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Abstract

:

The main results highlighted in this article underline the critical significance of hydrogen technologies in the move towards carbon neutrality. This research focuses on several key areas including the production, storage, safety, and usage of hydrogen, alongside innovative approaches for assessing hydrogen purity and production-related technologies. This study emphasizes the vital role of hydrogen storage technology for the future utilization of hydrogen as an energy carrier and the advancement of technologies that facilitate effective, safe, and cost-efficient hydrogen storage. Furthermore, bibliometric analysis has been instrumental in identifying primary research fields such as hydrogen storage, hydrogen production, efficient electrocatalysts, rotary engines utilizing hydrogen as fuel, and underground hydrogen storage. Each domain is essential for realizing a sustainable hydrogen economy, reflecting the significant research and development efforts in hydrogen technologies. Recent trends have shown an increased interest in underground hydrogen storage as a method to enhance energy security and assist in the transition towards sustainable energy systems. This research delves into the technical, economic, and environmental facets of employing geological formations for large-scale, seasonal, and long-term hydrogen storage. Ultimately, the development of hydrogen technologies is deemed crucial for meeting sustainable development goals, particularly in terms of addressing climate change and reducing greenhouse gas emissions. Hydrogen serves as an energy carrier that could substantially lessen reliance on fossil fuels while encouraging the adoption of renewable energy sources, aiding in the decarbonization of transport, industry, and energy production sectors. This, in turn, supports worldwide efforts to curb global warming and achieve carbon neutrality.
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1. Introduction


Faced with the growing challenges of climate change and the need to decarbonize global energy systems, hydrogen is emerging as a key element of the future energy mix [1,2,3,4]. Its unique properties, including high energy density and the ability to burn cleanly, open up wide prospects for its use as an energy carrier in various sectors of the economy, such as transport, industry, home heating, and electricity production [5,6,7,8,9,10,11,12]. With hydrogen’s ability to be produced from renewable energy sources such as solar and wind, it can play a central role in the energy transition towards carbon neutrality [13,14,15,16,17,18,19,20,21,22].



Over the last decade, with global interest in the development of hydrogen technologies as one of the key elements of the future, the sustainable energy economy has increased significantly [23,24,25,26,27,28,29]. This is partly a response to the growing need to decarbonize the energy and industrial sectors, as well as to search for effective ways of storing renewable energy [30,31,32,33]. Figure 1 shows low-emission hydrogen production from 2010 to 2023, shedding light on the growing importance of and investment in hydrogen production technologies that minimize carbon emissions. The R-squared value of 88% indicates that the estimated exponential regression is statistically of a good quality and can satisfactorily represent low-carbon hydrogen production within this 14-year interval. These data highlight the dynamic development of hydrogen technologies and their potential to contribute to global climate goals, but at the same time, it should be noted that the full commercial use of hydrogen as an energy carrier still requires much investment and research due to its technological and economic challenges [34,35]. The most important include the need for the development of effective and cost-competitive methods of hydrogen production, especially those using green energy; the development of safe, efficient, and sustainable hydrogen storage and transport systems; and the adaptation of the existing energy infrastructure to use hydrogen as an energy carrier. Additionally, on the way to the wider implementation of hydrogen technologies is the need to overcome regulatory barriers, build social acceptance for new technologies, and ensure appropriate investments in research and development [36,37,38,39,40,41,42].



The development of hydrogen technologies and their applications in energy and environmental engineering are the subject of intensive scientific research, which is reflected in the growing number of publications. In this context, bibliometric analysis is a valuable tool for understanding research trends, mapping the field of knowledge, and identifying key countries, collaborations, and potential development directions [44,45,46,47]. Using the CiteSpace program 6.2.R6 Advanced to conduct such an analysis allows the visualization of bibliometric data, which is invaluable in the process of synthesizing the current state of knowledge and in identifying research gaps and new research opportunities [48,49,50,51,52,53].



In order to understand the role of hydrogen in future energy systems, this article undertakes a bibliometric analysis of publications from the Web of Science database, focusing on the energy industry and environmental engineering [31,54,55,56]. This analysis covers publications from the last ten years, making it possible to identify the evolution of interest in hydrogen and the main research areas, as well as to predict future trends in this field [57,58,59,60,61,62].




2. Methodology


In the first step of the bibliometric analysis, a database of publications was downloaded from the Web of Science. For this purpose, the keyword “hydrogen” (hydrogen) was used, which was the basis for identifying publications related to research on hydrogen as an energy source, its applications in the energy industry, and its impact on the environment. Then, to ensure the specificity and relevance of the results, the search was limited to the “Energy and Fuels” and “Environmental Sciences” categories. This selection of categories allowed us to focus on publications that directly concern energy and environmental issues in the context of the use of hydrogen, taking into account both technological and ecological aspects. Additionally, a time period was defined from 2014 to 2024, which enabled the analysis of trends and research developments in the last decade. The choice of this time frame was motivated by the desire to understand how interest in hydrogen has evolved over recent years, especially in the context of global efforts for sustainable development and the fight against climate change [63,64].



In order to conduct a comprehensive bibliometric analysis of publications from the energy and environmental engineering industries included in the Web of Science database, the CiteSpace program was used [65,66,67,68]. Bibliometric analysis, as a method of quantitative research of scientific literature, allows the identification of the main trends; patterns of cooperation between authors, institutions, and countries; key topics; and dynamically developing fields. In this context, CiteSpace was used to visualize and analyze trends and patterns in bibliometric data [69,70,71,72,73,74]. This program enables the generation of collaborative networks, heat maps that indicate the intensity of research in given areas, and the identification of keywords indicating new and emerging research directions. CiteSpace is characterized by the ability to analyze data from various periods of time, which allows you to observe the evolution of a given scientific field and identify trends and changes in the flow of knowledge [75,76,77,78,79,80,81,82]. By using algorithms to detect the most frequently cited and co-occurring terms, this tool significantly supports the process of identifying areas with high development dynamics and potential directions for future research. This methodology, based on solid scientific foundations and highly developed analytical tools such as CiteSpace, provides scientists with valuable tips on the state of research in selected fields, enabling a deeper understanding of the structure and dynamics of science development in the context of global energy and environmental challenges [83,84,85,86,87,88,89,90].



Bibliometric analysis using CiteSpace includes a number of steps that allow for the effective identification, visualization, and analysis of research trends and key works in a given field of science. The detailed procedure for such an analysis is presented below:




	
Determining the thematic and time scope of the analysis:




	
Selection of keywords and phrases corresponding to an interesting research field;



	
Determining the time frame of the publications to be analyzed.








	
Collecting data from the Web of Science database:




	
Conducting a search in the Web of Science database using previously defined keywords;



	
Exporting search results to files that can be processed by CiteSpace.








	
CiteSpace configuration and performing simulations:




	
Importing exported data from Web of Science to CiteSpace;



	
Setting analysis parameters such as time period, nodes (e.g., authors, institutions, keywords), and types of analysis (e.g., clustering, co-occurrence);



	
Generating network maps that visualize relationships between authors, institutions, keywords, etc.;



	
Analysis of the cluster structure, identification of main research areas and key works.








	
Trend and keyword analysis:




	
Leveraging CiteSpace tools to identify growing trends and hot topics in a given field;



	
Analysis of keywords and their evolution over time, which allows you to understand changes in research areas.








	
Identification of key authors, works, and institutions:




	
Analyzing the centrality and power of nodes in the network to identify the most influential authors, most cited works, and leading research institutions.








	
Interpretation of results:




	
Interpreting visual network maps and statistical data to infer trends, research gaps, and potential future research directions.








	
Preparation of a report or publication:




	
Organizing the collected data and conclusions into a logical and coherent structure of a report or scientific article;



	
Including network visualizations as elements illustrating key analysis conclusions.


















	
Discussion and conclusions:




	
Discussion of the importance of discovered trends, key authors, and works for the further development of the researched field;



	
Indication of potential research directions resulting from the bibliometric analysis.













The following research theses were formulated in this paper:




	
“What are the main directions of research on the use of hydrogen in the energy industry and environmental engineering in the last decade?”



	
“What are the key challenges and barriers in hydrogen research?”



	
“How does the development of hydrogen technologies affect the achievement of sustainable development goals, especially in the context of climate change and the reduction of greenhouse gas emissions?”









3. Results


Figure 2 shows the number of publications used for analysis in individual years. The total number of analyzed publications is 26,169.



The first stage of the bibliometric analysis is the analysis of international cooperation in hydrogen research. The aim of this approach is to identify key countries and their role in the global scientific network, which will allow an understanding of how individual countries contribute to progress in hydrogen research. By analyzing the number of publications assigned to each country, it is possible to determine which countries are most active in generating new knowledge and innovation. The centrality index is also an important indicator in the analysis. The centrality indicator is a key element of network analysis, allowing the assessment of the role of individual nodes in the network of international cooperation in the context of renewable energy sources and environmental engineering. This metric mathematically expresses how often a given node (in this case, a country) appears on the shortest paths between pairs of other nodes in the network. The higher the value of the indirect centrality of a given country, the greater the role it plays in mediating and transferring knowledge between other countries, which may indicate its importance as a mediator or a key point of information flow in the global scientific network.



In the context of international cooperation, countries with high intermediate centrality often constitute key nodes in the network, integrating knowledge from different regions and disciplines. Such countries can have a significant influence on research directions and the development of new technologies because their position in the network allows them to act as main channels of communication and cooperation. Analyzing this indicator can also help in identifying potential barriers to science communication and suggesting areas where increased collaboration could contribute to greater research integration and efficiency.



The interpretation of the indirect centrality index in the bibliometric analysis of international cooperation allows for a deeper understanding of the network structure and dynamics of knowledge flow in the field of renewable energy sources. This enables researchers and policymakers to better understand how collaborative strategies and research investments can be directed to maximize scientific and innovation impact, and to identify leaders and key players in global scientific collaboration. The results of the analysis are presented in Figure 3. The size of a given node in the figure corresponds to the number of publications from a given country.



Table 1 shows the top 10 countries with the highest centrality index and the number of publications.



Analysis of the presented data indicates a clear dominance of China in the field of hydrogen research, both in terms of the number of publications and the centrality index. The significant number of publications (10,913) and the highest centrality index (0.24) demonstrate China’s strong position as a leader in this field, highlighting its key role in shaping global knowledge and innovation in the energy sector. The United States ranks second with significantly fewer publications (2312) but still a high centrality index (0.15), suggesting its important role as a center for knowledge exchange and international cooperation. European countries such as France, Germany, England, and Spain, although they have fewer publications compared to China and the USA, still maintain relatively high centrality indices, which indicates their significant participation in the international cooperation network and information flow. In turn, Brazil, Iran, India, and Australia, although they have lower centrality indices, their share in global scientific production proves the growing role of these countries in research on renewable energy sources. Overall, these data highlight that leaders in renewable energy research are also key nodes in global collaboration networks, acting as mediators and hubs in the flow of knowledge. The high number of publications and the centrality index of China suggest its dominant role in creating new knowledge and technologies in this field, while the strong presence of countries from both Europe and other regions of the world proves the global nature of research and cooperation in the hydrogen sector.



The next stage of the analysis will be a detailed examination of cooperation between universities in the area of hydrogen research, a key component in future renewable energy technologies. In this context, the analysis will focus on mapping academic collaboration networks, identifying leading research centers and assessing how these institutions contribute to innovation and knowledge development in the field of hydrogen technologies.



The analysis of the centrality index will allow us to determine which universities act as key nodes in the flow of information and knowledge between various research groups, which is important for promoting interdisciplinary and international research projects. Such analysis is expected to reveal a comprehensive network of collaborations among academic institutions that play a significant role in hydrogen research. Identifying universities that are leaders in generating knowledge and innovation in this field will help us to understand which institutions have the greatest impact on the development of hydrogen technologies and which academic partnerships may be most fruitful in accelerating progress in this critical field for the future of energy. This analysis will also be valuable for science policy and investment decisions as it can provide strategic directions for further supporting the research and development of hydrogen technologies. By identifying institutions that play a central role in the collaborative network and have a significant impact on innovation, it will be possible to more effectively direct funds and initiatives for hydrogen research, which is key to accelerating the transition to sustainable energy sources. The results are presented in Figure 4.



Based on the analysis presented in Figure 4, Table 2 presents the top 10 institutes with the highest centrality index and the number of their publications.



The dominant position of the Chinese Academy of Sciences, with the largest number of publications and the highest centrality index, highlights its central role in generating new knowledge and in the scientific cooperation network, demonstrating China’s strong commitment to research and development. At the same time, the high activity of European institutes, such as the Center National de la Recherche Scientifique and the Helmholtz Association, and American ones, such as the United States Department of Energy, indicates their important role in international cooperation and contribution to the global development of knowledge. The significant number of publications by institutes from developing countries, such as the Egyptian Knowledge Bank and the Indian Institute of Technology System, indicates the growing contribution of these regions to world science.



Figure 5 shows the analysis of institutes in terms of the “citation burst” indicator and the years in which this indicator was the highest. The “citation burst” indicator, which identifies periods of a sudden increase in the number of citations received by publications, researchers, or institutes, indicates moments when their works suddenly gain importance or are considered particularly influential in a given field of science. The interpretation of this indicator for institutes may reflect the moment when an institution’s research begins to be perceived as groundbreaking, which often involves the publication of high-quality research that answers important scientific questions or introduces innovative technologies. Institutes that achieve high citation burst values often gain recognition and prestige, which may attract the attention of other researchers and potential collaborators, as well as increase their chances of obtaining funding for future research projects. Additionally, this indicator may signal changes in research trends or growing interest in specific research topics, identifying institutes that may be leaders in shaping new research directions.



Institutes with the highest “citation burst”, i.e., a sudden increase in the number of citations, may differ from those with the highest “centrality” indicator for several reasons that result from differences in the nature and interpretation of both indicators. Citation burst measures short-term interest in a particular institute’s work, which may indicate breakthrough discoveries or publications that are currently gaining popularity. In turn, the “centrality” indicator refers to the position of the institute in the scientific cooperation network, showing how important a role it plays in the flow of information and knowledge in a given field. An institute with a high centrality index may not experience equally high citation growth in the short term, but it plays an ongoing, key role in the scientific network. Institutes with the highest citation burst can be recognized for specific, significant scientific contributions in a short period of time that attract the attention of the scientific community. Institutes with a high “centrality” index, on the other hand, can be considered long-term influential, having stable and lasting connections in the scientific network that contribute to the development of the field over the years.



Differences may also result from the specificity of the research. Institutes that achieve high citation bursts often do so because of specific research that is attracting a lot of attention at the moment. On the other hand, a high “centrality” index may reflect the institute’s wide network of cooperation and influence in various research areas, which is not necessarily related to a specific, individual publication. Research trends can also change quickly, which affects the citation burst of individual institutes. Institutes that have focused their research on current hot topics may experience a sudden increase in citations. The “centrality” indicator, on the other hand, is more stable and reflects the long-term position of the institute in the scientific network, which does not always respond quickly to changes in trends. To sum up, the differences between institutes with the highest “citation burst” and those with the highest “centrality” indicator result from different aspects of scientific impact that these indicators measure. “Citation burst” refers to short-term interest in an institute’s work, while “centrality” indicates the long-term, central role of the institute in the network of scientific cooperation.



The next stage will be citation analysis, which is a key element in bibliometric research. By focusing on citations in the scientific literature, you can identify the most influential works, authors, and research directions that shape the development of a given field. This analysis allows for the selection of key works that constitute the foundation for current research. In the context of research on hydrogen technology, citation analysis will enable an understanding of which technologies or research methods dominate in the scientific literature. This method allows you to build solid foundations for future research, identifying those works that are most important for the development of a given field. The result of the reference analysis is presented in Figure 6.



Table 3 shows the silhouette values for the nodes shown in Figure 6. In CiteSpace, “silhouette value” is a measure used to assess the consistency and quality of clusters generated during bibliometric analysis. The silhouette value ranges from −1 to 1, where a value closer to 1 indicates high internal coherence of clusters and well-separated clusters from each other, meaning that elements within a cluster are more similar to each other than to elements from other clusters. In contrast, a value closer to −1 suggests that the clusters are poorly defined and may contain elements that would fit better into other clusters.



Interpreting the silhouette value allows you to assess the quality of the clustering and identify those clusters that contain well-correlated works, authors, or topics. A high profile value for a given cluster indicates strong thematic coherence and may indicate areas that are currently well developed and have a clear research direction. In contrast, clusters with a low figure value may require further analysis to understand why they are less coherent, which may suggest interdisciplinary relationships or new research topics that have not yet crystallized into fully consolidated research areas.



In practice, the silhouette value is used as an indicator to optimize the grouping process in CiteSpace, allowing for a better understanding of the structure of bibliometric data and the identification of significant trends and research gaps in a given field of science. This is particularly useful in analyses that aim to map scientific research fronts, identify key actors, and assess progress in particular research areas. In the analyzed nodes, all silhouette values are above 0.7, which means there is high consistency in all clusters.



The next stage of the analysis will be to examine in what years particular research topics received the most attention. The result of the analysis is shown in Figure 7. The analysis was carried out from 2004 onwards.



Analyzing Figure 7, it can be seen that in the hydrogen in energy transition cluster (#0), the greatest interest occurred in the years 2019–2022, where this trend increased to the highest level compared to other clusters. The storage properties of hydrogen (#1) were most discussed around 2007, after which interest gradually decreased. Hydrogen production (#2) shows a stable trend with a slight increase in recent years. High-performance electrocatalysts (#3) enjoyed increased interest around 2013. Rotary engines (#4) were the most frequently discussed in 2004–2007. Underground hydrogen storage (#5) has gained popularity in recent years, with the most publications devoted to this topic in 2023.



The largest cluster resulting from the citation analysis is “hydrogen in energy transition”, which reflects the current interest and intensity of research in the field of hydrogen production, a key element in the transition to green energy. Hydrogen has the potential to play a key role in the energy transition, being a clean and versatile fuel that has the potential to decarbonize various sectors of the economy, including transport, industry, and energy production, enabling the transition to more sustainable and green energy sources. Table 4 shows three publications from the first cluster with the highest citation burst index. The value of this indicator and the corresponding time period help us to understand when and for how long scientific work had a particularly significant impact on a given area of research.



The first article presents a detailed analysis of hydrogen technologies and their applications in energy systems, focusing on aspects such as hydrogen production, storage, re-electrification, and conversion. Particular attention was paid to the potential of hydrogen as a key element in the energy transition towards a carbon-neutral society. The authors provide an overview of current and emerging technologies, with an emphasis on performance, durability, and cost. They note that current research is focused on optimizing water electrolysis processes and exploring new materials and catalysts that can reduce costs and increase the efficiency of hydrogen production. The discussion also covers the challenges related to hydrogen storage, including the development of technologies such as storage in liquid, solid, and high-pressure gas tanks. The article also highlights the importance of integrating hydrogen systems with existing energy networks and the potential of hydrogen in mobile and stationary applications, including transport and cogeneration. In light of these analyses, the authors point to a growing trend towards sustainable and economically feasible hydrogen solutions, emphasizing the need for further research and development to overcome existing technological and economic barriers [91]. The second article highlights key aspects of the development of hydrogen technologies as an essential element in the transition to sustainable energy sources. In the context of increasing energy demand caused by economic and demographic growth, the article highlights problems related to the excessive use of fossil fuels, such as increased greenhouse gas emissions and resource depletion. The authors argue for a global transition from conventional to renewable energy sources, pointing to hydrogen as a potential solution for using renewable energy thanks to its energy storage and transport capabilities. The work provides a critical analysis of hydrogen production methods, such as electrolysis powered by renewable energy (green hydrogen) and conventional methods with CO2 capture and storage (blue hydrogen), and discusses the use, storage, transport, and distribution of hydrogen. A comparative analysis of different hydrogen production systems based on renewable and non-renewable energy sources takes into account factors such as cost, global warming potential (GWP), infrastructure, and efficiency. The work also highlights key challenges and opportunities related to the commercial implementation of hydrogen-based systems, including the issue of storing hydrogen due to its low density and high production costs. In conclusion, the article points to hydrogen as a promising energy vector supporting decarbonization and sustainable development, highlighting the need for further research and technological innovation to enable the commercialization and full use of hydrogen’s potential in various sectors, including transport and energy production [92]. The third article discusses the role of hydrogen in variable renewable energy (RE) storage to achieve a fully renewable and sustainable hydrogen economy, presenting a hydrogen energy system covering hydrogen production, storage, safety, and utilization. This system was presented as four stages of an integrated whole, demonstrating the interconnections and dependencies between these stages. The hydrogen production route and the choice of specific technologies depend on the type of energy and raw material available and the required purity of the final product. Even though end-use hydrogen is a zero-carbon energy, its purity depends on the production path and the energy used to produce it, so guaranteeing the origin of hydrogen is essential for it to be considered clean energy. The article introduces an innovative model as a hydrogen purity index for further research and development. The article also explores the impact of continued global population and economic growth and rapid urbanization on increased energy demand, highlighting the need to decarbonize the energy supply through the use of clean, sustainable, and renewable energy sources. A key challenge in the transition to 100% RE is the variable and intermittent nature of these resources, requiring technical adaptations, especially in terms of balancing variable supply and varying energy demand. The increase in renewable energy penetration in current energy systems raises the need for large-scale energy storage systems to cope with the variable nature of RE sources. An elegant solution for storing RE is to use an energy carrier such as hydrogen, which is storable, transportable, and usable. Hydrogen can be produced from a wide range of resources using different pathways and technologies, including fossil fuels and RE resources. The paper explores the potential of hydrogen energy storage systems (HydESSs) as a cost-effective solution for large-scale RE energy storage, transportation, and export, pointing to HydESSs as a leader on the journey to a 100% renewable energy economy. The literature review shows that while a fully hydrogen economy is still under debate, it is beginning to gain potential. However, it was emphasized that most of the literature does not yet link storage technologies with the end use of hydrogen and specific safety guidelines with production routes. This review provides an overview of the role of hydrogen in the energy sector and the transition towards fully renewable, sustainable, green energy sources, integrating research findings on hydrogen production pathways and related technologies in the broader context of HydS, while limiting the discussion to hydrogen production for the energy sector only [93].



The second-largest cluster in the analyzed case is “hydrogen storage properties”, which emphasizes the importance of hydrogen storage technology for the future use of hydrogen as an energy carrier. The focus on hydrogen storage properties reflects the need to develop effective, safe, and economic methods for storing hydrogen to facilitate its widespread use in various sectors, including transport, industry, and energy. The development of these technologies is key to realizing the vision of a hydrogen-based economy. Table 5 shows the three publications from this cluster with the highest citation burst.



The first article presents hydrogen as an ideal energy carrier considered for future transport applications, with an emphasis on hydrogen storage as one of the key challenges in developing the hydrogen economy. According to the authors, storage methods such as high-pressure gas or liquid hydrogen do not meet future storage goals, which is why methods of storing hydrogen in materials through chemical or physical bonds are being investigated. Intensive research has been conducted on metal hydrides, which show potential in improving hydrogenation properties. The review presents the latest developments in the field of metal hydrides, including their hydrogen storage capacity, kinetics, cycling behavior, toxicity, and response to pressure and temperature. The magnesium-based hydride group is emerging as a promising candidate for a competitive hydrogen storage material with reversible hydrogen capacity up to 7.6 wt% for on-board applications. These activities are focused on lowering the desorption temperature of these materials, improving kinetics and cyclic life. The kinetics were improved by adding an appropriate catalyst to the system and by ball milling, which introduces defects that improve surface properties. The authors report promising results such as improved kinetics and lower decomposition temperatures; however, current materials are still far from achieving commercial goals for their transportation applications, so further research is needed to achieve goals through improvements in the hydrogenation, thermal, and hydride cycling behavior of the metal [94]. The second article focuses on research on complex hydrates as hydrogen storage materials, with particular emphasis on their application in transport. It includes a detailed analysis of alanates, amides, and borohydrides, their synthesis, atomic structure, dehydrogenation, and rehydrogenation reactions, and application prospects. In particular, alanates such as NaAlH4 are considered promising due to their relatively high hydrogen storage capacity and moderate rehydrogenation conditions, although they require improvement to meet all practical application requirements. Amides and borohydrides, although they have high hydrogen density, have their limitations related to the kinetics and thermodynamics of the reaction. The latest research results indicate that the development of effective materials for hydrogen storage requires further optimization of their properties, including improving the kinetics of dehydrogenation and rehydrogenation reactions and increasing the life cycle and safety. Despite intensive research, none of the materials currently under investigation, including Ti-doped NaAlH4, meet all the criteria necessary for practical applications yet, suggesting the need for further research to address the thermodynamic, kinetic, and cyclic capacities and safety issues. With respect to the latest research results, it is clear that despite progress, there are still significant challenges to overcome before the commercialization of complex hydrates as hydrogen storage materials. Further research is needed to understand and improve the interactions between hydrides and various admixtures and to increase their durability and performance under various operating conditions [95]. The third article provides an overview of potential magnesium-based hydrogen storage materials, highlighting their importance as promising hydrogen storage candidates, especially for transportation applications. It was emphasized that magnesium and its hydrates show promising properties due to their high hydrogen storage capacity and relatively low costs. However, the paper also highlights significant challenges associated with the use of these materials, such as the high temperature needed to release hydrogen and the slow reaction kinetics. The article highlights various strategies to improve the properties of magnesium as a hydrogen storage medium, including the addition of catalysts, nanocrystalline modifications by ball milling, and the formation of composites with other metals and oxides. Despite progress, these materials still do not meet all the required criteria for practical use, indicating the need for further research. To sum up, although magnesium and its hydrides are considered one of the most promising materials for hydrogen storage, further work is necessary to improve their thermal, kinetic, and cyclic properties. The paper suggests that future research should focus on the development of new catalysts, surface modification techniques, and composites to overcome these challenges and bring magnesium closer to practical applications in hydrogen storage [96].



The next cluster in the bibliometric analysis, “hydrogen production”, highlights the significant interest in and intensity of research on hydrogen production methods. This is a key area for achieving a sustainable hydrogen economy, as efficient and economical hydrogen production methods are the foundation for the widespread use of hydrogen as a clean energy source. Articles with the highest citation burst are presented in Table 6.



The first article offers a comprehensive look at current and emerging hydrogen production technologies, focusing on both fossil fuel and renewable biomass methods. The article begins by presenting the motivation for searching for alternative fuels and points to hydrogen as a potential solution to energy and environmental problems related to conventional energy sources. The authors discuss various methods of hydrogen production in detail, including hydrocarbon reforming (steam, partial oxidation, autothermal), pyrolysis, plasma reforming, water reforming (aqueous phase reforming), and methods that do not decompose hydrocarbons, such as biomass gasification, biological processes (including dark fermentation and photofermentation), and methods of producing hydrogen from water, such as electrolysis and photoelectrolysis. In the section on the production of hydrogen from hydrocarbons, they highlight challenges such as the need to desulfurize the feedstock and avoid the formation of coke, which is crucial to maintaining the efficiency of the catalysts and the durability of the process. They also point to the development of technologies such as plasma reforming and water reforming, which may offer lower operating temperatures and lower emissions. The part devoted to the production of hydrogen from biomass highlights the potential of biomass as a sustainable source of hydrogen, but also highlights the technological and economic difficulties associated with its processing. Various approaches to biological hydrogen production are discussed, from dark fermentation to photofermentation processes, with an emphasis on their current limitations and potential development paths. In the section on hydrogen production from water, the authors present electrolysis as a well-developed technology, but also highlight newer methods such as photoelectrolysis and thermochemical water splitting, which have the potential to change the energy landscape if their current technical and economic challenges are overcome. Overall, the paper presents a promising but complex hydrogen production technology landscape, highlighting the need for further research and development to achieve economically feasible, efficient, and environmentally friendly hydrogen production methods. The development of these technologies is crucial for the transition to a low-carbon economy and can help reduce dependence on fossil fuels and reduce greenhouse gas emissions [97]. The second article focuses on the potential of hydrogen separation technology using titanium dioxide (TiO2) nanograins for the production of hydrogen from solar sources. They point out that the current efficiency of converting solar energy into hydrogen is too low to make the technology economically viable. The main obstacles are the fast recombination of the electron–hole pair generated by light, feedback reactions, and the weak activation of TiO2 by visible light. In response to these problems, researchers are focusing on effective repair methods, including the addition of sacrificial reagents and carbonate salts to prevent rapid recombination and back reactions, and the modification of TiO2 through metal loading, ion doping, dye sensitization, formation of composite semiconductors, anion doping, and metal ion implantation. The authors review the latest developments in the above-mentioned technologies used for photocatalytic hydrogen production using TiO2. They state that doping with metal ions and sensitization with dyes are very effective methods for extending the activation spectrum to the visible range, which plays an important role in the development of effective photocatalytic hydrogen production. In conclusion, although hydrogen separation technology using TiO2 nanograins is promising due to its low cost and environmentally friendly aspects, there are many challenges that need to be overcome to make it economically feasible. Key areas include increasing the efficiency of converting solar energy into hydrogen, developing techniques to reduce the rate of electron and hole recombination, and making better use of visible light. Further research and development in these areas is necessary to accelerate the commercialization of this technology and contribute to the development of the hydrogen economy [98]. The third article provides an in-depth review of bioethanol reforming processes as a method for producing hydrogen from renewable sources. Bioethanol, produced mainly by biomass fermentation, is considered an attractive and promising renewable energy source due to its relatively high hydrogen content, availability, non-toxicity, and safe storage and handling. Reforming bioethanol, especially through steam and autothermal reforming processes, is a promising method for hydrogen production. These processes vary in terms of conversion efficiency and operating conditions. Steam reforming is more common due to its higher conversion efficiency, but it requires an external energy source to perform the endothermic reaction. On the other hand, autothermal reforming combines the features of steam reforming and partial oxidation, offering potential benefits such as lower external energy requirements and longer operational stability. The article also highlights the key role of catalysts in bioethanol reforming processes. Rhodymium (Rh) and nickel (Ni) have been distinguished as the most effective catalysts, but the selection of the appropriate support and catalyst preparation method significantly affects their activity. The development of bimetallic catalysts and two-bearing reactors is a promising research direction to increase hydrogen production and the long-term stability of the catalysts. The authors point out that although reforming bioethanol to produce hydrogen is in the early stages of research and development, the process shows great promise as a future application in fuel cells. However, to fully exploit the potential of bioethanol, further work is needed on the optimization of reforming processes and the development of catalysts and reactor technologies. To sum up, reforming bioethanol presents itself as a promising path to the production of clean and renewable hydrogen, crucial for the sustainable development of the hydrogen economy. Success in this field will depend on further advances in research on catalysts, processes, and reactor technologies to overcome current technological and economic challenges [99].



The next cluster is “efficient electrocatalyst”, which focuses on developing catalysts that enhance the efficiency of electrochemical reactions. This area is critical for various applications, including fuel cells, electrolysis for hydrogen production, and environmental remediation. Efficient electrocatalysts aim to lower energy consumption, increase reaction rates, and improve overall system sustainability. Research in this cluster likely explores materials science, nanoengineering, and surface chemistry to innovate catalysts with superior activity, durability, and selectivity. Table 7 shows the top three articles from this cluster.



The first article presents an overview of the technology for producing hydrogen from bioethanol, emphasizing that reforming bioethanol is a promising method of producing hydrogen from renewable sources. The authors point out that, apart from operational conditions, catalysts play a key role in the production of hydrogen by reforming ethanol, especially Rh and Ni, which are currently the best and most commonly used catalysts for reforming steam ethanol to produce hydrogen. They also emphasize that the appropriate selection of the catalyst support and the catalyst preparation methods significantly affect the activity of the catalysts. The authors suggest that the development of double-metal alloy catalysts and double-bed reactors may be promising to increase hydrogen production and long-term catalyst stability. Autothermal reforming of bioethanol has the advantages of lower external heat requirements and long-term stability, but its overall efficiency needs to be further improved because part of the ethanol feedstock is used to provide low-grade thermal energy. The development of a reactor with a contact time of milliseconds is presented as a cheap and effective method for reforming bioethanol and hydrocarbons to modernize fuels. Although this is an area of early research and development, reforming bioethanol into hydrogen shows promising prospects for future fuel cell applications [100]. The second article, examining various technological aspects related to water electrolysis as a hydrogen production method, delves into the challenges and advances in alkaline electrolysis and other electrolytic technologies. This paper examines the effects of operating conditions, selection of electrode materials, electrolyzer design, and electrolyte optimization on the performance of the electrolysis process in detail. It emphasizes that key factors such as temperature, pressure, electrolyte composition, and electrode surface characteristics have a significant impact on the rate and efficiency of hydrogen production. Particular attention is paid to the development of new electrode materials that are characterized by improved catalytic activity, durability, and corrosion resistance in alkaline environments. These advances include the use of advanced materials such as modern alloys and metallic composites, as well as nanostructured materials and noble metal catalysts. These changes are aimed at reducing the overpotential of the electrodes and increasing the speed of electrochemical reactions, which directly translates into increasing the energy efficiency of the electrolysis process. Moreover, the article discusses the optimization of the electrolyte composition in detail, emphasizing how the proper selection of ingredients, such as buffering additives or complexing compounds, can effectively reduce ionic resistance and improve diffusion, which is crucial for more effective and faster electrolysis. Techniques for managing the generation and release of gas bubbles are also being explored, which can help minimize disruptions in current flow between electrodes and increase the overall efficiency of electrolysis. In light of this research, the authors of the article point to significant progress in the field of water electrolysis, while emphasizing that there are many challenges to overcome, including the need to further reduce costs, improve durability, and increase the efficiency of hydrogen production. Therefore, continued research and the development of innovative solutions are necessary to fully exploit the potential of water electrolysis as a key technology for sustainable and ecological hydrogen production [101]. The third article presents an in-depth study on hydrogen generation using semiconductor photocatalytic materials. This work discusses the basic principles of photocatalytically generating hydrogen, including the fundamental mechanisms and main processes in photocatalytically generating hydrogen, such as light absorption by the semiconductor, the generation of electron–hole pairs, their recombination, separation, migration, and charged particle transfer and trapping. The authors analyze various approaches to modifying the band structure in order to collect visible light and effectively separate the generated charges, which is crucial for improving the efficiency of photocatalysis. The study focuses on various strategies to increase the efficiency of photogenerated charge generation and their separation, including the use of co-catalysts, semiconductor combinations, and modification of the crystal structure and morphology. Various photocatalytic hydrogen generation systems are also presented, including systems using sacrificial reagents and total water-splitting systems. Various methods for assessing the performance of photocatalysts are also presented, including photocatalytic activity and photocatalytic stability, and an overview of UV-active photocatalytic materials is presented, divided into four groups based on their electronic configuration. In summary, this review provides a comprehensive look at the current state of knowledge on hydrogen generation via semiconductor photocatalysis, with an emphasis on the performance achievements of visible light photocatalysts and their modification strategies. From the perspective of further research in the field of semiconductor photocatalysis for hydrogen generation, the key challenges are increasing the efficiency of visible light absorption and improving the durability and stability of photocatalysts. It is also important to discover new, cheaper photocatalytic materials that can be produced on a large scale. New methods for the synthesis of photocatalysts should be developed, which will enable precise control of their structure and properties. Furthermore, understanding the interfaces between the photocatalyst and the reaction medium can help in the design of better photocatalytic systems. Integrating photocatalytic systems with existing technologies for energy collection and use may also open new opportunities for the practical application of photocatalysis in hydrogen production. Finally, interdisciplinary collaboration between chemists, materials engineers, physicists, and energy engineers will be essential to overcome these challenges and accelerate the introduction of photocatalytic hydrogen production technologies into practical use [102].



The fourth cluster, “rotary engine”, concerns engines that use hydrogen as fuel. Hydrogen-powered engines could represent a breakthrough in ecological propulsion, combining the innovation of rotary engines with the clean combustion of hydrogen. These engines offer high efficiency and minimize emissions of harmful substances, which makes them an attractive alternative to conventional drive sources. The development of hydrogen rotary engine technology opens up new opportunities for the automotive and aviation industries striving to reduce their carbon footprint and improve sustainability. Table 8 shows the three articles with the highest citation burst from this cluster.



The first article discusses the use of hydrogen as a fuel in combustion engines, highlighting its advantages and disadvantages as an energy carrier. It raises the issue of the use of hydrogen in the context of reducing primary energy consumption and greenhouse gas emissions. The article describes in detail the basic properties of hydrogen and its combustion, mixture formation strategies and their impact on emissions, as well as the challenges related to non-standard combustion phenomena such as pre-ignition and knocking. Additionally, it presents the possibilities of designing engines or their conversion for the use of hydrogen, including safety aspects, and an overview of cars with hydrogen engines. The prospects for using hydrogen as a fuel in combustion engines are promising, mainly due to its high efficiency and low emissions of harmful substances. The challenges to be overcome include the need to adapt or completely redesign engine components to work with hydrogen, ensuring safe use due to the properties of hydrogen as a fuel, and the development of fuel infrastructure. The development of hydrogen storage and distribution technologies and further research on the optimization of hydrogen combustion processes in engines are crucial for the commercialization of this technology. Despite these challenges, hydrogen engines can be an important element in the pursuit of sustainable mobility and reducing the environmental impact of transport [103]. The second article presents a comprehensive review of hydrogen-powered internal combustion engine research, focusing mainly on light- and medium-duty engines. The first part of the article discusses the basic properties of hydrogen as a fuel and their impact on engine operation, pointing out that although hydrogen allows for clean and efficient combustion at low loads, at higher loads, problems appear such as premature ignition and an increase in the production of nitrogen oxides (NOx) due to high combustion temperatures. The authors point to progress in the development of advanced hydrogen engines that improve power density and reduce NOx emissions at high loads. Next, the reasons why the development of hydrogen engines seems promising and necessary are discussed, especially from the perspective of striving for sustainable development and pollution reduction. Various strategies for managing hydrogen engines are discussed, such as the use of advanced emission control systems and fuel blending strategies to maximize efficiency and minimize negative effects. The article summarizes significant achievements in the development of hydrogen-fueled combustion engines and H2ICE vehicles, emphasizing that simple H2ICE options are convenient and economically viable in the short term. The conclusion indicates that a hydrogen-powered internal combustion engine can serve as a transitional option for transport propulsion in a hydrogen economy, which is well illustrated in current applications. Looking ahead to future work, it will be important to continue the research and development of advanced hydrogen engines to understand their limitations, especially related to high loads and NOx control. This will require innovations in engine design, mixing strategies, and combustion management systems. Moreover, integration with exhaust gas treatment systems and the development of fuel infrastructure will be crucial for the broad commercialization of the H2ICE technology. This development paves the way for more sustainable and clean transport as the world strives to reduce dependence on fossil fuels and reduce greenhouse gas emissions [104]. The third article examines experimental research on the thermal efficiency and emission characteristics of an engine powered by a hydrogen-rich lean mixture and lean natural gas. This study focuses on the effect of hydrogen addition to natural gas (NG) on the performance of a spark ignition engine using variable hydrogen/CNG (HCNG) blend compositions. The results show that hydrogen enrichment significantly extends the lean limit, improves the engine’s ability to run on lean mixtures, and shortens combustion time. However, nitrogen oxides (NOx) have been found to increase with the addition of hydrogen if the ignition is not optimized according to the high combustion rate of hydrogen. Furthermore, if the ignition timing is constant, the addition of hydrogen actually increases heat transfer from the cylinder due to the shorter stall distance and higher combustion temperature, which is not beneficial for improving thermal efficiency if combined with the effect of a suboptimal ignition timing. But if the ignition is slowed to MBT (maximum braking torque), taking advantage of the high hydrogen combustion rate, NOx emissions show no obvious increase with the addition of hydrogen, and the engine thermal efficiency increases as the hydrogen fraction increases. A decrease in unburned hydrocarbons (HCs) is always observed as the hydrogen fraction increases. For further research, it is important to further understand the impact of hydrogen on combustion and emissions in natural gas engines, especially in the context of the development of low-emission and efficient propulsion systems. The development of optimal control strategies that maximize the benefits of hydrogen enrichment while limiting the negative impact of NOx emissions is crucial. Additionally, further innovations in fuel mixing and combustion management technologies may allow for better use of hydrogen’s properties. Equally important is understanding the long-term impact of hydrogen on engine durability and fuel system components, which is essential to ensuring the reliability and safety of HCNG vehicles. The development of effective NOx capture and removal systems and the integration of HCNG engines with vehicle propulsion systems to maximize overall energy efficiency and minimize environmental impact also remain challenges [105].



The last cluster in the bibliometric analysis is “underground hydrogen storage”. In this cluster, research focuses on storing hydrogen in underground formations for energy applications. This method is considered for its potential to enhance energy security and support the transition to sustainable energy systems. Studies in this cluster explore technical, economic, and environmental aspects of using geological formations, such as depleted oil and gas fields, aquifers, and salt caverns, for large-scale, seasonal, and long-term hydrogen storage. The research aims to address challenges related to hydrogen’s properties, storage efficiency, safety measures, and retrieval processes to make underground hydrogen storage a viable component of future hydrogen economies. Table 9 shows the results of the analysis of the top publications with the highest citation burst.



The first article presents a comprehensive overview of underground hydrogen storage (UHS) as an innovative energy storage method. The article focuses on potential storage locations and their characteristics, UHS mechanisms, and related challenges. Attention was drawn to the need to develop energy storage systems to balance the variable production of renewable energy such as wind and solar energy. The authors discuss various locations for storing hydrogen underground, including depleted hydrocarbon deposits, reservoirs, and hand-created underground caves (caverns). They analyze various UHS mechanisms, including hydrodynamic, geochemical, physicochemical, biochemical, and microbiological reactions occurring during hydrogen storage. The study also includes a review of model studies assessing the feasibility of the process. Global laboratory and field research and potential storage locations are discussed, and technical challenges are presented along with appropriate remediation techniques and economic evaluation. Finally, the article presents several possible strategies for the underground hydrogen storage process, which may be helpful in future research and development of UHS technologies. It was emphasized that storing hydrogen underground, due to its high capacity and lower costs, is gaining importance in the context of the transition from fossil fuels to renewable energy sources. However, to make UHS more feasible and economically viable, further research is needed in assessing site suitability, understanding physicochemical and microbiological processes, and developing effective monitoring and modeling methods. To sum up, storing hydrogen underground seems to be a promising direction of development aimed at supporting the integration of renewable energy sources with energy systems and contributing to the reduction of greenhouse gas emissions. However, challenges such as risk assessment, understanding the interactions between hydrogen and storage rocks, and operational costs require detailed research and development [106]. The second article presents a comprehensive look at storing hydrogen underground, taking into account various potential storage locations and their characteristics. It focuses on the mechanisms of underground hydrogen storage (UHS), considering numerous phenomena such as hydrodynamics, geochemical, physiological, biochemical, and microbiological reactions. The article also discusses modeling studies aimed at assessing the feasibility of the process. Global laboratory research, field studies, and potential storage sites are presented, and technical challenges are discussed along with appropriate remediation techniques and economic viability. It was emphasized that storing hydrogen underground in depleted hydrocarbon deposits, aquifers, and mine workings is a potential solution that may contribute to reducing dependence on fossil fuels and thus reducing greenhouse gas emissions. However, the success of these ventures depends on further research, development, and optimization of key parameters governing UHS storage. Key challenges were identified, including the need for thorough site assessment, understanding microbial reactions, and managing the risk of leakage and contamination. Model studies have been identified as necessary to understand the processes occurring during hydrogen storage and extraction, including the impact on the properties of storage rocks and the surrounding geosphere. Furthermore, the article highlights the economic viability of various storage methods, emphasizing that these approaches must be cost-effective to be widely used. The authors emphasize the need for a holistic approach to assessing potential hydrogen storage locations, which would include both technical and socio-economic aspects. In summary, storing hydrogen underground presents itself as a promising path to realizing a hydrogen economy, but it requires intensive interdisciplinary research and technological development to overcome existing barriers and challenges. In the conclusion, the authors call for further research and international cooperation to increase the understanding and efficiency of processes related to UHS storage, and draw attention to the need to develop security standards and legal regulations that will enable the effective and safe implementation of this technology [107]. The third article presents the scientific challenges of storing hydrogen on large scales in underground porous media (UHSP), thereby supporting the global hydrogen economy. This review discusses the need for safe and efficient energy storage solutions, particularly in the context of the variability and seasonal fluctuations of renewable energy. It focuses on storing hydrogen in porous geological formations such as saline reservoirs and depleted hydrocarbon reservoirs, which could provide the enormous storage capacity needed to manage long-term fluctuations between energy supply and demand. The authors emphasize that despite its potential, the technological maturity of UHSP is relatively low, leading to various uncertainties and challenges, especially in terms of security and economic viability. They indicate that hydrogen’s unique physical and chemical properties, combined with potential geochemical reactions in the subsurface, pose significant challenges. These include the formation of corrosive substances such as hydrogen sulfide, loss of hydrogen due to microbial activity, and changes in permeability due to geochemical interactions, which can affect the predictability of hydrogen flow. Additionally, the article discusses the need for multidisciplinary research spanning fields such as reservoir engineering, chemistry, geology, and microbiology to address these challenges. This is a more complex approach than required for methane or CO2 storage, but necessary for the safe and efficient mass implementation of UHSP. Overall, the paper provides an in-depth analysis of the scientific barriers to UHSP implementation and highlights the need for continued research and development to realize its potential as part of a sustainable energy future. The paper suggests that overcoming these challenges can make a significant contribution to decarbonizing the energy system, providing a viable solution for storing renewable energy on a large scale and on a seasonal basis [108].



In the context of current trends in hydrogen technologies, we are observing a clear increase in interest in both the scientific and industrial sectors. The development of hydrogen production methods, especially through water electrolysis powered by renewable energy, is becoming more and more profitable thanks to the decreasing costs of renewable sources and technological progress in the design and production of electrolyzers. At the same time, research on methods of producing hydrogen from biomass is intensifying, which could contribute to greater use of agricultural and municipal waste for energy purposes.



One of the key trends is also the development of infrastructure for storing and distributing hydrogen. Technologies such as storage in liquid forms, in chemical compounds, or in the form of metal–organic cage structures are being developed. In the context of transport, in addition to building a network of hydrogen refueling stations, research on technologies enabling the safe transport of hydrogen, including through pipelines, is important.



In the future, the development of hydrogen technologies is expected to be strongly focused on the integration of hydrogen systems with global energy systems. This includes not only production and storage but also the use of hydrogen as an energy carrier in various economic sectors. Particular attention is likely to be given to transport applications, including the development of fleets of fuel cell vehicles, as well as the use of hydrogen in heavy industry and energy as a means of reducing CO2 emissions. In addition, further safety research related to the use of hydrogen will be important in order to minimize potential risks and increase public acceptance. The development of standards and regulations governing the production, storage, transport, and use of hydrogen will be crucial for the rapid and safe implementation of hydrogen technologies.



One of the current research trends is also research on the use of natural hydrogen [4,109]. Research indicates the possibility of significant amounts of hydrogen produced by natural geological processes that could supply global hydrogen demand for thousands of years. However, access to these resources is limited by their location in deep layers of the earth or in hard-to-reach areas. Still, even a small fraction of this estimated volume could meet hydrogen demand for hundreds of years if it could be economically extracted. Exploring the possibilities of using natural hydrogen opens new perspectives for future energy systems. The use of natural hydrogen resources could be a breakthrough in the pursuit of carbon neutrality, given the potentially low emissions associated with its extraction. However, it should be noted that challenges such as technical aspects of extraction, economic issues, and environmental impact need to be addressed. Further research and technology development could enable these resources to be used in a sustainable and cost-effective manner, which would be a stepping stone towards a sustainable energy future.




4. Conclusions


In summary, hydrogen technologies and their application in energy systems highlight the critical importance of hydrogen as part of the transition to carbon neutrality. The main areas of research interest are highlighted, including the production, storage, safety, and use of hydrogen, as well as innovative models for assessing hydrogen purity and technologies related to its production. The article also draws attention to the importance of hydrogen storage technology for the future use of hydrogen as an energy carrier and the development of technologies enabling effective, safe, and economical hydrogen storage.



In addition, bibliometric analysis allows the identification of key research areas, such as hydrogen storage, hydrogen production, efficient electrocatalysts, rotary engines using hydrogen as a fuel, and underground hydrogen storage. Each of these areas plays a fundamental role in achieving a sustainable hydrogen economy, reflecting the intensity of research and development of hydrogen technologies.



Recent trends indicate a growing interest in storing hydrogen underground as a method of increasing energy security and supporting the transition to sustainable energy systems. Research in this area focuses on the technical, economic, and environmental aspects of using geological formations for large-scale, seasonal, and long-term hydrogen storage.



The main challenges and barriers in hydrogen research focus primarily on efficient, economic, and ecological hydrogen production. This challenge includes the development of advanced technologies that enable mass production of hydrogen with minimal impact on the environment, especially through the use of green energy from renewable sources such as solar, wind, and hydropower. An additional challenge is to develop effective methods of storing and distributing hydrogen, which are key to its economic and safe use as an energy carrier. Another problem is increasing the durability and efficiency of fuel cells and hydrogen-to-energy conversion systems, which is necessary for the wide commercialization of hydrogen technologies. Adapting the existing energy and industrial infrastructure to the use of hydrogen is also a significant barrier, requiring significant investments and regulatory changes. In addition to the technical and economic aspects, social challenges cannot be ignored, such as building awareness and trust among the public and solving safety issues related to the production, storage, and use of hydrogen. The development of hydrogen technologies is fundamental to achieving the sustainable development goals, especially in the context of fighting climate change and reducing greenhouse gas emissions. Hydrogen offers a unique opportunity to decarbonize various economic sectors, including transport, heating, energy production, and heavy industry, contributing to reducing global warming and achieving carbon neutrality. Thanks to its versatility, hydrogen can be a key element in the integration of energy systems, enabling the use of excess energy from renewable sources and increasing their share in the energy mix. However, to fully exploit the potential of hydrogen technologies in achieving sustainable development, further support for research and development, elimination of regulatory barriers, development of infrastructure, and increased public acceptance are necessary. It will also be crucial to support international cooperation and coordination on energy policy, which will contribute to the creation of a global hydrogen market and the achievement of global climate goals.
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Figure 1. Low-carbon hydrogen production [43]. 
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Figure 2. Number of publications from 2014 to February 2024. 
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Figure 3. Cooperation between countries. 
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Figure 4. Cooperation between universities. 
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Figure 5. Top 10 institutions with strongest citation burst. 
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Figure 6. Main areas of scientific interest. 
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Figure 7. Timeline of main areas of scientific interest. 
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Table 1. Number of publications and centrality by country.
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	Country
	Number of Publications
	Centrality





	China
	10,913
	0.24



	USA
	2312
	0.15



	France
	810
	0.10



	Germany
	1331
	0.08



	Brazil
	488
	0.08



	Iran
	1262
	0.06



	England
	1027
	0.06



	Spain
	950
	0.06



	India
	1892
	0.05



	Australia
	872
	0.05










 





Table 2. Number of publications and centrality by institutes.
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	Institute
	Country
	Number of Publications
	Centrality





	Chinese Academy of Sciences
	China
	1130
	0.25



	Centre National de la Recherche Scientifique
	France
	491
	0.15



	Egyptian Knowledge Bank
	Egypt
	337
	0.10



	Helmholtz Association
	Germany
	414
	0.09



	United States Department of Energy
	USA
	365
	0.07



	Indian Institute of Technology System
	India
	502
	0.06



	Consiglio Nazionale delle Ricerche
	Italy
	230
	0.05



	Xi’an Jiaotong University
	China
	540
	0.04



	Tsinghua University
	China
	410
	0.04



	Harbin Institute of Technology
	China
	356
	0.04










 





Table 3. Silhouette values for the analyzed clusters.
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	Cluster ID
	Cluster Label
	Silhouette Value





	#0
	Hydrogen in energy transition
	0.766



	#1
	Hydrogen storage properties
	0.841



	#2
	Hydrogen production
	0.834



	#3
	Efficient electrocatalyst
	0.922



	#4
	Rotary engine
	0.937



	#5
	Underground hydrogen storage
	0.942










 





Table 4. Top 3 publications from the #0 cluster with the highest citation burst index.
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	Authors
	Title
	Publication Year
	Citation Burst
	Time Period





	Yue, M.; Lambert, H.; Pahon, E.; Roche, R.; Jemei, S.; Hissel, D. [91]
	Hydrogen energy systems: A critical review of technologies, applications, trends and challenges
	2021
	39.56
	2022–2024



	Ishaq, H.; Dincer, I.; Crawford, C. [92]
	A review on hydrogen production and utilization: Challenges and opportunities
	2022
	39.40
	2023–2024



	Dawood, F.; Anda, M.; Shafiullah, G.M. [93]
	Hydrogen production for energy: An overview
	2020
	36.83
	2021–2024










 





Table 5. Top 3 publications from the #1 cluster with the highest citation burst index.
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	Authors
	Title
	Publication Year
	Citation Burst
	Time Period





	Sakintuna, B.; Lamari-Darkrim, F.; Hirscher, M. [94]
	Metal hydride materials for solid hydrogen storage: A review
	2007
	115.98
	2014–2017



	Orimo, S.; Nakamori, Y.; Eliseo, J.R.; Züttel, A.; Jensen, C.M. [95]
	Complex Hydrides for Hydrogen Storage
	2007
	50.48
	2014–2017



	Jain, I.P.; Lal, C.; Jain, A. [96]
	Hydrogen Storage in Mg: A Most Promising Material
	2010
	36.93
	2014–2020










 





Table 6. Top 3 publications from the #2 cluster with the highest citation burst index.
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	Authors
	Title
	Publication Year
	Citation Burst
	Time Period





	Holladay, J.D.; Hu, J.; King, D.L.; Wang, Y. [97]
	An Overview of Hydrogen Production Technologies
	2009
	69.53
	2014–2019



	Ni, M.; Leung, M.K.H.; Leung, D.Y.C.; Sumathy, K. [98]
	A review and recent developments in photocatalytic water-splitting using TiO2 for hydrogen production
	2007
	33.79
	2014–2017



	Ni, M.; Leung, D.Y.C.; Leung, M.K.H. [99]
	A Review on Reforming Bio-Ethanol for Hydrogen Production
	2007
	33.29
	2014–2017










 





Table 7. Top 3 publications from the #3 cluster with the highest citation burst index.
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	Authors
	Title
	Publication Year
	Citation Burst
	Time Period





	Kudo, A.; Miseki, Y. [100]
	Heterogeneous Photocatalyst Materials for Water Splitting
	2009
	56.68
	2014–2019



	Zeng, K.; Zhang, D. [101]
	Recent Progress in Alkaline Water Electrolysis for Hydrogen Production and Applications
	2010
	47.89
	2014–2020



	Chen, X.; Shen, S.; Guo, L.; Mao, S.S. [102]
	Semiconductor-Based Photocatalytic Hydrogen Generation
	2010
	42.41
	2014–2020










 





Table 8. Top 3 publications from the #4 cluster with the highest citation burst index.
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	Authors
	Title
	Publication Year
	Citation Burst
	Time Period





	Verhelst, S.; Wallner, T. [103]
	Hydrogen-Fueled Internal Combustion Engines
	2009
	44.89
	2014–2019



	White, C.M.; Steeper, R.R.; Lutz, A.E. [104]
	The Hydrogen-Fueled Internal Combustion Engine: A Technical Review
	2006
	32.10
	2014–2016



	Ma, F.; Wang, Y.; Liu, H.; Li, Y.; Wang, J.; Zhao, S. [105]
	Experimental Study on Thermal Efficiency and Emission Characteristics of a Lean Burn Hydrogen Enriched Natural Gas Engine
	2007
	21.17
	2014–2017










 





Table 9. Top 3 publications from the #5 cluster with the highest citation burst index.
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	Authors
	Title
	Publication Year
	Citation Burst
	Time Period





	Zivar, D.; Kumar, S.; Foroozesh, J. [106]
	Underground Hydrogen Storage: A Comprehensive Review
	2022
	31.99
	2022–2024



	Muhammed, N.S.; Haq, B.; Al Shehri, D.; Al-Ahmed, A.; Rahman, M.M.; Zaman, E. [107]
	A Review on Underground Hydrogen Storage: Insight into Geological Sites, Influencing Factors and Future Outlook
	2022
	22.99
	2023–2024



	Heinemann, N.; Alcalde, J.; Miocic, J.M.; Hangx, S.J.T.; Kallmeyer, J.; Ostertag-Henning, C.; Hassanpouryouzband, A.; Thaysen, E.M.; Strobel, G.J.; Schmidt-Hattenberger, C. [108]
	Enabling Large-Scale Hydrogen Storage in Porous Media—the Scientific Challenges
	2021
	21.57
	2022–2024
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