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Abstract: Hydrogen is on the path to becoming a crucial enabler of the worldwide clean 

energy effort, due to its ability to reduce emissions from major industries, such as 

transportation and electricity generation. In recent years, both researchers and 

governments have shown increased interest in hydrogen as a way to achieve net-zero 

emission goals. Despite this, a gap remains between research developments and their 

practical applications. Many studies focus on hydrogen production or storage, but only a 

few offer a detailed view of how technologies, economics, and policies intersect on a 

global scale. 

The objective of this study is to address the gap existing in the literature. It includes 

a bibliometric and systematic literature review (SLR) of 455 research articles published 

between 2020 and 2025. The review examines the entire value chain, from production and 

storage to transportation and utilization of green hydrogen. It emphasizes major research 

trends, emerging technologies, economic factors, and efficiency. The study covers various 

manufacturing methods, storage systems, and transportation networks to highlight 

economic and environmental disparities. 

Additionally, this study examines policy and incentive models that promote 

hydrogen adoption worldwide. By integrating bibliometric data with a systematic 

analysis, this study is dedicated to offer policymakers, industry leaders, and researchers 

working in the green hydrogen sector with valuable insights. 

 

Key Words: Hydrogen energy, Green Hydrogen, Hydrogen production, Hydrogen 

storage, Hydrogen distribution, Sustainability.  
 

Highlights 

• Bibliometric analysis of 455 peer-reviewed papers (from 2020-2025) on green hydrogen. 

• A complete value chain analysis, starting from the production, storage, transportation, and use of green 

hydrogen from a technical and financial point of view. 

• The future research directions, innovations, and efficiency of green hydrogen. 

• Cost and environmental impact of various manufacturing, storage, and transportation techniques. 

• Global adoption of hydrogen, policies, and global possibilities 

 

I.INTRODUCTION 

The hydrogen produced by using renewable energy sources like solar, wind, hydropower, or biomass through 

processes such as water electrolysis or thermochemical methods is called green hydrogen [6]. In contrast to grey or 

brown hydrogen, which depends on fossil fuels, green hydrogen is obtained from clean, sustainable energy pathways, 

which makes it a carbon-free energy source [105, 143]. Its production doesn’t release greenhouse gases, thus allowing it to 

play an important role in decarbonizing multiple industries, such as the energy and transportation sectors.  

Hydrogen energy is a secondary energy source, part of a continuous cycle, where production, storage, and use 

are closely linked together in shaping a future with sustainable energy [68]. Unlike primary fuels, hydrogen serves as a 

versatile energy carrier that can be produced from many sources, like fossil fuels, biomass, and renewable energy [50]. After 

production, it can be changed into many other practical forms by the process of combustion or use in fuel cells [104]. 

This flexibility enables hydrogen to serve as a crucial link between diverse energy resources and sustainable end-use 

applications. 

Viewing hydrogen from a life cycle perspective helps us understand the environmental, economic, and 

technical trade-offs at each stage. It ensures that the production, storage, and utilization of hydrogen are optimized as 

well as efficient, also ensuring that the environmental impact is minimal. In this way, hydrogen is more than just another 

fuel; it also becomes a key energy source to ensure decarbonization, energy security, and long-term sustainability [88]. 
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Scope and Contribution 

This review has examined the efficiency and sustainability of hydrogen fuel. A well-to-tank analysis shows 

the stages: hydrogen production, processing, and storage, while a well-to-wheel analysis goes further to hydrogen uses, 

such as in vehicles or in power generation. Differentiating them is essential for a comprehensive assessment of the fuel’s 

environmental impact and its energy efficiency. The supply chain dynamics, relevant policies, and broader 

sustainability aspects have been taken into consideration in this review. By viewing through all: the technical, 

economic, and political lenses, this paper aims to provide a well-known view of hydrogen as a future energy carrier. 

Based on this, the following research questions are framed to guide the study. 

 

RQ1. What is the relative techno-economic and environmental trade-offs of various production, storage, and transport 

options for green hydrogen? 

RQ2. Which are the most effective policy instruments and market mechanisms in enabling large-scale adoption of 

green hydrogen? 

RQ3. What are the realistic and credible transition pathways for hard-to-abate sectors relying on hydrogen? 

 

To achieve the world's net-zero emission goals, it is essential to understand the shift to green hydrogen. 

Hydrogen production, storage, and transportation technologies vary significantly in terms of cost, environmental effect, 

resource use, and efficiency [26]. These trade-offs must be carefully considered to avoid unsustainable and impractical 

routes. Without proper assessment of hydrogen deployment, the risk of squandering resources like water and land will 

increase instead of decreasing [7]. Therefore, a comparative analysis is essential to determine technical feasibility, 

commercial achievability, expansion possibility, and environmentally accountable pathways. 

Technological readiness is just a basic requirement of widespread hydrogen adoption. Apart from this strong 

investment, well-organized market mechanisms and supportive government regulations are required for large-scale 

operations [145]. However, market uncertainty, high cost of production, and infrastructure shortages are the major 

obstacles [125]. Policy tools such as hydrogen purchase agreements, carbon pricing, contracts for difference, and 

subsidies are examples that endorse market growth and reduce investment risks [111]. 

Hard-to-abate sectors such as cement, steel, aviation, and maritime transport are the most benefited segments 

with these policies. Due to the limited carbon alternative energy sources, these sectors were emitting a significant 

amount of CO₂ [73]. The practical zero-emission routes help these sectors adopt hydrogen step by step [45]. These sectors 

experienced with fossil-based hydrogen (grey hydrogen) are transitioning to large-scale renewable hydrogen (green 

hydrogen). 

The success of the hydrogen pathway lies in coordinating production, its storage, transportation, and end-use 

infrastructure. This pathway assures the financial viability, technology feasibility, and environmental accountability. 

These pathways possess great insight for marketers, industry leaders, policy makers, and researchers. This review will 

help in formulating and implementing effective hydrogen strategies. Also, speed up the global shift towards the net-

zero emission objective. 

 

II. METHODS 

This review paper adopted the bibliometric analysis methodology and the optimum procedure outlined [36, 

37]. Bibliometric analysis, as a qualitative approach, has a significant edge in research and research contexts. It allows 

for measuring research impact, performance assessment, and emerging trends. It helps researchers, institutions, and 

journals assess their impact and make strategic decisions based on evidence, while promoting interdisciplinary collaboration. 

The three main bibliometric analyses are applied in this study, viz., performance analysis, scientific mapping, 

and network analysis. Prominent authors' contribution is analysed through performance analysis, while scientific 

mapping is more concerned with intellectual links and structural relationships among authors. Structural analysis covers 

citation analysis, co-word analysis, co-authorship analysis, tree maps, word cloud, and theme trend analysis. Next, the 

network analysis enhances knowledge through clustering, visualization, and metrics. The bibliometric analysis is 

directed as follows: setting the aims and scope of the research, choosing appropriate techniques, data collection, 

analysis, and presenting results [36, 37]. 

 

Step 1: The purpose of this research is to map knowledge gaps, trends, and developing themes in existing literature on 

hydrogen energy using bibliometric analysis. 

 

Step 2: This study applies three bibliometric techniques to analyse the research landscape. The first, performance 

analysis used to evaluate the output and research impact based on citation metrics such as the g-index, h-index, and m-

index. Second, scientific mapping, through visualization tools such as Sankey diagrams, word clouds, tree maps, and 

trend topic analysis, identifies key themes and research patterns. The third network analysis, through thematic 

evolution, collaboration networks, co-occurrence networks, and multidimensional scaling, inspects the relation 

between authors, keywords, and institutions. 
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Figure 1. Selection criteria 

 
Step 3: Keywords such as ‘hydrogen energy,’ ‘green hydrogen,’ ‘renewable energy,’ and ‘hydrogen production’ were 

used to search articles from the Scopus database. These keywords were identified through a brainstorming session 

among authors and subject matter experts. The initial search yielded 351,011 research articles. The dataset was further 

refined using filters: publication year between 2020 and 2025, subject area -business, accounting, and management, 

research articles as document type, English language, journal as source type, and publication stage as final. Through 

this, the number was reduced to 468. Finally, 13 entries were removed due to incomplete information and duplicity. 

The bibliometrics analysis was performed with 455 articles. 

Step 4: Setting Up studio The bibliometrics analysis was conducted through RStudio (version 4.1.2). This version was 

installed from the official Comprehensive R Archive Network (CRAN) repository (https://cran.r-project.org). The 

bibliometrix R package (http://www.bibliometrix.org) was utilized, which provides a complete set of tools for 

bibliometric research. The biblioshiny web interface was launched by entering the following commands into the 

RStudio console: 

 

2.1 Analysis 

Findings from performance analysis, scientific mapping, and network analysis are presented in this section. 

At first, research productivity and impact of studies were presented, which is followed by themes and trends through 

visual tools. Ultimately, structural relationships within the research field, focusing on thematic evolution, co-

occurrence networks, multidimensional scaling, and collaboration patterns, are presented. 

 

2.2.1 Performance Analysis 

A descriptive analysis of the research articles was conducted under performance analysis. Research entities 

within a specific field finding such as authors, institutions, countries, and journals, were assessed in this analysis [36, 

37]. The article served as the unit of analysis. The number of publications, citations, indices such as h-index, g-index, 

and m-index were the major productivity reflectors. 

The basic dataset information used for the analysis is presented in Table 1. This analysis encompassed 455 

research articles published between 2020 and 2025, sourced from 43 sources. The average citation count for articles 

stood at 21.62, with an average co-author count of 4.75. Single-authored articles were just 13, whereas 1,967 authors 

were identified. Results were shown globally connected research community with 33.41% collaboration. The leading 

journals in hydrogen energy research, with Journal of Cleaner Production, Clean Technologies and Environmental 

Policy, and Technological Forecasting and Social Change, emerged as the most pertinent journals, represented in Figure 

2. The foremost authors contributing to hydrogen research since 2020 were Dincer Ibrahim with the highest h-index 
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(11), g-index (16), and 286 citations from 17 papers. Further, Lee Moonyong and Zhang Quanguo showed a strong 

presence, holding six h-index. The data in Table 2 reflect highly active and strong research guiding the field. 

 

Description Results 

Time Span 2020:2025 

Sources (Journals, Books, etc.) 43 

Documents 455 

Document Average Age 2.4 

Average Citations per Doc 21.62 

Keywords Plus (ID) 3911 

Author's Keywords (DE) 1671 

Authors 1967 

Authors of Single-authored Docs 12 

Single-Authored Docs 13 

Co-Authors per Doc 4.75 

International Co-authorships % 33.41 
 

Table no 1. Descriptive analysis of the research articles 

Source: Biblioshiny 

 

Figure 2: Top 10 journals in the field of hydrogen production 

Source: Biblioshiny 

Author h_index g_index m_index TC NP PY_start 

Dincer Ibrahim 11 16 1.83 286 17 2020 

Lee Moonyong 6 6 1.2 236 6 2021 

Zhang Quanguo 6 6 1 201 6 2020 

Ghorbani Bahram 5 5 0.83 208 5 2020 

Lim Hankwon 5 7 1.25 132 7 2022 

Qyyum Muhammad Abdul 5 6 1 203 6 2021 

Dincer I 4 4 0.67 202 4 2020 

Tahir Nadeem 4 4 0.67 100 4 2020 

Bai Yueyang 3 3 0.6 75 3 2021 

Brear Michael J 3 3 0.5 91 3 2020 

Table no2: Research impact of top authors in the area of hydrogen research 

Note: TC, total citation; NP, number of productions; PY_start, publication year start  
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Source: Biblioshiny 

 

 

Figure 3. Top-cited documents in the area of hydrogen production 

Source: Biblioshiny 

 
Paper DOI Total TC per Normalized TC 

  
Citations Year 

 

Islam A, 2020, Journal of 10.1016/j.jclepro.2019.118805 172 28.67 3.69 

Cleaner Production     

Mansour-Saatloo A, 2020, 10.1016/j.jclepro.2020.122041 166 27.67 3.56 

Journal of Cleaner     

Production     

Jahannoosh M, 2021, 10.1016/j.jclepro.2020.123406 159 31.80 3.84 

Journal of Cleaner     

Production     

Fasihi M, 2020, Journal of 10.1016/j.jclepro.2019.118466 142 23.67 3.04 

Cleaner Production     

Simoes Sg, 2021, Journal of 

Cleaner Production 

10.1016/j.jclepro.2021.128124 125 25.00 3.02 

Wang Q, 2020, Journal of 

Cleaner Production 

10.1016/j.jclepro.2020.123061 121 20.17 2.59 

Osman O, 2020, Journal of 

Cleaner Production 

10.1016/j.jclepro.2020.121627 114 19.00 2.44 

El-Emam Rs, 2020, Journal 

of Cleaner Production 

10.1016/j.jclepro.2020.121424 113 18.83 2.42 

Stangarone T, 2021, Clean 

Technologies & 

Environmental Policy 

10.1007/s10098-020-01936-6 110 22.00 2.66 

Al-Breiki M, 2021, Journal 

of Cleaner Production 

10.1016/j.jclepro.2020.123481 105 21.00 2.54 

Table 3: Most globally cited documents in the area of hydrogen production 

Source: Biblioshiny 
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Word cloud 

A word cloud is a graphical tool used to visualize the frequency of terms within a textual dataset, where the 

size and emphasis of each word correspond to its frequency of occurrence. The term frequently appears in studies and is 

more prominent in the word cloud, as shown in Figure 4. In this way, the word cloud allows quick identification of 

dominant themes. Primary research in the field of hydrogen energy focuses on terms: hydrogen production, hydrogen 

storage, carbon dioxide, economic analysis, energy utilization, greenhouse gases, and sustainable development. 

Figure 4. Word cloud  

Source: Biblioshiny 

 

 
Figure 5. Tree plot 30 titles used in hydrogen energy research 

Source: Biblioshiny 

 

Figure 6: Evolving research trends in hydrogen energy research. 

Source: Biblioshiny 
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Co-occurrence network 

A title-based co-occurrence network was built for publication title and topic analysis, as keyword frequency 

alone is insufficient to cover essential topics and the interplay between titles. Title-based co-occurrence networks 

identify the main studies in hydrogen production and look at their distribution and development.  

In the co-occurrence network map, the space between two titles stipulates the mutual significance. Thirty nodes 

were chosen for this analysis. Two central zones, coloured red and blue, presented in Figure 7, show clusters of 

hydrogen energy research [24]. These two clusters revealed, hydrogen production, hydrogen storage, carbon dioxide, 

and solar power generation are the utmost significant words. 
 

Figure 7: Title-based co-occurrence network. 

Source: Biblioshiny 

2.2.2 Network Technique 

This section presents additional insights that complement the bibliometric findings through network metrics, 

clustering, and visualizations- three key approaches within network analysis. 

 

Thematic evolution 

Thematic evolution analysis traces the development and transformation of core research themes over time 

[92]. This analysis visually identifies the evolution of a topic, structure, swings in focus, and the strength of topics 

within any study. For this study, the analysis period was five years from 2020 to 2025, which was sliced into three 

periods: 2020-2022, 2023, and 2024-2025. In Figure 8, node width shows the number of related topics, whereas the 

connecting arrow represents continuity among them. The thicker is arrow, the stronger is relation between themes. 

In the first era, 2020 to 2022, carbon dioxide, hydrogen production, hydrogen storage, and bio-hydrogen 

production were the main research areas, as shown in the main theme. This remained the core in the year 2023. A few 

new areas emerged this year, such as decarbonisation, solar energy, and electron microscopy. Hydrogen production, 

hydrogen storage, and decarbonisation gained more importance in the last two years, 2024-2025. 

The evolution of research topics demonstrates both continuity and innovation in hydrogen energy studies. 

While core themes remain stable, the field is dynamically expanding to incorporate emerging technologies and align 

with global sustainability objectives. This suggests a maturing research domain with growing interdisciplinary and 

policy relevance. 

 

Figure 8: Thematic evolution in the field of hydrogen energy 

Source: Biblioshiny 
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Multidimensional scaling 

This study employed Multiple Correspondence Analysis to explore and visualize the relationships among 

frequently used keywords in the dataset. The output of this analysis is a 2D plot showing the cluster of keywords, 

grouping them by proximity and co-occurrence to share the link between themes across the articles [3]. Figure 9 

represents three distinct clusters: red, blue, and green. The red cluster includes themes focused on hydrogen energy systems, 

such as hydrogen production, fossil fuels, gasification, and techno-economic analysis; next, the blue cluster highlights 

renewable energy and climate change; and the green cluster focuses on greenhouse gas emissios.  

 

 
Figure 9: Conceptual structure map. 

Source: Biblioshiny 

 

Results identified the different themes within hydrogen energy research. These themes were interconnected 

but differed in research direction. Knowledge of these themes offers insights into the field and helps scholars to identify 

dominant and emerging fields. 

 

Collaboration network 

Collaboration helps researchers to address complex challenges effectively, boost productivity, share resources, 

ideas, and knowledge, and achieve mutual goals. Collaboration network analysis visually represents authors' 

collaboration networks and their interactions, leading to new research opportunities and serving as a base for new 

research projects and opportunities. The collaborative network for the 50 most productive authors in hydrogen energy 

research is illustrated in Figure 10. Twelve distinct academic groups are represented in the output. Each node represents 

an author, and the size of the node reflects the number of publications. The thickness of the link reflects the strength of 

the co-authorship. 

Dincer Ibrahim emerged as the most productive author with extensive collaboration with Temiz Mert, Akci Turgut 

Hilal Sayhan, Bolt Andre, and Agelin-Chaab Martin. Their work was primarily focused on sustainable energy solutions, 

including hydrogen energy technology and energy storage solutions. Additionally, Lee Moonyong and Qyyum 

Muhammad Abdul, Rosen Marc, and Lawfik Ahmed form another cluster, focusing on energy-intensive processes, 

energy efficiency, and cost-effectiveness, among other areas. Another tightly interconnected group led by Bai Yueyang 

focuses on life cycle assessment, comparative environmental and economic analysis of various energy sources. Out of 

twelve main clusters, Zhang Quanguo, Chen Ben, and Davis Dominic were the most isolated clusters, indicating limited 

collaboration. 

 

 
Figure 10 Collaboration network in the research of hydrogen energy.  

Source: Biblioshiny 
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This analysis emphasizes the importance of co-authorship in the encouragement of the exchange of knowledge 

and in advancing research productivity. Dincer Ibrahim and Lee Moonyong (Authors positioned centrally in the 

network), among many others, have played an important role in shaping the future possibilities of hydrogen energy by acting 

as the key points in their respective academic communities. 

 

Thematic map 

The thematic map shows a strategic overview of research themes in a four-quadrant plot. On this plot horizontal 

dimension shows centrality (relevance degree) and the vertical dimension represents density (development degree). 

Each quadrant represents a different category of thematic significance. 

The motor themes (upper-right quadrant) represent the topics highly developed, dense, and dominant. The 

themes that fall under this section, called core themes, are foundational and play a crucial role in driving research in 

any field. For this study, topics such as carbon dioxide, hydrogen, greenhouse gases, life cycle, and gas emissions fall in 

this quadrant. But just focusing on well-settled themes, such as emission, other themes like water consumption, land 

needs, and social effects could be missed. This indicates that a more comprehensive approach is required.  

The Niche Themes (upper-left quadrant) present well-developed yet isolated themes. These themes indicate 

narrow and internally well-developed, but are less connected with the main themes. In this study, topics like 

fermentation, scanning electron microscopy, bio-hydrogen, and bacteria are specialized topics. They provide 

comprehensive details, but are still remote because they didn’t link to primary hydrogen research, which reflects that 

more integration is required. 

The Basic Themes (lower-right quadrant) describes fundamental topics that are low developed but highly relevant. 

Terms such as hydrogen production, energy efficiency, ammonia, gasification, and biogas fall under this quadrant. These 

topics are mainstays and require exploration for future studies. 

At last, the Emerging or Declining Themes (lower-left quadrant) show immature and weak connections. These 

could be interpreted as either a potential and emerging area or a declining interest. Topics like biomass, wastewater treatment, 

anaerobic digestion, activation energy, and catalysts belong to this quadrant. Their unclear positions reflect the potential 

of academic research in these topics, but until they are included in mainstream hydrogen research, their impact will be 

low. 

Figure 11. Thematic map 

Source: Biblioshiny 

 

The output of the thematic map highlights that hydrogen research mainly focuses on emission and 

sustainability issues. There are significant gaps in process-oriented and biochemical research that could also be 

explored. Potential research areas include bio-hydrogen production, low-carbon emissions, improved hydrogen storage 

methods with minimal waste, and hydrogen distribution systems. Additionally, studying the life cycle assessment of 

emissions, water use, and resource management is important. Improving efficiency across production, storage, 

gasification, distribution, and biogas systems is also crucial for success. Emerging research opportunities involve 

biomass, catalysts, and anaerobic digestion. Niche topics such as bio-hydrogen, bacteria, and fermentation could be 

integrated with mainstream research and policies, and the social impacts of hydrogen energy may be examined in the 

near future. 
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III.FROM CONCEPT TO REALITY: IMPLEMENTING A GREEN HYDROGEN LANDSCAPE 

A summary of the hydrogen value chain has been provided in this section. Hydrogen production systems are 

assessed on the basis of Capital Expenditure (CAPEX) and Operational Expenditure (OPEX), production intensity, 

water use, land footprint, technical readiness level (TRL), and development status. This kind of comparison facilitates 

the assessment of the industrial, financial, and environmental viability of alternative production routes.  

Scale, capacity, efficiency, and energy losses, advantages and limitations, Technology Readiness Level (TRL) 

or deployment status, and levelized cost of storage (LCOS) are some of the factors on the basis of which hydrogen 

storage technologies are examined. It pursues suitable storage solutions for various applications.  

Further, the review of hydrogen distribution was carried out on the basis of the type of technology used, the typical 

mode and scale, CAPEX and OPEX, transport capacity, TRL, distance covered, and potential regional hubs. These factors 

are significant for designing a reliable and efficient hydrogen supply chain. 

At the end, the on-site storage of hydrogen was discussed. In this, the storage conditions at industrial facilities 

and the safety, capacity, and integration with production or consumption points in vehicles were the major points of 

consideration. The on-site storage ensured non-stop hydrogen availability and also ensured the smooth operation of end-

use applications. 

 

3.1 Hydrogen Energy Production Methods 

Hydrogen, due to its established reputation as a zero-emission fuel [114], is considered a clean energy source, 

valued for fuel cells, as only water is the by-product of its production [5, 96]. Its adaptability stems from the fact that it 

can be generated from various sources, such as biomass, nuclear energy, natural gas, and renewable sources like solar 

and wind. It has multiple applications, such as household use, portable power solutions, transportation, and electricity 

generation. Other than this, hydrogen is an excellent fuel that can be used to make the storage, transportation, and 

delivery of energy produced from other sources easier [113, 139]. 

Some methods of hydrogen production are: thermal methods (most commonly by steam reforming natural gas) 

[86], electrochemical processes (splitting water into oxygen and hydrogen) [44], solar-driven methods [54], and 

biological processes [25]. Every method has its own techno-economic costs, water and land use, emission intensity, 

and technology readiness levels with development status, as presented in Table 4. 

Conventional thermal methods, steam methane reforming (SMR, grey H₂), are the most commercially mature 

option (TRL 9) [16], with low capital costs (~USD 900–1,000/kWₕ₂) [57, 100, 110], but high emissions (~8.86 kg CO₂-

eq/kg H₂) [65]. Water consumption is moderate for this at ~17–20 L/kg H₂, with total withdrawal around 20 L/kg [64, 

81]. Despite its dominance in today’s hydrogen market, it is emissions-intensive. The addition of carbon capture and 

storage (blue H₂) reduces emissions to ~3.43 kg CO₂-eq/kg H₂ [65], but increases water requirements (~30–40 L/kg H₂) 

[64, 81]. Costs also rise (~USD 1,400–1,700/kWₕ₂) [57, 100, 110], and the technology is at TRL 7–8 [16], with 

deployment depending on Carbon Capture and Storage (CCS) integration. Coal gasification is also commercially 

available (TRL 9) [16] but generates the highest emissions (~22–26 kg CO₂-eq/kg H₂)[65] and significant water use 

(44–50 L/kg; up to 80 L/kg with CCS) [64, 81], making it unsustainable despite regional deployment. 

In contrast, electrolysis technologies are rapidly advancing [14]. Alkaline electrolysis and PEM electrolysis 

show capital costs in the range of USD 250–650/kWₑₗₑc [15, 21, 60, 78] and can achieve <1 kg CO₂-eq/kg H₂ when 

powered by renewables [59]. Their water consumption ranges from ~18 to 48 L/kg [64, 81], with low land footprints, 

and they are at TRLs 8–9 [80]. Solid oxide electrolysis (SOEC) shows higher efficiency (40–45 kWh/kg H₂) [141] and 

low water use (~11 L/kg) [64], but it remains at a pilot stage (TRL 6) due to materials durability challenges [80]. 

Solar-driven and biological pathways are less mature. Photo-electrochemical (PEC) hydrogen can achieve 

near-zero operational emissions [55, 87] but requires high CAPEX (USD 3,500–4,500/kW) [2, 140] and a large land 

area. Water use is relatively modest (~10–20 L/kg) [81]. Photo-biological routes (algae, cyanobacteria) remain at TRL 

4–6 [141], with emissions around 2.48 kg CO₂-eq/kg H₂ [77]. Although water requirements are high, these systems 

could use non-potable water sources [132], but land requirements are very large. Solar thermochemical cycles are at 

pilot stage (TRL 4–6) [141], with CAPEX still high and operational challenges in materials, though their emissions are 

relatively low (~1.44 kg CO₂-eq/kg H₂) [41] and water use moderate (~19.4 L/kg) [41]. 

Finally, biomass-based gasification and biogas reforming are at higher TRLs (7–9) with some commercial 

deployment [141]. If sustainably sourced and combined with CCS, these pathways could be low or even net-negative 

in emissions [121]. However, water demand is highly variable: ~7–55 L/kg for fossil-based routes and up to ~530–

3,400 L/kg for biomass pathways due to feedstock cultivation [52]. Their land footprint depends heavily on whether 

dedicated energy crops or residues are used [1]. 
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Table no 4: Comparative Analysis of Hydrogen Production Pathways 

Source: Secondary Data 

 

3.2 Hydrogen Energy Storage 

Although hydrogen is regarded as a zero-emission fuel, there are many challenges in storing it [141]. It can 

be produced during peak periods when high renewable energy are available, and can also be used in the future. Existing 

studies point out these two aspects of hydrogen storage difficulties and the potential of hydrogen as a clean fuel source 

for electricity generation in the near future. 

The major challenges in the storage of hydrogen arise because of its lower volumetric energy density [17], 

its cryogenic property, which makes it necessary to store the gas at low temperature [113], and the possibility for metal 

degradation under certain conditions [51]. Regardless of all this, researchers are exploring ways to overcome these 

difficulties and are trying to optimize hydrogen energy storage for a wider integration into sustainable energy systems. 

Presently, numerous hydrogen storage methods are available, some of which include geological storage, 

liquefied hydrogen storage, compressed hydrogen storage, and materials-based storage. In geological storage, 

hydrogen is stored in aquifers (underground porous rocks or sediment), salt caverns, and abandoned oil fields [129]. 

One of the largest renewable energy storage sites is in Utah, USA. The Advanced Clean Energy Storage Hub in Utah 

integrates green hydrogen production, distribution, and storage of salt caverns [132]. 

Hydrogen can be stored in liquid form, although historically, this technology has been associated with high 

costs and complexity [94]. For its liquid storage, hydrogen is cooled up to -253°C and is contained in insulated tanks to 

minimize evaporation [9]. Developing infrastructure for maintaining such extremely low temperatures increases the 

overall cost of production and its complexity. 

Compression of hydrogen in gas tanks, like other gases, is possible [24], and this compressed hydrogen can 

be used in fuel-cell powered vehicles where it is stored under high pressure (700 bar / 10,000 psi) [122]. Liquefaction, if 

combined with compression, provides another storage option, although maintaining high pressure is its main 

requirement. 

Despite the challenges associated with the storage, it is still critical, and a point of continuous research, 

especially for heavy transportation, where storage capacity is a limitation and could restrict passenger and cargo space 

[24,118]. Development in new tank systems tailored for heavy transport and managing space are the areas of research 

that are supported by the EU [128]. 

In materials-based storage, a solid or a liquid material capable of reacting with hydrogen is used to absorb it. 

These reactive materials are capable of absorbing significant amounts of hydrogen, which can easily be separated at the 

time of onsite storage. Some material-based substances include palladium, which is capable of absorbing up to 900 

times its own volume of hydrogen [130]. Similarly, substances such as magnesium, aluminium, and certain alloys can 

be used for the storage of hydrogen [10, 46, 79]. Ammonia, another prominent storage material excessively used as a 

hydrogen carrier due to its higher energy density per volume compared to liquid hydrogen, simplifies storage and 

transportation logistics [11, 102]. The process involves converting hydrogen to ammonia for transport and subsequent 
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release through cracking at the point of use [11], although further development is needed to improve efficiency and 

scalability. A comparative analysis of various methods of hydrogen energy is presented in table 5. 
 

 
Table no 5: Comparative Analysis of Hydrogen Storage 

 

Source: Secondary data 

 

Data in Table 5 indicates that the geological storage offers a very large capacity. Bedded rock salt deposits 

have the capacity to store 0.05–0.09 TWhH₂ per cavern, while salt domes have the capacity to store 0.06–0.20 TWhH₂ 

per cavern. In addition, deep aquifers can store between 0.016 and 4.46 TWhH₂ [129]. With a geographical storage option, 

0.4 million tons can be stored per year [84], although about 2% loss per storage cycle is recorded [47]. This method is 

low-cost at a large scale, costing around $0.2–0.8 per kWh [47]. This storage method has a technology readiness of 6-

7 for salt caverns and 3-4 for deep aquifers [129]. Although it is a cost-effective method of storage, but still needs suitable 

rock formations and strict safety control to prevent hydrogen loss or reaction with rocks and microbes.  

Compressing hydrogen in tanks is another way of storage, which can be used for vehicles, refuelling stations, 

and medium-scale storage. At 700 bars and at 15 °C, hydrogen can be compressed and can attain a density of up to 40 

kg/m³. The efficiency loss is 30–40% [17, 98]. This method is widely used and costs about USD 400–700 per kg of 

hydrogen capacity [122]. The cost of storage is high due to the cost of the storage tank, and also because compression 

itself requires high energy [66]. It is the fastest refuelling option and also has to follow strong safety standards. This 

method is fully commercial, has TRL 9, and costs are slowly reducing [19]. 

Liquid hydrogen, having a density of about 62 kg/m³ at 16 bar and at −245 °C, and 72 kg/m³ at 350 bar and 

at temperatures ranging from −250 to −200 °C [109], is used widely in bulk transport and aviation. Hydrogen is 

liquefied at a very low temperature (20.3K), which leads to 40% of energy loss [106]. The liquefaction cost is 200–270 

USD/kg H₂, and cryo-compressed hydrogen costs around 400 USD/kg H₂ [122]. This storage technology has a TRL 9 and 

is fully commercial [127]. It is the best choice for long-distance transport, such as aviation, shipping concepts because 

it offers the best energy density. However, challenges include boil-off losses, energy consumption, and the requirement 

of cryogenic safety systems. 

In another method of hydrogen storage, liquid and solid materials are used to hold hydrogen. MgH₂ can store 

about 7.6 wt% [46], TiFe and TiMn₂ about 1.86 wt%, LaNi₅ 1.49 wt%, and Mg(BH₄)₂ about 2.5 wt% at 250 °C and at 

120 atm [71]. AlH₃ can hold 10.1 wt% [82], and ammonia (NH₃) can store 17.8 wt% [141]. The storage cost is  $0.38–

0.45 per kWh [136]. Although this material-based storage method is safe and suitable for portable uses, it is less suitable 

and is heavy for vehicles. Extracting hydrogen from metal hydrides for final consumption needs heat, which makes 

operations more complex. Few materials are unstable or costly to recycle. This technology is still in an early stage with 

a TRL of 3-5 [19]. 

A comprehensive comparison of various methods of hydrogen storage techniques addresses storage as a 

complex and one of the most critical steps, which requires continuous technology innovation and investment. 

Improvement in technology will play a critical role in the utilization of hydrogen across sectors, and will contribute to 
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global efforts towards zero carbon emission and a sustainable future. 

 

IV.DEVELOPMENT IN HYDROGEN ENERGY 

The majority of hydrogen produced globally is currently ‘grey,’ costing between €1 and €2/kg (USD 1.08/kg 

to 2.16/kg) and derived from natural gas without carbon emissions pricing [12]. In contrast, green hydrogen, produced 

through electrolysis using renewable energy, offers a cleaner, albeit more expensive alternative, priced anywhere from 

$1.5 to $4.0/kg in various locations [8]. The challenge remains in reducing the production and distribution costs of 

green hydrogen to enable widespread adoption. 

 

4.1 Hydrogen energy development in the Global North 

The Global North is seeing a rapid increase in the development of hydrogen energy due to significant 

investments, government backing, and business alliances. Countries including the United States, Japan, the United 

Kingdom, and Germany are at the forefront of green hydrogen projects, infrastructure development, and technological 

innovation in order to satisfy net-zero emission targets and attain energy security. 

Since 1969, the United States has been the leader in the advancement of hydrogen and fuel cell technology 

[75], and has always targeted to maintain its position by expanding applications to support economic growth and also 

to decarbonize sectors. These sectors majorly include transportation and manufacturing. Hydrogen energy has the 

potential to generate $140 billion in revenue and create 700,000 jobs by 2030 in the USA [116]. This will give a major 

thrust to economic leadership, enhancing security, and advancing energy decarbonization efforts. In the long run, 

policies related to Hydrogen energy remain inconsistent globally due to political issues, changes in governments, shifts 

in priorities, etc., but the major initiative has still yielded results. The United States has a target to produce 10 million 

tons of clean hydrogen by 2030. Further, it aims to produce 50 million tons by 2050, out of which annually 4 million 

tons could be exported [39]. The US hydrogen roadmap works on four pillars: groundwork, initial commercial 

deployment, cost reduction through broad deployment, and full systemic integration. 

Apart from the United States, Australia & Canada are also making visible progress in the hydrogen sector, 

aiming to boost their economies and establish themselves as leaders in the global hydrogen market. Also, they are 

committed to reducing greenhouse gas emissions and their dependency on fossil fuels. 

Australia, blessed with natural resources such as extensive solar energy potential and high-quality natural gas 

working excessively on hydrogen energy development. Supportive government R&D investments and international 

research collaborations with countries like Singapore, Korea, Japan, and Taiwan are accelerating energy developments 

[142]. The vision statement and policy framework describe the addition of over $1.7 billion to its gross domestic product 

(GDP) and create numerous jobs [31]. The set target by 2025 is to produce at least 15 million tons of hydrogen annually, 

with the potential to reach up to 30 million tons per year [33]. 

Similarly, Canada has 76 hydrogen production projects, which are at various stages of development and have 

a combined potential to produce 5.4 million tons of hydrogen per year. Presently, Canada produces around 3 million tons of 

hydrogen per year and is quickly increasing its capacity [108]. They focus on both the hydrogen infrastructure and its 

distribution network as well. To boost the overall Hydrogen Energy sector, Canada has laid out approximately 100 

kilometers of dedicated hydrogen pipelines, which are currently in operation in the cities of Alberta and Ontario. These 

infrastructure pushes are strengthening the country’s hydrogen setup and distribution network [69]. These efforts align 

with Canada’s aim of becoming a leading hydrogen exporter by 2050, diversifying its energy sources and reaping 

significant economic benefits, including the creation of over 350,000 jobs and a projected $50 billion domestic sector 

[58]. 

Besides these countries, Japan is also building a hydrogen society for clean energy and energy security. To 

channelize all efforts and make the hydrogen development plan formal, Japan published its first national hydrogen strategy 

in 2017 and revised it in 2023. In 2020, it aimed for carbon neutrality by 2050 [72] and added hydrogen and ammonia 

to the Green Growth strategy. Further to accelerate the work, Japan launched the Green Innovation Fund worth ¥2 

trillion (~USD 13 billion) in the year 2021 [97]. The 2023 and 2024 laws strengthened hydrogen policies. Japan aims 

to produce 12 million tons of hydrogen by 2040 [103]. It plans to install 15 GW of electrolysers, have 800,000 fuel-

cell vehicles, and also plans to develop 1,000 hydrogen stations, supported by an investment of ¥15 trillion (~USD 98 

billion) by the end of 2030 [103]. 

Next, the European economies are dedicated to switching to a hydrogen-based economy. In Europe, the United 

Kingdom and the European Union spearhead the global hydrogen economy with ambitious plans and initiatives to 

promote hydrogen technology and to accelerate decarbonization efforts for sustainability. 

The United Kingdom has enacted legislative initiatives to reduce greenhouse gas emissions across industries 

[90]. These efforts are aligned to achieve carbon neutrality by 2050. The United Kingdom introduced its hydrogen 

strategy in the year 2021. It outlines the nation’s goal to become a global leader in low-carbon hydrogen by 2030. The 

strategy targets 5 GW of hydrogen production capacity, supported by government initiatives across production, storage, 

transport networks, and market development [40]. In December 2023, the First Hydrogen Allocation Round (HAR1) 

awarded 125 MW of capacity, attracting over £400 million (~USD 500 million) in private investment. This 

development particularly promised new jobs (around 700) through hydrogen initiatives [53]. The Second Hydrogen 

Allocation Round (HAR2) aims to allocate up to 875 MW, while HAR3 and HAR4 plan to award 1.5 GW between the 

years 2025 and 2026. At present, there are around 27 GW of hydrogen projects across the UK that are under development. 
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These projects comprise both Carbon Capture, Utilization, and Storage (CCUS) enabled (blue) and electrolytic 

hydrogen initiatives [53]. 

The European Union (EU) is concerned about its energy security and aims to reduce dependency on imports. 

The European Union has prioritized hydrogen as a key component of its energy and climate policies, and this point 

was widely emphasized under both the European Green Deal and the Paris Climate Agreements. The European 

Commission launched the REPowerEU initiative in March 2022 [91], intending to end Europe’s dependence on Russian 

fossil fuels by 2030. This plan targets 10 million tons of renewable hydrogen production and requires 65–80 GW of 

electrolysis capacity. Announced projects of 39 GW nearly meet the 40 GW target of 2020 [18]. The European Union 

has estimated and mobilized €300 billion (~USD 325–330 billion) to fund this plan [38]. 

Within the European Union, leading nations like France and Germany are progressing in the policy drafting 

and are taking initiatives for a hydrogen-based Economy. France (through initiatives like the national action plan for 

hydrogen and fuel cells) aims to increase renewable hydrogen production to 20–40% by 2080 [20]. The national 

roadmap sets aggressive hydrogen energy goals. It plans to have 6.5 GW of electrolyser capacity and 700,000 tons of 

hydrogen production per year by 2030 [85]. Similarly, in the summer of 2020, Germany introduced its National  

Hydrogen Strategy to increase the adoption of green hydrogen. It sets a target of 5 GW of domestic electrolyser 

capacity by 2030 and 10 GW by 2040. This is equal to approximately 14 TWh and 28 TWh of hydrogen production, 

respectively [112]. Both nations have ambitious environmental and economic goals. Both France and Germany 

emphasize R&D and substantial investments to drive the hydrogen industry forward, aligning with technological 

advancement. 

 

4.2 Hydrogen energy development in the Global South 

The Global South consists of countries that are considered less developed both socially and economically. 

Countries primarily in Asia, Latin America, and Africa come under the Global South. Countries like China, India, Brazil, 

South Korea, and South Africa have been engaged in hydrogen energy development for the last few years. This is 

happening through large-scale renewable potential and strategic investments. 

China has a heavy dependency on fossil fuels and is considered a global leader in greenhouse gas emissions, 

accounting for 30 percent of the total. However, it has emerged as a dominant player in the global south for hydrogen 

production through large-scale investment, technological advancement, a clear roadmap, and favorable policies in the 

Hydrogen Energy sector. It has pledged to align its policies with the Paris Agreement and achieve carbon neutrality by 

2060 [144]. It has made significant progress in its renewable energy capacity by adopting solar, wind, hydrogen, and 

biofuel, although its dependency is high on coal for electricity generation. In China, the major development in hydrogen 

policies occurred in 2018. This policy adaptation reflected collaboration between key institutions and state-owned 

enterprises to promote hydrogen development. In 2020, a non-official policy guiding future hydrogen projects and 

setting industry benchmarks was released for the development of standards and evaluation of low-carbon, clean, and 

renewable hydrogen [83]. China produced 35 million tons of hydrogen from coal and 56000 tons from renewable energy 

resources by 2022, which was about one-third of the global output [49]. In 2024, the annual green hydrogen production 

reached 77.7 metric tons, which was a rise of 188% [135]. China is continuously working on developing hydrogen 

infrastructure, has 12,682 fuel cell vehicles, and aims for annual 100,000- 200,000 tons of green hydrogen by 2025 

[49]. Some studies project that by 2030, China’s green hydrogen output will account for 10.6-14.3% of global 

production and will reach 4365-6820 kilotons [135]. 

Apart from China, the other prominent players in the global south for Hydrogen energy development are India, 

South Korea, and South Africa. Each of these countries has its distinctive challenges and accordingly distinct strategies. 

India is a relatively early adopter of hydrogen technology for its domestic consumption. Now India is ramping up its 

hydrogen industry to reduce dependence on foreign oil imports, enhance energy security, and mitigate pollution. On 

August 15, 2021, India launched its National Green Hydrogen Mission (NGHM). This mission emphasizes green 

hydrogen's role in sustainable development [95] and aims for net-zero emissions by 2070 and energy independence by 

2047 [123]. With this mission, India sets a target of 5 million metric tons (MMT) production of green hydrogen by 2030, 

which will be supported by 60-100 gigawatts (GW) of electrolyser capacity and 125 GW of renewable energy dedicated 

to hydrogen generation [95]. This will significantly reduce greenhouse gas emissions by abatement of 50 MMT of 

cumulative carbon and will be capable of producing six hundred thousand new jobs in the green hydrogen sector [67]. 

Also, this initiative targets to attract USD 96 billion in total investments to reinforce India’s green and clean energy 

sector[95]. 

The budget allotted for NGHM, to meet early expenses, is approximately USD 2.4 billion [74], out of which 

~ USD 2.1 billion is aimed at the Strategic Intervention of Green Hydrogen Transition Programme (SIGHT), ~ USD 175 

million for pilot projects, ~ USD 48 million for R&D, and ~ USD 46 million for miscellaneous mission components 

[63]. In the initial phase of this mission, the prime focus is on encouraging electrolyser manufacturing and green hydrogen 

production, and for this, USD 2.1 billion has been allocated till the year 2029-30 [107]. This mission also emphasizes a 

pilot project across multiple sectors, and a provision of funds has also been set. A budget of USD 55 million was allotted 

for low-carbon steel projects up to 2029-30. Also, allocation for mobility applications, USD 60 million up to 2025–26, 

and for shipping initiatives, USD 14 million up to 2025–26, has been provided [124]. Besides this, hydrogen 

infrastructure development is another priority of this mission. Green hydrogen hubs development is one initiative for 

which allocation of USD 48 million (by 2025–26) has been made [95]. Special attention has been given to the 
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development of tanker networks, intermediate storage, pipelines, and on-site systems to support domestic demand and 

export operations. 

Next, the South Korean government plans advancement in hydrogen energy development to create jobs, reduce 

emissions, and dependency on non-renewable energy sources. With two initiatives: Master Plan for Eco-Friendly 

Hydrogen Economy in 2005 and Roadmap for Hydrogen Economy in 2019, it sets a vision to establish itself as a global 

leader in hydrogen energy [28]. Roadmap for Hydrogen Economy was the first hydrogen economy implementation 

plan, highlighting current trends, national goals, the importance of hydrogen energy, and promotion plans.  

South Korea targeted 5.26 million tons of hydrogen production per year by 2040. As a strategy, it started producing 

grey hydrogen in the initial phase and moved to water electrolysis by 2022 [28, 76]. To boost overall hydrogen 

infrastructure by 2030, it has a plan to deploy 6.2 million hydrogen vehicles, 1,200 hydrogen stations for storage and 

supply, and a nationwide hydrogen pipeline network [62]. Also, it targets the generation of 15 GW of fuel cell power 

and 2.1 GW of residential fuel cells. The expectation with these affords includes 0.42 million job creation, revenue 

generation of approximately 32-33 billion USD (43 trillion South Korean Won), and 2.7 million tons of CO2 reduction 

[70]. 

Part of the Global South, South Africa introduced its Green Hydrogen Commercialization Strategy in 2022, 

aiming to produce 50-300 kilotons of green hydrogen annually by 2030 [35, 117]. The Hydrogen energy Production is 

projected to increase to 2.4 million tons by 2040 and reach 4–6 million tons by 2050, supported by an estimated 

investment of $18.4 billion by 2027 [35]. Around USD 141 million has been allocated to advance green hydrogen 

development, commercialization, and export capacity [32]. South Africa is implementing strong financial measures to 

develop a sustainable green hydrogen industry and attract both international and domestic investment. The KfW–IDC 

Program provides USD 25 million for large projects, including hydrogen-powered vehicles, aviation fuel, and green 

ammonia [12, 101]. The Just Energy Transition Partnership (JETP) allocates USD 700 million from a total USD 11.6 

billion pledge to support hydrogen development. The USD 295 million Power-to-X Fund finances mature projects 

needing extra support. The SA-H2 Fund targets USD 1 billion, starting with USD 55 million in seed capital, to expand 

hydrogen infrastructure and promote a circular economy [48, 101]. 

South Africa familiarized its hydrogen initiatives in the year 2022, with the introduction of the Green Hydrogen 

Commercialization Strategy. This strategy is initially supported by an investment of USD 18.4 billion by 2027.[35], 

aiming to produce annual 50-300 kilotons of green hydrogen by 2020 [35,117], 2.4 million tons by 2040, and 4-6 

million tons by 2050 [35]. South Africa is taking strong financial measures to develop its sustainable hydrogen 

economy and to attract domestic and international investment. On this path, around USD 141 million has been allotted 

to hydrogen infrastructure expansion, market development, and export capacity [32]. Different programs have been 

initiated to meet different kinds of funding requirements, such as SA-H2, KfW-IDC, Power-to-X fund, and Just Energy 

Transaction Partnership (JETP). The SA-H2 fund targets USD 1 billion, out of which 55 million is allotted to seed 

capital for hydrogen infrastructure development and promote the circular economy [48,101]. The KfW-IDC programs 

for large projects provide USD 25 million, which includes hydrogen-powered vehicles, green ammonia, and aviation 

fuel [12,101]. Power-to-X fund for mature projects and their extra need has allotted USD 295 million. The JETP has 

allotted USD 11.6 billion, out of which USD 700 million is allocated to fund hydrogen development. 

 

V.DISCUSSION 

This comparative study on hydrogen energy provides insights for marketers and decision-makers. Decision-

makers can refer to it at any stage of production, distribution, and storage of hydrogen energy. This article explores 

various techniques for hydrogen energy production, including coal-based methods, electrolysis, photo-electro-chemical, 

photo-biological, solar-thermo-chemical, and biomass gasification. Different technologies exhibit varying efficiencies, 

operational costs, and resource utilization [99]. The overall manufacturing cost depends on the production method, 

resource requirements, and maintenance costs [141]. Some methods of production, such as thermal with CCS, require 

additional refinement. The long-term feasibility of production relies on factors such as durability, gas purity, resource 

requirements, and challenges in storage and distribution. Significant investment and supportive government policies are 

vital to developing hydrogen infrastructure [69]. 

Several challenges, such as the high cost of production compared to fossil fuels, lack of infrastructure, and 

varying cost and emission levels, hinder the growth of the green hydrogen economy [43, 142 ]. Many nations lack 

comprehensive hydrogen development plans and have limited or no infrastructure for hydrogen energy, creating 

uncertainty among producers who cannot accurately forecast future demand [137]. The absence of infrastructure to 

deliver hydrogen to distant locations via pipelines, combined with over-reliance on trucks, increases costs [60, 126]. 

Excessive water and land use also pose challenges for green hydrogen products [120]. 

Production costs vary across nations for different types of hydrogen produced, and there is a lack of a clear 

universal standard. There is no clarity on ‘clean hydrogen’, and nations interpret it according to their convenience, which 

is a barrier to fair competition. The major challenges are acceptance of hydrogen and safety concerns due to hydrogen's 

lower energy density and flammability [17, 22]. 

This study shows that supportive government policies, public engagement, and technological innovation 

throughout the hydrogen energy value chain are essential to overcome challenges [137]. Standardization of costs, cost 

reduction efforts, clear strategies, and consistent global standards are necessary. Finally, widespread acceptance and 
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safety are crucial for developing a sustainable hydrogen economy. 

Future Research directions 

Hydrogen energy is a core component to achieve zero-emission goals and the future of the clean energy system. 

Although several areas, such as production cost, economic storage and distribution, government policies, utilization of 

natural resources, etc., need consistent development. 

Improving Hydrogen Production Systems 

Different types of hydrogen production (grey, blue, green) face clear limitations. For example, grey hydrogen 

is highly produced through coal but is low-cost compared to others [57,65,100]. Blue hydrogen has a high dependency 

on fossil fuels and high-water requirements, yet it reduces emissions [57, 64, 65]. Green hydrogen, although 

environmentally friendly, relies on seasonal renewable energy availability and remains highly expensive [2, 59, 60]. 

These challenges must be addressed in future research, which should investigate mixed production methods that 

combine various energy sources to improve efficiency. Emerging production methods, such as photo-biological 

methods and photo-electro-chemical, could be explored due to their low emission intensity. These methods could be 

validated for performance and reliability through pilot projects under real operating conditions. 

 

Regional Approaches to Hydrogen Development 

A significant difference in hydrogen development is present across nations. Countries in the Global South 

have abundant solar and wind resources, which make them suitable to produce green hydrogen [29, 133]. However, 

hydrogen development is in the initial phase or absent in most locations, due to a lack of capital, poor infrastructure, 

policies, and skilled manpower [133]. On the other side, developed countries: the USA, Japan, and Germany have 

supportive government policies and are at an advanced stage of hydrogen development [72]. Future research should work 

on a cooperative model that identifies local conditions, resource availability, economic capacity, infrastructure, 

policies, and employment needs. This model should work on exploring opportunities globally, collaborating where one 

has resource potential and the other has advanced technology and capital availability. 

 

Balancing Water, Energy, and Environment 

Hydrogen production consumes a significant amount of water, which could be a challenge for dry regions. 

The two most used methods are electrolysis and thermal, both of which require an excessive amount of water. 

Electrolysis requires purified water, whereas the thermal method uses water for cooling. In the future, focus should be on 

water-saving methods, such as seawater electrolysis, photo-biological methods using algae and cyanobacteria, 

wastewater, or atmospheric water capture. Land use impact is another area that should be explored in the future, especially 

for solar-based hydrogen and the photo-biological method, which needs a wide land area. 

 

Hydrogen Storage and Delivery Solutions 

Major challenges with hydrogen energy are its storage and distribution. Geological storage is limited to certain 

locations. Commercially available compressed and liquid hydrogen systems are costly and involve energy losses during 

the compression and liquefaction process [17, 98, 106]. Material-based storage is in its early stages of development, 

but it is not fit for direct consumption. Future research should focus on material-based storage, liquid organic hydrogen 

carriers (LOHCs), and transportation through ammonia [133]. Research needs to be conducted on reducing material 

costs, increasing safety, enhancing energy density, increasing durability, and maximizing hydrogen release in the final 

stage. 

 

VI.CONCLUSION 

Hydrogen could be a game-changer in achieving a sustainable and clean energy future. It is feasible if 

businesses, governments, and researchers come together. Favourable government policies, mutual support between 

nations, and investment in innovative methods can increase the production of green hydrogen. Electrolyzer technology 

can make the production of green hydrogen more accessible; however, advancement in technology will be the prime 

requirement. 

A lot needs to be done on the hydrogen value chain development, especially better technology for transportation 

and storage is required. On-site distribution infrastructure development, including fuel stations, pipelines, and ports, is 

a major requirement for a robust hydrogen network. 

This all could be possible through cooperation between nations. Countries ahead in technology can harness 

their potential and share knowledge, invest, and develop skills in the global hydrogen market.  

Hydrogen can emerge as a zero-emission fuel, helping to make the planet sustainable, through innovation, 

supportive policies, global collaboration, and capital investment. Immense possibilities exist to reduce emissions, 

promote worldwide economic development, and create jobs. 
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