge gap to integrate the
sustainability of the green hydrogen supply chain into global energy. To achieve sustainability in global energy, it is
important to improve the downstream supply chain to achieve a low carbon future (Clark, 2024).

2. Literature Review

2.1 Dynamics of Green Hydrogen Supply Chain

The dynamics of the green hydrogen supply chain involve complex interactions between the stages, including storage,
production, distribution and transportation (Riera, 2023). Vidas & Castro, 2021) states that the despite the great
progress in production techniques, especially in electrolysis, it is still an obstacle. In addition, this sector focuses on
the transportation, storage and delivery of hydrogen to end-users while taking into account challenges such as high
logistical costs, infrastructure limitations and technical shortcomings (Gorji, 2023). These issues hinder scaling up as
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a sustainable energy carrier and hinder the economic viability of green hydrogen. Physical properties are challenging
(Ma et al., 2024). Hydrogen's low volumetric energy density requires it to be compressed or liquefied, both of which
are energy-intensive and expensive (Kamran & Turzynski, 2024). Dauletbay (2024) states that building and
maintaining cryogenic tanks, pressurized hydrogen cylinders, and extensive pipeline networks add significant
expenses to the supply chain.

2.2 Economic Sustainability in the Green Hydrogen Supply Chain

Economic sustainability is central to the successful commercialization and scalability of green hydrogen (Jaradat et
al., 2024). Kumar et al. (2023) mentioned that the downstream segment must address high operational costs and
logistical inefficiencies to become economically viable and competitive with traditional fossil fuels. In addition, the
lack of a standardized global approach to hydrogen storage and transportation increases the complexity of downstream
processes (Taibi et al., 2020). These challenges create inefficiencies that undermine the economic competitiveness of
green hydrogen. Developing cost-effective solutions for storage and transportation is essential (Ahmed et al., 2022).
Strategies such as centralized distribution centers and modular warehousing systems have been proposed to simplify
logistics and reduce operating costs (de Sousa & Fiche, 2023). Modular systems allow for scalable infrastructure that
adapts to fluctuations in demand, reducing resource waste (Gémez & Castro, 2024). Decentralized distribution, where
hydrogen is produced near consumption points, can also reduce transportation costs and energy losses (Bhavana et al.,
2024). Taibi et al. (2020) states that to achieve economic sustainability requires innovative business models to balance
costs with profitability. Investment leads to development and research in partnerships between the public and private
sectors and reducing the costs of supply chains and production (Eicke & De Blasio 2022). Therefore, hydrogen trading
markets benefit from volume and enhanced financial viability. However, high capital costs will keep long repayment
periods a deterrent for investors.

2.3 Technological Maturity in Green Downstream Supply Chain

Technological innovation plays a pivotal role in enhancing the sustainability and economic efficiency of the green
hydrogen supply chain (Islam et al., 2024). Technical advances in transportation and storage, such as advanced
materials for pressurized hydrogen cylinders and cryogenic tanks for liquid hydrogen, improve safety and reduce
energy loss (Aziz, 2021). Adopting the use of digital technologies such as artificial intelligence, blockchain, and the
Internet of Things enhances supply chain management (Abdin, 2024). The use of Blockchain technology advances
traceability in hydrogen transactions, transparency, and builds trust among stakeholders (Abdin, 2024). de Sousa
Cardoso (2023) mentioned that adopting technology improves logistics services because it anticipates orders, reduces
downtime, and identifies optimal delivery methods. It monitors real-time storage and transportation efficiency,
improves safety and reduces risks (Bassey & Ibegbulam, 2023). Technological solutions such as advanced
liquefaction methods, solid-state hydrogen storage and high-pressure tanks are gaining interest, reducing energy
consumption during storage and transportation and reducing and improving supply chain costs (Sadeq et al., 2024).

2.4 Role of Policy and Stakeholder Engagement

Policies play an important role in shaping the green hydrogen supply chain by setting standards and providing
incentives, but they differ between regions (Eicke & De Blasio, 2022). Farrell (2023) mentioned that many
governments have provided subsidies and incentives to support green hydrogen projects and progress. Policies lack
clarity and address challenges in the downstream supply chain, such as developing cost improvements and
infrastructure (Azzaro-Pantel, 2018). Safety protocols also complicate international trade across borders (Hancock &
Wollersheim, 2021). These downstream supply chain policies work to adopt digital technologies, finance
infrastructure development and accelerate progress (Baglieri, 2024). Harichandan & Kar (2023) conducted that
Governments are facilitating partnerships between research institutions and the private sector to drive investment and
innovation.

Collaboration among stakeholders is important to overcome the challenges of the green hydrogen supply chain,
including private partnerships, governments, consumers and research institutions (Alam et al., 2024). In addition,
partnerships between the public and private sectors work to bring together expertise and resources to address the
capital costs associated with infrastructure development and push for advanced research and industrial knowledge
(Mete et al., 2021). According to Mneimneh et al. (2023) to facilitate international trade, facilitating international trade
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in hydrogen helps in exchanging best practices and coordinating systems and strengths to work on producing
renewable energy

2.5 Research Gap

Significant progress in understanding the production and upstream supply chain of green hydrogen is very important
but in the downstream sector it is underexplored (Steward et al., 2023). Sharma et al. (2023) states that economic
sustainability in the green hydrogen supply chain is influenced by some factors that are critical and unexplored. Studies
have been identified that have enabling factors that drive economic viability, and this leaves a gap in understanding
how to improve cost and efficiency (Viteri et al., 2023). In addition, to the integration of digital technologies and
artificial intelligence, there is great potential to enhance supply chain performance and simplify operations, but it is
still not sufficiently studied Zhang & Li, 2024). Zhou et al. (2024) mentioned that analyzing differences in regions
such as geographical conditions, local policies and market dynamics hinders the ability to adapt strategies across
regions. According to Bayssi et al. (2024) to the lack of scalable businesses, especially in developing economies, this
limits their development and growth. Moreover, innovation in infrastructure requires advances in transportation and
storage technologies for a deeper understanding of how these innovations work to improve and reduce costs and supply
chain efficiency to enhance sustainability (Jeje et al., 2024).

3. Methods

A bibliometric content analysis is adopted in this research. Research work published from the 2010 to 2024 were
screen in the Scopus and Web of Science databased and a total of 754 papers were sorted. All the duplicates were
removed, article title and abstract were thoroughly read to sort to get a clear overview of green hydrogen supply chain
and sustainability. Also, the data set was analyzed in a bibliometric software to get the relevance and proximity of
research areas over the period of time. Citation and co citation collaboration and other related research elements.

4. Results and Analysis

4.1 Bibliometric - Keyword Coupling

The dataset was analysed for relevance of keyword set. Out of total 225 keywords with a maximum limit of occurrence
5, only 125 were showing relevance in the bibliometric analysis of (All keywords coupling) analysis. A green
hydrogen related cluster is separately portrays as Figure 1 shown below.
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Figure 1. Green Hydrogen and Related Research Themes

The results show four major clusters of red, yellow, blue, and green as shown in the Table I below
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Table 1. Cluster Analysis

Cluster 1 (Red) Cluster 2 (Yellow) Cluster 3 (Blue) Cluster 4 (Green)
Green Hydrogen Sustainable Development Renewable Energy Hydrogen Production
Hydrogen Cost Effectiveness Fossil Fuels Biomass

Energy Policy Hydrogen Storage Carbon dioxide Electrolysis

Energy Transition Solar Power Emission Electrolytic Cells
Decarbonization Energy Storage Economic Analysis Energies

Alternative Energy

Hydrogen Economy

Green House Gas

Climate Change

Carbon Emission

This research on green hydrogen is divided into four thematic groups. Group 1 (red) expresses the importance of green
hydrogen for decarbonisation, energy transitions and climate change mitigation and is based on highlighting policies
for the hydrogen economy and reducing greenhouse gas emissions. As for Group 2 (yellow), it focuses on
sustainability and economic and technical obstacles related to hydrogen systems, such as hydrogen storage, cost
efficiency, and renewable energies such as solar energy. Group 3 (blue) shows the environmental impacts when
replacing fossil fuels with renewable energy, which focuses on reducing carbon dioxide emissions. Group 4 (green)
focuses on hydrogen production technologies, such as analytical cells, electrolysis, and biomass. This strategy
represents the most important aspect of promoting the adoption of green hydrogen as an essential element in the global
transition towards clean energy.

4. Bibliometric Analysis Insights

4.1 Lack of Adequate Study of The Economic Feasibility of Green Hydrogen

Achieving economic viability on green hydrogen remains a major challenge (Park et al., 2024). Group 2 is
based on the importance of cost effectiveness, but there is limited research on how to reduce production,
costs and storage. The high cost of infrastructure and electrolysis needed to produce hydrogen is a major
challenge (Rasul et al., 2022). To reduce costs, the use of excess renewable energy, expansion of production
facilities and innovative solutions such as advances in catalysts are important.

4.2 Increasing Challenges in Hydrogen Storage and Transportation

The low density and high volatility of hydrogen is one of the challenges in transportation and storage
described in Group 2. Current methods of storage, such as liquefaction, compression, or chemical carriers,
either require significant technological improvement or are energy intensive to achieve safety and
scalability (Hassan et al., 2024). In addition, to transport hydrogen over long distances, efficient tanker
systems and pipelines require significant investments in infrastructure. This research focuses on developing
high-capacity, lightweight storage materials such as advanced solutions or carbon-based metal hydrides. It
is therefore important to improve hydrogen transportation networks to ensure cost-effective and safe global
distribution (Kurtz, 2019).

4. 3 Integrated Renewable Energy Sources

Group 4 relies on renewable energy sources such as biomass and solar energy to produce hydrogen,
however the gap is significant to enhance efficiency and reduce carbon emissions in operations. For
example, the application of electrolysis using renewable electricity reduces carbon, but the intermittent
nature of renewable energy sources such as wind and solar can hinder hydrogen production (Amin, 2022).
This research should be a priority to integrate advanced energy storage systems with renewable energy
sources for stable energy expansion in electrolysis. Moreover, proven hydrogen production methods based
on biomass need to be explored for expansion (Jeje. Et al., 2024). These efforts are critical to ensuring green
hydrogen production is consistent with sustainability goals.
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4. 4 Technology and Policy Maturity

Cluster 1 shows the need for strong and policy frameworks for green hydrogen adoption in infrastructural and
underdeveloped areas. Governments must work to provide financial incentives, establish clear regulations, and
establish international cooperation to standardize practices for the distribution and production of hydrogen (Akinsooto
et al., 2024). Group 4 emphasizes technological innovation in analytical cells in electrolysis. The research aims to
develop efficient and durable electrolyzers, improve hydrogen generation processes, and explore new materials. These
strategies address barriers to adoption and expansion of global adoption of the energy transition. The groups lack
sustainable supply chain strategies, cost efficiency and cost estimation, life cycle costing, energy efficiency and
storage technology, green economy improvement, and energy transmission technologies (Esmaeilian et al., 2020).

These collections in bibliometric analysis highlight important themes, but some themes remain unexplored or weakly
linked to the collections, giving opportunities for future research. These missing links can profoundly and significantly
advance the application of green hydrogen research, especially economic and life cycle accounting (LCA) and fill
interdisciplinary gaps (Srinath, 2023). The second group emphasizes cost effectiveness, cost efficiency, and life cycle
costing (LCC). These matters are very important in order to evaluate the economic impact of the overall green
hydrogen systems, from production to final use. Therefore, incorporating life cycle costing allows for accounting of
operating costs and conducting a comprehensive assessment of the long-term economic feasibility, decommissioning
and maintenance (Paulsen, 2023). This is essential for governments and industries to make investments in
infrastructure and green hydrogen technologies (Cammeraat et al., 2022). It is also important to improve energy
efficiency and a green economy. Cluster analysis provides insights into renewable energy integration, but ways to
improve the green economy are not well studied. Because this includes aligning hydrogen production with broader
sustainability goals and maximizing resource use. The lack of efficiency indicates a gap in research that improves the
ratio of energy input to energy output in hydrogen systems. Therefore, efforts to reduce energy loss during storage
and transportation, improve electrolysis efficiency, and integrate energy recovery technologies enhance the
sustainability of green hydrogen (Ma et al., 2024).

Transportation and storage require more research focusing on energy transfer technologies (Khan et al., 2019). This
includes liquid hydrogen carriers, pipeline networks and ammonia as a hydrogen transporter. Advances in storage
technology - such as storing hydrogen in cryogenic or solid state modes, or new materials such as metal-organic
frameworks - are poised to overcome all barriers (Xu et al., 2024). To promote green hydrogen adoption by addressing
logistics and infrastructure bottlenecks.

It is important to implement sustainable strategies in the supply chain. The focus on sustainable supply chain strategies
for hydrogen applications is absent in studies (Reuf} et al., 2017). Therefore, improving the flow of hydrogen from
production to end users such as transportation, industries, and energy networks is very important. The widespread
adoption of green hydrogen and the development of efficient supply chain models that incorporate circular economy
principles, enhance logistics and reduce waste (Dincer & Acar, 2017). This is to ensure that green hydrogen effectively
contributes to decarbonization and reduces economic and environmental inefficiencies from various sectors.

4.5 Evolution of Green Hydrogen based Research

The above Figure 2 shows how green hydrogen has gotten attention lately along with other areas like decarbonization,
energy transition, energy transfer, cost estimation and hydrogen economy (Zhiznin et al., 2023). The overlay density
visualization illustrates the growing prominence of green hydrogen research alongside key themes such as
decarbonization, energy transition, and the hydrogen economy (Y AP, 2023). The transition in density highlights the
shift in focus from traditional energy systems to innovative, sustainable solutions. Emerging areas like cost estimation
and energy transfer are gaining traction, reflecting the increasing emphasis on economic and logistical aspects of
hydrogen adoption (de Sousa Cardoso, 2023). This trend underscores the pivotal role of green hydrogen in shaping
the future of the global energy landscape.
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Figure 2. Evolution of Green Hydrogen

4. 6 Lack of Supply Chain Research Focused on Green Hydrogen

The above Figure 3 visualization represents a bibliometric network highlighting interconnected themes in green
hydrogen research. The nodes represent keywords, while the edges show their co-occurrence in research publications
(Grames et al., 2019). Larger and denser nodes like "hydrogen production”, "economic analysis", and "supply chains"
indicate high research focus and centrality in the field (Devlin, 2023). The color coding (e.g., red, blue, green, purple)
signifies clusters of closely related topics, suggesting distinct but interconnected research areas such as sustainability,
environmental impact, and economic considerations. The network's structure highlights the multidisciplinary nature
of green hydrogen research, linking technical, environmental, and economic perspectives (Jeje et al., 2024). The
visualization emphasizes the critical role of supply chains (red cluster) in advancing the green hydrogen economy. As
shown, supply chains are closely linked to themes like carbon dioxide, global warming, and clean energy, reflecting
their importance in ensuring the efficient production, storage, and distribution of hydrogen (Fredershausen et al.,
2021). For green hydrogen to be viable on a global scale, robust supply chain strategies are essential to minimize costs,
reduce emissions, and optimize logistics. Future advancements in hydrogen infrastructure, such as pipelines, storage
facilities, and transportation networks, will determine the scalability and accessibility of green hydrogen. Efficient
supply chains also enable integration with renewable energy sources and facilitate the transition toward
decarbonization, making them a cornerstone for the success of green hydrogen in achieving a sustainable energy future
(STOICESCU et al., 2023).
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Figure 3. Supply chain research and connections

5. Conceptual Framework

It is important to create a framework by bringing together key factors and themes from literature. The enabling factors
are organized into different categories such as economic sustainability, policy, technology, and stakeholder
engagement (Watson et al., 2018). The authors can examine how enablers contribute to sustainability and scalability
in the green hydrogen sector by mapping the interactions and relationships between these factors (Martins et al., 2024).
Therefore, this framework helps identify critical points in the supply chain to intervene and accelerate the adoption of
green hydrogen. For example, regulatory and political enablers are key drivers that determine the development of
incentives and standards that guide economic and technological progress in the green hydrogen sector (Garlet et al.,
2024). In addition, technological innovations such as advanced transportation and storage mechanisms and digital
tools reduce costs and improve the efficiency of green hydrogen.
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Figure 4. Conceptual Framework
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The above Figure 4 demonstrates the interconnected framework to achieve sustainable performance in the green
hydrogen downstream supply chain. Hydrogen sustainability is achieved by achieving economic sustainability, such
as improving distribution and production costs, creating long-term economic benefits, and ensuring competitive prices
for growth and work (Dou et al., 2023). Technological innovation is driving efficiency and expansion in storage and
advances in electrolysis and transportation infrastructure (Sebbagh et al., 2024). Bade & Tomomewo (2024) conducted
that Strong regulations and policies are necessary to stimulate investment, set standards and create an ecosystem to
expand the deployment of green hydrogen. Finally, cooperation among stakeholders such as governments, research
institutions and industries promotes confronting and seizing challenges to ensure a green hydrogen value chain (Alam
et al., 2024). These pillars are considered the cornerstone of achieving sustainability.

The interconnectedness within the green hydrogen downstream supply chain has generated an important and dynamic
framework for sustainability (Scheibe & Poudineh, 2023). As efforts work to improve the cost and thus achieve
technological innovation (Scheibe & Poudineh, 2023). Innovation is relevant and connected seamlessly with
regulations and policies to standardize and improve processes and infrastructure (Akinsooto et al., 2024). Existence
of regulations and policies to enhance collaboration with stakeholders and provide and enhance strategic planning and
incentives (Akinsooto et al., 2024). This cooperation aligns resources, enhances economic sustainability and reduces
inefficiencies (da Silva Ribeiro, 2023). These pillars work synergistically to achieve sustainable green hydrogen
supply chains. This framework provides ways to achieve sustainable green hydrogen by focusing on the interface
between technology and policy and improving economics and stakeholders (Blohm & Dettner, 2023). Logistics,
supply chain and logistics services are a pivotal component that facilitates the storage, production and distribution of
green hydrogen. The possibility of transporting hydrogen efficiently, safely and cost-effectively ensures efficient
supply chain systems, and this enables the integration and expansion of its availability around the world (Taibi et al.,
2020).

From production to end use, LCA plays an important role in assessing the environmental impacts of green hydrogen.
By identifying resource inefficiencies and emission hotspots LCA provides insights to enhance sustainability
performance (Acquaye et al., 2017). Improving supply chain operations depends on planning routes, reducing the
cost of transportation and storage, and using advanced digital tools to compete economically with fossil fuels.
Economic and environmental sustainability are deeply intertwined in green hydrogen (Trattner et al., 2022). Incentives
and policies foster collaboration among stakeholders and drive investments in supply chain innovations to establish
frameworks, standards and partnerships. Technological advances in control, transportation and storage systems are
very important to overcome the challenges of hydrogen logistical distribution (Patel et al., 2024). In summary, the
integration of stringent LCA, optimized supply chains and strong economic strategies is important for achieving
economic and environmental sustainability in the green hydrogen sector. These elements position green hydrogen as
a cornerstone of the global transition towards low-carbon renewable energy systems.

5.1 Cognitive Map of the Insights

A cognitive map as shown in Figure 5 is a tool used to represent and visualize causal relationships between various
enablers in the framework (Karlik et al., 2021). It does not rely on direct interviews because the cognitive map emerges
through literature-based analysis to determine the impact of enabling factors on each other in the green hydrogen
supply chain. For example, technological progress leads to lower production costs, and this creates a feedback loop
that affects economic sustainability and market demand (Ghisellini et al., 2016). Political regulations directly
influence public acceptance and stakeholder engagement, which helps green hydrogen adoption. A systems thinking
approach was used to work on developing the cognitive map and adopting established frameworks in energy
transitions and sustainability. These approaches link factors such as policy incentives, economic feasibility,
environmental impacts and technological readiness, which provides a comprehensive view of system dynamics (Roy
and Tu, 2022). By adopting these visual tools, mapping this complex and evolving market adoption of technology
effectively advances the green hydrogen journey. The knowledge map reflects a deep understanding of the field of
green hydrogen, developing it through reviewing established models and literature in energy transitions and
sustainability (Yao et al., 2021). These tools provide a systematic way to analyze the interrelationships between
various factors and highlight the critical factors that underline the success of green hydrogen.
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Figure 5. Cognitive Map of the Research Clusters

The researchers thoroughly reviewed the full scripts the top 50 cited papers in the data set and developed a cognitive
map as shown above. This knowledge map provides a visual representation of dependencies and relationships that
frame the ultimate green hydrogen supply chain. It is based on emphasizing the importance of the central factors in
empowerment, which are technological innovation, economic sustainability, regulation and policy, as they are the
basic pillars that achieve sustainability practices and have specific focus areas (Abdin, 2024). An example of economic
sustainability is the efficient allocation of resources and cost optimization, while technological innovation highlights
advanced transportation methods and digital integration (Dincer & Acar, 2018). The sub-nodes identify actionable
components to achieve the overarching goal of an efficient and sustainable green hydrogen supply chain and provide
an approach to address and align challenges and efforts (Caliskan, 2022).

This infographic illustrates sustainable green hydrogen supply chain development, technological innovation and focus
on integration of regulation, policy, economic sustainability, stakeholder engagement, and supply chain optimization
(Mneimneh et al., 2023). In addition, it provides regulation and policies through standards, frameworks and incentives
based on the expansion and adoption of hydrogen. These policies support improved planning, cost and development
incentives, which creates an enabling environment for green hydrogen initiatives (Akinsooto et al., 2024). In addition,
economic sustainability works to ensure the feasibility of green hydrogen to promote effective solutions in the market
and cost mechanisms, and investment strategies, to compete with traditional energy sources.

Technological innovation improves the transportation, storage and distribution of hydrogen through digital integration
and advanced tools (Tashie-Lewis & Nnabuife, 2021). This technological advance further helps stakeholders,
industries, and government community partnerships to address challenges such as scalability and infrastructure while
ensuring social acceptance and cooperation. At the heart of this is the downstream supply chain that plays an important
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role in making green hydrogen efficient and sustainable. Its success depends on expansion, flexibility, and
standardization (Brauer, 2023). This ensures that hydrogen can be distributed effectively to meet future energy
requirements in line with economic and environmental sustainability goals. This additional comprehensive data review
and detailed literature review (LR), the authors synthesize and identify key enablers of green hydrogen sustainability.
The authors extensively examined industry and academic reports and policy documents to gather various insights into
the economic, environmental and social factors influencing the green hydrogen supply chain (Harichandan & Kar,
2023).

Through this process, they were able to extract enablers from existing research, which ensured a full understanding of
the various elements to support the successful integration of green hydrogen in the world. Through the process of
classifying these enablers into economic, environmental, and social groups, the authors follow works such as the triple
bottom line approach, which works to sustain the economic, environmental, and social equity of any sustainable
development model (Elkington, 1997). This classification was further refined upon comprehensive examination of
enabling factors such as cost optimization strategies, emission reduction technologies, and social acceptance
mechanisms, which have been identified across the literature as being key to the development of green hydrogen
technology.

The authors also used data synthesis techniques to combine findings from multiple studies, creating coherent
frameworks based on visual mapping of relationships between enablers. This framework also shows how stimulating
the broader goal of green hydrogen sustainability is interconnected with enablers. Adding to the literature, the authors
relied on supply chain optimization and renewable energy systems, and various concepts were integrated to provide a
comprehensive view of the enabling factors that will determine the future success of green hydrogen (Akar et al.,
2021). This process provided a systematic and evidence-based understanding of the key factors that directly influence
the potential of green hydrogen, providing a practical framework for stakeholders to assess the sustainability of their
green hydrogen initiatives. After a thorough review the authors have identified a set of green hydrogen sustainability
enablers from the literature shown in Table 2 and downstream supply chain enablers in Table 3 where there is very
limited research.

Table 2. Identification of Green Hydrogen Sustainability Enablers

Category Enablers Justification
Environmental Circular Resource  Reusing oxygen and recycling water and heat generated during the process
Management of electrolysis to enhance sustainability by reducing waste.
Advanced Carbon  Technologies similar to Carbon Capture and Storage (CCS) improve
Capture neutralize the residual emissions where partial fossil fuels are used in hybrid
Integration hydrogen systems.
Land Use Prioritizing non-arable lands or degraded for the hydrogen production and
Optimization installations to reduces the impacts on food security and biodiversity and.
Waste-to-Hydrogen Producing hydrogen minimizes landfill use and converts the waste into a
Processes valuable energy source by leveraging biomass, organic waste, or municipal
solid waste.
Hydrogen Leakage Controlling hydrogen in storage and transport leakage will reduce the
Management indirect environmental impacts, for instance atmosphere warming effects.
Grid Integration of The link of renewable energy sources ensures optimal energy usage and
Renewable Energy  hydrogen production to reduce lowers environmental impact and grid load
fluctuations.
Economic Industrial Cluster Minimizing the supports economic scaling and logistics costs will be
Development implemented by establishing hydrogen industrial hubs near demand centers
(chemical, steel, and mobility sectors).
Hydrogen Market  Developing hydrogen contracts encourages trading, futures markets and
Mechanisms financial instruments and price stability to boost the confidence of the

investor.

Public-Private
Partnerships
(PPPs)

The collaborations between private companies, governments, and research
institutions will reduce share resources, risks, and accelerate infrastructure
development.
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Value Chain
Optimization

Streamlining storage, production, consumption, and distribution, minimizing
costs and improving the economic viability of green hydrogen systems.

Cost Reduction via

R&D

Investment in development and research and for efficient catalysts,
advanced electrolyzers, and scalable storage solutions reduce production
costs over time.

Taxation and

Implementing hydrogen-related tax and carbon credit systems benefits,

Carbon Credits incentivizes the transition to green hydrogen.

Green Hydrogen Developing globally recognized certification schemes ensures establishes

Certification accountability and premium pricing for green hydrogen in supply chains.

Infrastructure Providing financial support for storage facilities, hydrogen pipelines,

Subsidies minimizes upfront investment barriers, and refueling stations accelerates
adoption.

Social Workforce To improve employment opportunities and meet the sector's demands and
Development raining programs for hydrogen-related skills prepare the workforce.
Awareness Promoting public knowledge about the benefits of green hydrogen
Campaigns encourages societal acceptance and helps resistance or counter

misinformation.
Hydrogen for Prioritizing affordable hydrogen solutions in developed or underserved or
Energy Equity regions ensures equitable access to contribute in clean energy to global

energy justice.
Global Stakeholder Engaging international stakeholders ensures the resources to advance green
Collaboration hydrogen's global adoption and sharing of best practices, expertise.
Indigenous Indigenous communities and involving local in planning and decision-
Community making ensures mitigate displacement, projects respect local values and
Involvement generate inclusive benefits.
Resilience Building  Hydrogen infrastructure that strengthens societal resilience and supports
through Hydrogen  disaster relief in the face of climate-related or geopolitical disruptions
Projects

Table 3. Enablers of Green Hydrogen Downstream

Category Enabler Justification

Storage Scaling of Investment in scalable storage technologies like liquid hydrogen tanks,
Hydrogen underground caverns, and solid-state hydrogen improves supply chain
Storage efficiency and reduces costs.

Technologies

Modular Modular systems allow for flexible deployment, especially in enhancing cost

Storage efficiency, decentralized hydrogen markets and adaptability to varying

Solutions demand scales.

Cost Reduction  Innovations in compression systems reduce operational expenses and energy

in Compression  consumption, making storage more economical for large-scale downstream
operations.

Distribution  Pipeline Building dedicated hydrogen pipelines minimizes transportation costs
Infrastructure compared to trucking or shipping and ensures efficient downstream delivery.
Development
Integration of Using green energy for hydrogen transport (hydrogen-fueled vehicles or
Renewable electric) aligns with sustainability goals and reduces operational costs.
Energy for
Transport
Shared Collaborative hubs for hydrogen distribution optimize logistics, minimize
Transport Hubs  operational costs, and reduce redundancy through economies of scale.

Digital Leveraging IoT and Al for supply-demand forecasting and route
Optimization in  optimization enhances operational efficiency and reduces transportation
Logistics costs.
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Cost-Effective

Exploring hybrid systems with natural gas in reduces initial capital

Distribution investment and existing infrastructure such as blending hydrogen.
Models
Consumptio Industrial Aggregating demand from industries like steel, heavy-duty transport, and
n Demand chemicals ensures stable demand, reducing per-unit costs and encourages
Aggregation large-scale investments.
Strategic Placing refueling stations in high-demand zones ensures higher utilization
Location of and faster return on investment such as ports or logistics hubs.
Refueling
Stations
Scaling Up End- Expanding hydrogen use in sectors like shipping, aviation, and public
Use transport ensures driving down costs in downstream markets and economies
Applications of scale.
Cross- Standardization Developing global standards for pipelines, storage tanks, and transport
Cutting of Supply Chain  systems reduces production costs across and variability the supply chain.
Initiatives Components
Financial Governments can support hydrogen through tax breaks, grants, or subsidies
Incentives and for reducing upfront capital barriers and infrastructure development for
Subsidies downstream projects.
Carbon Credits  Allowing a green premium price for hydrogen incentivizes downstream
and Green investment to ensure economic sustainability and creating carbon credit
Premium systems.
Pricing
Private-Public Partnerships between private companies and governments accelerate
Partnerships infrastructure rollout while lowering financial burdens on individual
(PPPs) stakeholders and sharing risks.

Insurance and
Risk

Developing risk-sharing tools and insurance policies for hydrogen storage
mitigates financial risks and transport, encouraging downstream

Management investments.

Tools

Regional Improves the economic viability of large-scale hydrogen production and
Hydrogen Trade transport and establishing regional hydrogen trade hubs (e.g., in ports)
Hubs promotes export opportunities.

6. Conclusion

The significance of research in green hydrogen is growing as countries aim to meet climate goals, reduce reliance on
fossil fuels, and transition to a sustainable energy system. Its capacity to diminish carbon emissions in tough industries
like heavy manufacturing and transportation makes it a crucial component of worldwide sustainability initiatives. The
recognized deficiencies highlight key areas warranting additional investigation, potentially resulting in progress in
technology, decreased expenses, and increased usage. Addressing these discrepancies will expedite the adoption of
green hydrogen, enabling a cleaner and more resilient energy future. The findings of this study suggest that more focus
should be given to economic evaluations, energy efficiency, creative transport and storage methods, and supply chain
tactics to improve cooperation among clusters and provide a holistic perspective of the green hydrogen value chain.
Closing these divides is essential for realizing the complete benefits of green hydrogen as a renewable energy option.
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