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Abstract

:

Given the increase in population and energy demand worldwide, alternative methods have been adopted for the production of hydrogen as a clean energy source. This energy offers an alternative energy source due to its high energy content, and without emissions to the environment. In this bibliometric analysis of energy production using electrolysis and taking into account the different forms of energy production. In this analysis, it was possible to evaluate the research trends based on the literature in the Scopus database during the years 2011–2021. The results showed a growing interest in hydrogen production from electrolysis and other mechanisms, with China being the country with the highest number of publications and the United States TOP in citations. The trend shows that during the first four years of this study (2011–2014), the average number of publications was 74 articles per year, from 2015 to 2021 where the growth is an average of 209 articles, the journal that published the most on this topic is Applied Energy, followed by Energy, contributing with almost 33% in the research area. Lastly, the keyword analysis identified six important research points for future discussions, which we have termed clusters. The study concludes that new perspectives on clean hydrogen energy generation, environmental impacts, and social acceptance could contribute to the positive evolution of the hydrogen energy industry.
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1. Introduction


The growth of the world’s population and energy demand has had a considerable impact [1,2] emissions. Therefore, a continuous energy supply is sought to help mitigate the negative impacts caused by the burning of fossil fuels, such as greenhouse gas emissions. Currently, one of the opportunities to maintain this supply is through different forms, among them, renewable sources, such as solar, wind, and hydrogen, are especially promising [3]. In the same vein, countries are moving towards the energy transition from conventional sources to renewable energies, considered a viable option for the management of environmental problems. For this reason, technologies such as wind turbines, solar farms, and recently, the production of hydrogen on different bases, etc., have been developed. These are capable of producing clean energy; however, it has been verified that they are dependent on intermittent resources Chi-Wei Su [2].



On the other hand, in the hydrogen sector, it has been studied by different authors such as Seddiq sebbahi [4] statists that electrolysis is a method that was developed for the production of hydrogen, consists of using electric current to break down water molecules (H2O), in hydrogen gases (H2) and oxygen (O), on a large scale can be produced by renewable energy. Electrolysis is useful in the energy field for electricity production, transportation, heating, and chemicals. In addition, the hydrogen resulting from water electrolysis is considered pure. Giovanni Nicoletti [5] studied hydrogen as a possible replacement for fossil fuels, the research makes a comparison between hydrogen (H2) and fossil fuels. Minli Yu cites in her article [6] that there are several processes to obtain Hydrogen (H2), they are classified into two, one is produced by thermal and chemical technology, which is known as blue Hydrogen, and the green one is by renewable energies for water electrolysis. Wei Deng conducts research [7] on the analysis of the factors that can affect the production of Hydrogen and the theoretical verification of this analysis is carried out on the power of renewable energy technologies available for the production of Hydrogen, to integrate this new form of energy into the system without affecting it. It is concluded that the production is proportional to the increase of the renewable energy connection and also to the DC capacitance of the system, demonstrating that no variation affects it negatively. D. Wei [8] The comparison of which technology produces the most hydrogen under conditions established in different scenarios based on the information gathered was carried out using it was subsequently concluded that solar panels have much more potential than wind turbines for hydrogen production.



Boyang Ma [9] in his article mentions that H2 is considered energy, and likewise, Meiling Yue [10] says that hydrogen has become a resource for a sustainable energy transition worldwide. Therefore, some trends of systems that work with H2 are exposed and the role it has in an energy system is analyzed, it is used in order to obtain electricity, and it can be produced for immediate use and stored for the future. Generally speaking, H2 is produced by electrolysis of water or any raw material containing it in its composition and is stored in a fuel cell as a future reserve source. On the other hand, Thomas Bacquart [11] mentions that in the industrial sector such as the transport market, hydrogen as a transport fuel can be produced from renewable energy sources and can be implemented in electric vehicles with fuel cells, which has a positive impact on the environment as it can reduce emissions of polluting gases. According to Iain Staffell [12], vehicles in Europe use PEM fuel cells, as they offer high efficiency and contribute to the reduction of CO2 impact and decarbonization. In the same way, according to Sofia G. Simoes [12], the aim is to decarbonize Europe and the whole world with the production of H2 and thus reduce emissions and mitigate the growth of the greenhouse effect, for this study carried out the study of the potential of water sources in Portugal, taking into account for the analysis of ocean water, wastewater, rainwater, surface, public network, etc. Sofia G. Simoes carried out the study in two places in Portugal, one near the coast and the other in a rural area, a characterization of the potential for the production of green H2 between ocean water, wastewater, rainwater, surface water, public network, rural areas vs. coastal areas, and it was obtained that public network water proved to be the most suitable for electrolysis in both places.



The production of hydrogen at the industrial level since its high chemical potential was first discovered, as quoted by Manna [13] who cites that much of the hydrogen produced and consumed by industries comes from fossil fuels and to a lesser extent from renewable hydrogen. On the other hand, Wenguo Liu mentions that [14] in the steel industries of China, in its steel production process, the conversion of a blast furnace is given with an energy structure called coal, and this causes these companies to generate globally contribute with 5% of emissions and nationally 15%. Additionally, for this reason, most of the global industries that generate these emissions are committed to mitigating and reducing Co2 emissions, which is why in the above-mentioned articles [13,14], the challenge is to identify the energy potential required to use renewable hydrogen to replace fossil hydrogen and thus mitigate pollutant gas emissions, ensuring sustainable development and environmental sustainability. Avishek Paul y Mark D.Symes in [15], that the uncoupled electrolysis of water consists of separating the reactions of H2 and oxygen so that the splitting of both does not occur at the same time and in the same cell, this method of uncoupling is usually much faster than the original method, which is the coupled one; however, after its proposal, other improved mechanisms were developed, the article presents a summary of the most recent uncoupled electrolysis methods due to the fact that the model first proposed presents intermittency, and through a search between the years 2018–2020 it was found that the updated uncoupled electrolysis methods are soluble and solution-dispersed decoupling agents, and solid-state decoupling agents; these are of great potential where high gas purity is desired and where gas mixing is of particular concern. The TaoLiua [16] article also compares this type of electrolysis with traditional electrolysis and presents its progress over seventy years. This has proven to be a promising technology that dominates the field of research at present, and each of the techniques of pulsed electrolysis has been presented in a summarized manner, and it was shown that pulsing the potential is more efficient than maintaining a constant potential for the electrolysis of water. On the other hand, Rafael d’Amore-Domenech carried out [17] a multi-criteria analysis in his article, comparing the different electrolysis technologies to determine which one has the best response in the application of seawater for the production of green hydrogen. Taking into account the different study criteria, it was found that the best option for seawater electrolysis technology is the proton exchange membrane. Nowadays we find studies that make valuable contributions to our research such as Yang Sui talks about hydrogen energy from mining wastewater. His research talks about how well wastewater could be used to produce anaerobic hydrogen. Using coupling of sewage sludge suspensions and mining waste, it was measured by electrodialysis methods at 50 and 100 mA [18]. In the research, Tom Terlouw discusses large-scale hydrogen production through the electrolysis of water and different renewable sources and shows grid-connected, hybrid, and stand-alone hydrogen production configurations [19]; proposed an efficient hydrogen production method using low-power electrolysis in order to innovate the field to a theoretical basis for the selection of hydrogen production parameters using pulsed current electrolysis [20]. Sofia G. Simoes’ research on the availability of water and water use solutions for electrolysis mentions that Europe is involved in a growth strategy that will transform the union into a modern, resource-efficient, and competitive economy, aiming at CO2 neutrality by 2050 with the implementation of water electrolysis for the production of green hydrogen [21]. This bibliometric analysis approaches hydrogen production by electrolysis from a scientometric point of view, comparing it with other current energy generation routes.



Carrying out a study or analysis of bibliometrics is of great contribution to the research community because through bibliometrics, a valuable amount of information can be collected regarding a topic; in the case of this research, it is the “hydrogen production” that can be captured, and researchers can come to know trends of the topic over time and, in the same way, provide readers with its evolution and quality of information, through the frequency with which keywords are used, number of citations, and number of times an author and co-authorship are cited over time [21,22]. This research is carried out because of the current need for the use of this clean energy as a source of electricity generation, and also serves as an instrument for the academic and industrial sector to carry out a global analysis of the research on this subject, which is a current topic for generating companies and researchers in the area. This article allows the study of the recent advances in hydrogen prospecting through the use of statistical and data mining tools. This research can help industry and academia to understand the current dynamics of hydrogen as a promising source of clean energy.




2. Methods


Bibliometric analysis is a quantitative method to analyze data from different areas of study, evaluating aspects such as publications and citations; this type of study began in the 1950s [23]. This research is based on the concept of scientific mapping based on the quantitative approach and bibliometric methods to analyze the structure and development of scientific fields and disciplines [24] and consists of analyzing scientific databases using methods that match the information in scientific databases [25]. This analysis makes it possible to generate network associations to structure the information in scientific maps under the parameters of graph theory to visualize their conceptual subdomains (general areas or particular topics), their thematic evolution, trends, and research agendas. A bibliometric analysis focused on the study of articles, citations, publications, and most relevant authors on the topic of hydrogen production by means of water electrolysis was adopted. The Scopus database was used and keywords such as “hydrogen production”, “hydrogen”, and “renewable energies” were introduced. Thus, we used an exhaustive search in order to seek further theoretical argumentation and to obtain a clearer evaluation in our data extraction. After the extraction of data in Bibtex format which will allow the reading of the data in the software. The progress and contributions made on the topic of hydrogen production by means of electrolysis will be evaluated all using analysis of the research trends and the area of hydrogen production by means of electrolysis and the future growth of the research field (Figure 1).



This article is developed in three sections: Section 1 and Section 2 data visualization, in this section the bibliometric mapping of the evaluated aspects is performed, e.g., countries with the highest contribution, publications, authors, among others. Finally, in Section 3 the output data analysis is performed, projecting research trends and conclusion, as described in Figure 1.



Some of the most commonly used programs to perform this type of computer study are VOSviewer (Visualization Of Similarities viewer), Bibexcel, HistCite, R, and Python which have been developed for this purpose and are generally used by researchers as shown in the following Figure 2. These special features usually result in a graphical representation of extensive, complex data and accurate analysis of the information. For this study, these tools were used as follows.



2.1. Data Analysis


The study conducted the extraction of scientific data using the Scopus database on 12 August 2022. This database is chosen as it is a widely accepted tool for data mining and scientific search after the Web of Science. The study aims to map the trends in the area of hydrogen energy generation from electrolysis along with its research achievements. Literature was analyzed between the years 2011–2022 using the advanced search options “title, abstract, and keywords” to evaluate the advances and contributions made in the topic as shown in Figure 3 The data was filtered from the discipline of engineering and power generation.




2.2. Content Analysis


For data extraction and analysis, the R bibliometric package and Microsoft Excel 365 are used, providing the analysis of document types, collaborations, number of publications, keywords, and countries that make a significant contribution to the research topic. In theory, data extraction by R study is based on a method that has contributed to the development of the scientific community, it is practical, and used to analyze published texts and possible current trends regarding the research topic. Refining data to extract valuable information, and identify patterns and trends verbatim [26,27].




2.3. Network Analysis


VOSviewer software is used in the research as a mechanism for the investigation of bibliographic information. Although it is free software, it is a practical tool for background representation, it is a robust software, which allows data tabulation and manipulation of these, and the representation of these depends on what the researcher wants to analyze [21]. In addition, compared to other programs, this one allows the analysis by data groups; however, it presents similarities in terms of showing parameters such as collaboration with authors, keywords, co-occurrences, journals or country links in the form of networks, density, and heat maps [28]. VOSviewer has a color code that allows the researcher to see the similarities of the chosen research topic between countries. The clustering allows performing a mapping in which research trends towards a topic grouping similarity based on keyword and citation occurrence can be appreciated. For clustering, the software is based on the principle of a multidimensional scaling approach that performs the evaluations by calculating similarity indices to build clustering strength. The mapping is generated by thinking about the articles accordingly. This is due to useful features, as well as the promising interface systems, VOSview is set up to evaluate correlation and relationships [29].





3. Bibliometric Results


3.1. General Publication Trends


The annual number of publications from 2011 to 2022 is presented. The analysis shows that during the first four years of this study (2011–2014) the average number of publications related to the topic of energy generation by means of electrolysis was 74 articles per year, tending to increase. The trend cussing from 2015 to 2021 where the growth is an average of 209 published articles (blue line) as shown in the following Figure 4, in the case of the year 2022 at the end of the research, 235 are shown as of August 12 (date of data extraction). The analysis leads to consider that possibly due to tax incentives and/or financial support generated by different corporate, industrial, and governmental entities, more researchers support this area by publishing their findings. Another reason could be the growing demand for alternative forms of energy that are ecological, environmentally friendly, and sustainable. Thus, both publications and citations among authors increase annually with an average of 133 citations per year in relation to the topic of study.



There was also a remarkable worldwide collaboration between international authors as shown in Figure 5, the number of international collaborations and patents has increased significantly. Although a limited number of articles have been published under the title of hydrogen generation from electrolysis conversion of food waste into hydrogen energy, several investigations have been carried out on the use of hydrogen as a fuel, with emphasis on production technologies, as compared to conventional fossil fuels.




3.2. Performance of Countries/Territories and Institutions


For the creation of the network mapping of the countries and their publications, the citation analysis that can be seen on Figure 6a,b VOSviewer software was used for the construction and visualization of the data, such as the analysis of co-occurrence of keywords, number of citations and countries with more citations. To implement the analysis, the circles on the maps that describe the countries with the most publications are called “nodes”, which are represented on a bibliometric map and the presence of the characteristic being worked on.



The larger the node is, the higher the number of citations in that country correlates positively with the number of citations in that country, and when the node is in the center, this means that the subject is closely related to the other nodes and research articles published in that country (47 ART).



In turn, the total strength of the link marks the impact of research between countries worldwide. However, for our study the production of hydrogen by electrolysis of water. The cluster data showed that the maximum number of research articles from Chinese authors (380), followed by the United States (234), United Kingdom (111), India (147) and Italy (161). In this case, China has the highest index of SCP: single-country publications; MCP: publications with collaborations. as the country with the most activity in this field, followed by Italy and India.




3.3. Performance of Journals


A total of 224 journals, 11 books, and 191 conferences have been published linked to the topic of hydrogen production by electrolysis in the last few years. Table 1 exhibits the five trending journals on hydrogen production by electrolysis, CiteScore, SNP, and journal ranking of origin (JSR) are metrics that help to quantify the citation impact and development of the journals. A total (228 papers) has been published in Applied Energy followed by Energy (217 papers), ACS Energy Letters (22 papers), and Energy and Environmental Science (17 papers), which are considered famous among the list of high-impact factor journals, Table 1 is the publication of articles on the production of hydrogen from electrolysis.



The most cited articles are described below in Table 2, which will allow for some frame of reference in relation to the topic of hydrogen generation from the electrolysis:




3.4. Institutions


Germany and China surpass the other countries in terms of the number of articles published related to hydrogen production by electrolysis (Table 3). On the other hand, the United States, whose publications are more cited (9279) in relation to the other countries, within this order, the possible reason for the number of publications and citations is due to the fact that the countries are looking for new forms of clean energy generation-polluting and thus reducing dependence on fossil fuels. Achieved through sustainable energy sources, with zero emissions and continuously replenished resources, hydrogen can be a sustainable energy carrier. Thanks to its high conversion efficiency of energy produced from water with zero emissions, hydrogen can be a sustainable energy carrier.




3.5. Keywords for Analysis


For the co-occurrence of keywords, the following analysis of the words and their classification was performed Table 4 shows a Sankey diagram Figure 7 consisting of three parameters and their relationships between authors, keywords, and journals (Figure 7). Where n is the number of elements in that variable or data set. The links between the components are connected, with gray links indicating the intensity of the network. As for the width of the flow, these indicate the importance of hydrogen production by electrolysis “hydrogen”, “hydrogen production”, and “electrolysis” have been the most used words by the authors in various journals in Table 4 The analysis shows the number of occurrences 291 (30% of articles) used “hydrogen” as a keyword, followed by “renewable energy” 199 (21% of articles), “hydrogen production” 150 (15% of articles) and “electrolysis” 64 (7% of articles).



Also, in this analysis, the most relevant research topics to be addressed in the near future have been demonstrated. As a result, a minimum of five words per document were, taking the areas as a categorical limit, implementing the visualization tool VOSviewer, professional software for visualization designed by Nees y Waltman [30]. This represents the number of similar areas and their network links under which they are working, in the Figure 7 the list of authors who have published at least five articles is displayed.




3.6. Author Analysis


The map shows those researchers who have contributed with at least five articles to the Figure 8 illustrates a list of authors who have written or published articles related to the topic of hydrogen production by water electrolysis.



On this map, the colors indicate the impact factors of the researchers; the impact of the author is indicated by the intensity of the color. The visualization by citation analysis with a unit of authors with more contribution is of China with a greater strength being thus the researchers who occupy the first positions in terms of articles and citations followed by the other countries.





4. Research Hotspots for Future Discussion


Figure 9 illustrates the cluster of keywords with their critical areas. A total of six clusters were inferred from the thematic research. In this case, we have the first cluster which has (39 items) which is the red color zone and is hydrogen production, the next cluster has (35 items) and is renewable energy followed by hydrogen storage technology with (31 items) and the zone is blue, biohydrogen would be the yellow color zone which has a total of (29items) followed by energy efficiency and electrolysis zones which (17 items) and (11 items).



4.1. Cluster I: Hydrogen Production


Según AG.Olavi [31] mentions in his publication that in the face of the environmental problems caused by traditional energy sources such as those that work thanks to the burning of fossil fuels, hydrogen (H2) is an energy source that can contribute to mitigate the carbonization stain caused by the production of energy through fossil fuels, hydrogen (H2) shows a better performance if its production is obtained through renewable energies and can be obtained in any material in which it is present in its chemical composition (Figure 10). J.O.Abe [32] says that compared to other raw materials for energy generation, hydrogen (H2) offers a better energy potential, in addition [32,33,34,35,36,37,38,39,40] cites that in the face of the energy crisis due to the increase in population and the negative environmental impact, the scientific community and engineers have been committed to finding another mechanism or way to generate energy that is sustainable and complies with environmental standards and regulations, which represents a challenge for engineering and science.



Gonzales mentioned in [41] Table 5 that producing hydrogen is economical only by adding costs such as storage and transportation the price of this is affected, also its large-scale production is limited because initially it is assumed that its demand will not be much, i.e., it will not be very centralized, but it will be more decentralized to meet the need for distributed generation for self-consumption, then in Table 5 a summary of each of the technologies for hydrogen production is shown, as well as the level of efficiency of each one, availability and level of CO2 emissions [25].



Table 5 shows the technologies that liberate more CO2 emissions in the production of hydrogen, which is why we want to avoid those based on fossil fuels. These technologies have a high efficiency compared to some mechanisms of hydrogen production that are based on renewable energy, but despite this, hydrogen is still a green resource that provides, compared to the rest of the mechanisms, energy mostly free of emissions. In addition, it is evident that these technologies are not fully available so it is confirmed that so far, they are only used for self-consumption momentarily, due to the low demand for hydrogen [41]. Table 6 below shows some advantages and disadvantages of green and blue hydrogen according to other research.




4.2. Cluster II: Renewable Energy


The World Energy Outlook 2020 vision 2050 for achieving net zero emissions calls for sustainable development based on clean energy and provides guidance on the measures to be implemented in the next generations to achieve net zero emissions [44]. The power sector is expected to play a vital role in reducing emissions, but a low-carbon fuel such as hydrogen is also essential to achieve zero emissions through the introduction of clean energy technologies [45]. Hydrogen is not only the most abundant gas but also serves as an environmentally friendly fuel since energy production from hydrogen generates only heat and water, which reduces greenhouse gas emissions [46]. Figure 11 of hydrogen production [47].



Renewable energies contribute a small fraction of hydrogen production, which is why recent research has focused on developing environmentally friendly and pollution-free hydrogen from these sources (Table 7).




4.3. Cluster III: Hydrogen Storage Technologies


H2 hydrogen has different ways of generating it from various sources, H2 as a new form of clean energy, requires methods for its storage and subsequent use. It has been verified that H2 is a fuel with a higher gravimetric density, because it has one of the lowest densities, due to this different storage strategies are applied to overcome the low density of H2, either in its gaseous, liquid, or solid-state [63].



4.3.1. Liquefied Hydrogen Storage


The cryogenic or liquefied hydrogen (LH2), which has a higher density, indicates that the volumetric energy density increases greatly, and the density of liquid hydrogen reaches around 71 g/L a −253 °C [64]. Its critical temperature is around −240 °C, which is why, in order to work with it, it is necessary to cool it below its critical temperature. In order to make liquefaction, for its storage in liquid form (Figure 12) this technology is also very developed and also very to the hydrogen compression [65].




4.3.2. Metal Hydrides


It is clear that hydrogen storage systems have serious characteristics such as safety, efficiency, economy, lightness, and compactness, based on this metal hydride is a chemical reaction, but acts as a physical storage method Table 8. [66]. Metal hydride is formed when a hydrogen molecule dissociates into atomic hydrogen at the surface and then diffuses into the bulk and is chemically absorbed into the metal or alloy structure; this occurs through a direct reaction of the hydrogen with the metal electrochemical dissociation of the water molecule [67].





4.4. Cluster IV: Electrolysis


Growing global energy demand (increasing 1.3% per year through 2040), largely due to technological advances, population, and economic growth, has necessitated reliance on fossil fuels, a major source of greenhouse gas emissions, which are projected to dominate the energy sector until at least 2050 [71].



Today, about 95% of the hydrogen generated is based on fossil fuels, mainly natural gas [72]. An environmentally friendly way of producing hydrogen is the electrolysis of water with the help of renewable electrical energy. Electricity is necessary for the endothermic water-splitting reaction.


  2  H 2  O  ı  + Electricity → 2  H 2   g  +  O 2   g   



(1)







On the one hand, a detailed understanding of the electrode mechanisms is required to achieve high-purity hydrogen with minimal energy input [73]. On the other hand, economical and reliable fuel cells and electrolyzes are needed for large-scale production, as shown in the following figure. Table 9 shows some processes that enable the electrolysis process.




4.5. Cluster V: Energy Efficiency


Some authors such as Qiang Cui quote in [79] that energy efficiency is defined as a mechanism for verifying how efficiently energy has been used [80,81]. Others such as Xing Zhou [82] cite that hydrogen has been considered as an alternative fossil energy that plays a crucial role in the process of decarbonization and reduction of CO2 emissions and this has been recognized worldwide [83,84,85].



N Burton [86] cites in his research that hydrogen is an excellent energy vector that can become a great competitor to other existing energy vectors, however, there are aspects to improve in order to bring out its maximum energy yields, such as the feasibility and efficiency of production processes, electrolyzers, photocathode photovoltaic panels, the former must improve their coupling and therefore their efficiency as they are low [87,88]. Below, in Table 10 are some studies performed in other research consulted with their advantages and disadvantages.



Then, in Figure 13, the cluster, energy savings, emissions, and consumption reduction, as well as improvements in the hydrogen production process are illustratively represented.




4.6. Cluster VI: Biohydrogen


Biohydrogen is defined as all types of feedstock or sources such as fossil fuels, biomass, and wastewater. From renewable resources, food waste, and other variants, it has become increasingly established due to its efficiency compared to thermochemical technologies [94,95].



Dark fermentation is a process that involves the conversion of food waste or organic compounds into hydrogen, during the process of dark fermentation glucose is broken down anaerobically [96,97]. In this sense, it is understood that enzymatic hydrolysis is generated by a group of enzymes called hydrolases, which favor high molecular weight compounds to degenerate in order to produce hydrogen and volatile fatty acids as main products [98]. The difference between the two processes is that the latter occurs to light.



4.6.1. Alkaline Electrolysis


Alkaline electrolysis of water stands out among other forms of hydrogen production as one of the most commercially viable. This system consists of electrodes immersed in an aqueous alkaline solution of potassium hydroxide (KoH) or potassium hydroxide (NaOH) base, with a concentration range of 25–30%. At the cathode, water is fractionated to form H2 and hydroxide anions which are passed through the diaphragm and recombined at the anode to form O2. The following equations show the reactions [99,100]:


  2  H 2  O      l    +  2  e −   →  H 2   g  + 2      OH   −    aq    



(2)






  2 OH −   aq   →  1 2       O   2     g  + 2  e −  +  H 2     O  .  



(3)








4.6.2. Proton Exchange Membrane Electrolysis


The electrolyzes (PEM) is a polymeric membrane that allows the exchange of protons (   H +   ) hence its name. These have established themselves as a good industrially viable technology. They operate at low cell voltages and higher current densities as well as at high temperatures and pressures is 80–90% [101].




4.6.3. Solid Oxide Electrolysis (SOE)


This, unlike those already mentioned, is known as a High-Temperature Electrolyzer due to its particular process (Figure 14), which is made from water vapor at high temperatures. This offers higher efficiency compared to those already mentioned and also uses waste heat instead of part of the electricity needed. The technology is not yet viable for the market due to its durability due to the severe conditions and the short lifetime of the materials. The reactions that occur at the cathode and anode can be seen in the following equations [102]


   H  2     O  g  + 2  e −    →  H  2      g  +  O  2 −    



(4)






   O  2 −   →  1 2       O   2   g  + 2  e −   



(5)










5. Conclusions


The bibliometric analysis is an effective and efficient route or tool to know the qualitative and qualitative advances of a particular topic, thus helping the academic, research, and industrial sectors to know the trend in technologies, tools, researchers, countries, and others working on a topic.



To meet the research objectives, the WoS database was used to study 2002 articles related to hydrogen energy production with electrolysis, which lays the foundation for the comprehensive study. The paper first provides descriptive statistics on terminologies of high frequency or use by researchers or authors, as well as evidence of the geographical distribution of the literature on the topic of study, the network of co-occurrence of authors, as well as popular and influential journals. The evolution path of hydrogen energy knowledge from electrolysis is analyzed using timeline mapping and the strong citation burst of the database through RStudio.



	
Among the findings found, it was possible to identify that A total of 224 journals, 11 books, and 191 conferences have been published linked to the topic of hydrogen production by electrolysis in the last few years and Applied Energy, and Applied Energy is the top in publishing this kind of topic.



	
The annual number of publications from 2011 to 2022 is presented. The analysis shows that during the first four years of this study (2011–2014) the average number of publications related to the topic of energy generation by means of electrolysis was 74 articles per year, tending to increase.



	
China surpasses other countries in terms of the number of articles published related to hydrogen products using electrolysis. On the other hand, the United States’ publications are more cited (9279).



	
The analysis of the clusters made it possible to show the trends of keywords in the research.






Through the synthesis analysis of the bibliometric results, findings such as stakeholder participation network, theories related to the topic, and processes of technology and biotechnology generation are revealed. Secondly, a time frame of publication years is constructed to evaluate the behavior of publications. Third, the evolutionary path analysis reveals how research related to hydrogen energy production has evolved over time, which is confirmed by the results of the cluster analysis, and identifies certain main keywords that help this type of analysis. Fourth, it summarizes research characteristics of the topic of study and possible research opportunities, which include (1) coordinated stakeholder involvement, (2) joint development of environmental, social, and economic performance, as well as (3) cross-cultural cooperation in clean energy production between regions. Finally, a global analysis is elaborated by studying possible research opportunities and research gaps for those in need.



In addition, the complementary application of bibliometric tools provides references for a more comprehensive analysis. This strategy enhances the existing methodology by combining the advantages of several tools to extract more valuable information from the massive literature and provide implications for future research.



However, given the rapidly updating literature in the field of hydrogen energy production, it is important to update the literature sources and deepen the literature contents in the future. Therefore, the integration of other suitable bibliometric tools (e.g., VOSviewer and Gephi) may be a way out for a comprehensive review based on another database.
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Figure 1. Bibliometric methodology. 
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Figure 2. Analysis tools. 
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Figure 3. Time-lapse items. 
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Figure 4. Trend analysis of about publications. 
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Figure 5. World map of collaboration. 
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Figure 6. (a,b) Performance of countries. 
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Figure 7. Tree fields plot illustrating the relationship between authors, keywords, and journals. 
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Figure 8. Overlay visualization for the list of authors who have published a minimum of five articles. 
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Figure 9. Keywords and keyword clusters with their research hotspots requiring further emphasis. 
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Figure 10. Abundant renewable source of energy. 
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Figure 11. Hydrogen Production through Renewable Energies. 






Figure 11. Hydrogen Production through Renewable Energies.



[image: Energies 16 00087 g011]







[image: Energies 16 00087 g012 550] 





Figure 12. Hydrogen storage technologies. 
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Figure 13. Efficiency energy. 
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Figure 14. Overview of the most common biohydrogen production technology, main advantages, and problems of the different technologies. 
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Table 1. Journal published.
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	Journal Published
	TP (R %)
	h-Index
	CiteScore 2021
	SNIP
	SJR
	Publisher
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(Weightage %)
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	30
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	20
	20
	China



	Delft University of Technology
	17
	15
	Netherlands



	Imperial College London
	16
	10
	England



	Indian Institute of Technology
	16
	10
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	Words
	Occurrences
	Keyword Usage by Authors (%)
	Rank





	Hydrogen
	291
	30
	1



	Renewable energy
	199
	21
	2



	Hydrogen production
	150
	15
	3



	Energy storage
	75
	8
	4



	Electrolysis
	64
	7
	5



	Fuel cell
	43
	4
	6



	Water splitting
	41
	4
	7



	Hydrogen storage
	38
	4
	8



	Green hydrogen
	37
	4
	9



	Water electrolysis
	33
	3
	10
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Table 5. Efficiency and availability of generation mechanisms for hydrogen production [42].
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	Technology
	Efficiency
	CO2 Emissions
	Availability





	Natural gas (SMR with CCS)
	60
	42.7
	Medium Term



	Natural gas (SMR without CCS)
	70–75
	288–292
	Available



	Coal (without CCS)
	60–50
	659
	Available



	Coal (with CCS)
	50–40
	20.3
	Medium Term



	Gasification Biomass
	56
	0
	Medium Term



	Electrolysis (Wind)
	65–70
	0
	Short Term



	Electrolysis (Grid)
	30
	440
	Available



	Thermochemical Cycle (Solar Energy)
	30
	0
	Long Term



	Thermochemical cycle (Nuclear energy)
	30
	0
	Long Term







Note: SMR = Steam methane reforming. CCS = CO2 capture and storage. Adapted from [41].
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Table 6. Advantages and disadvantages of green and blue hydrogen.
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Type of Hydrogen

	
System of Study

	
Objective

	
Advantage

	
Disadvantage






	
Green [42]

	
Wind and photovoltaic systems [42]

	
Propose a methodology for the energetic comparison of wind and solar systems for hydrogen production [42]

	
The procedure is like a simulation for the annual energy analysis [42]

	
Due to limited wind and solar resources, it is not very profitable to install hybrid systems in some areas [42]




	
It is applicable to any wind and solar system, under any conditions [26]




	
Reports the annual and monthly performance of the system [42]




	
Allows you to select an ideal place to install a system WT y ST [42]




	
Blue [43]

	
Hydrogen production optimization [43]

	
Development of an optimization methodology for the design of a flexible plant within the design and modeling of energy and hydrogen systems [43]

	
Cost reduction with the use of natural gas reforming and water changeover to membrane-assisted gas fueled by coal and biomass [27]

	
Operates on fossil fuels [27]




	
It allows the use of resources in a more efficient way and within sustainable ranges [43]

	
High cost [43]
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Table 7. Reviews the benefits, drawbacks, and challenges associated with hydrogen production processes from renewable sources.






Table 7. Reviews the benefits, drawbacks, and challenges associated with hydrogen production processes from renewable sources.





	
Process

	
Method

	
Advantage

	
Disadvantage

	
Challenges






	
Solar

	
Solar energy to hydrogen via electrolysis of various types

	
Several processes are available for the conversion of solar energy into hydrogen fuel.

	
Low efficiency of solar cells.

	
Thermal dissociation of water through a solar cell requires a high temperature, which makes it difficult to implement the process [48]




	
Concentrating Solar Photovoltaic Systems (CSPV) using parabolic troughs and dishes has a high efficiency among all solar-to-hydrogen processes. Hydrogen production can be maximized using reflective mirrors and concentrated solar technologies [49]

	
Daylight intermittency and radiation intensity at all locations [50,51]

	
Higher temperature causing decrease in solar panel efficiency [47].




	
Biomass gasification

	
Supercritical Water Gasification (SWG)

	
Sources are abundant, such as wood, agricultural wastes, plants, animal wastes, etc., etc. [52]

	
Process associated with a large amount of GHG emissions [53]

	
Due to the variation in feedstock and biomass composition, the calorific value of the resulting gas is always affected.




	
New plasma-assisted biomass gasification technology available for use [54]

	
During the process, tar formation can lead to clogging and breakage of the equipment [55]

	




	
Wind

	
Hydrogen wind power (use of AC/DC converter, power controllers, and alkaline electrolyzers)

	

	

	
Hydrogen storage and transportation in remote locations.




	
One of the cleanest processes with no harmful emissions [56]

	
Requirements for other components, such as AC/DC converter, power controller, etc. [57]

	




	
Geothermal

	
Geothermal to Hydrogen

	
Independent of environmental conditions. In the geothermal power plant (GPP) it is possible to produce additional electricity for water splitting through electrolyzers [58]

	
Purities such as H2S and other toxic gases emitted by the geothermal plant [59]

	
Higher geothermal fluid temperature is needed for better efficiency and cost-effective hydrogen production.




	
Algae

	
Dark fermentation

	
Abundant renewable source of energy [60]

	
Photoautotrophic organisms need so-lar light, nutrients, and organic sources to grow and produce bio-hydrogen. Presence of oxygen leading to low hydrogen production [60]

	
The high sugar content of the liquid fuel requires further processing of the gas [61]




	
Photo-fermentation

	
Algae-derived products, such as glucose and glycine, are also capable of thermochemical hydrogen production.

	

	




	
Fuel cell

	
Combined heat and power process (CHP)

	
Higher electrical conversion efficiency up to 95%.

	
CO gas formation and loss of catalyst activity during the internal reforming process [62]

	
As long as there is a need for hydrocarbon fuel to produce hydrogen internally in the fuel cell, it is not a fully decarbonized technology.




	
Electrolysis process

	
Direct use of biogas in high-temperature fuel cells, such as SOFCs and MOFCs, is possible.
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Table 8. Describes the main methods of hydrogen storage systems and their advantages and disadvantages of the technologies.






Table 8. Describes the main methods of hydrogen storage systems and their advantages and disadvantages of the technologies.





	
Method

	
Advantages

	
Disadvantages

	
Storage Material

	
H-átoms per cm3 (×10 22)

	
% by Weight of Hydrogen






	
Compressed hydrogen

	
Ease of transport [68]

	
Containers are heavy [69]

	

	

	




	
Fuel cell vehicles [70]

	
Fairly slow development [69]

	
H2 Gas (200 bar)

	
0.99

	
100 [70]




	
It is the most developed technology

	
The amount of hydrogen is small at low pressures [69]

	
H2 liquid (20 k)

	
4.2

	
100 [70]




	

	

	
H2 solid (4.2)

	
5.3

	
100 [70]




	
Liquid hydrogen

	
It is the most economical method [71]

	
Flash evaporation

	
MgH2_

	
6.3

	
7.6 [70]




	
Avoiding damage when H2 suddenly leaks through an opening [71]

	
Energy used for liquefaction is high

	
Mg 2 NiH 4

	
5.9

	
3.6 [70]




	
It offers high hydrogen release rates [71]

	
The energy stored per unit volume is lower compared to fossil fuels.

	
FeTiH 1.95

	
6.0

	
1.89 [70]
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Table 9. Description of the electrolysis processes.
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	Electrolysis Process
	Advantage
	Disadvantage





	Alkaline Electrolysis
	Marketed

70–80% energy efficiency

Low-cost technology

Electrocatalysts based on non-noble metals Highly developed technology [74,75]
	Low dynamic operation low operating pressure (3–30 bar)

Low gas purity

Formation of carbonates on the electrode reduces electrolyze performance [76]



	
	Highly dynamic operation

80–90% energy efficiency

Highest H2 production rate with high-purity gases (99.99%)

Compact system design

Fast response and high current densities [72]
	Low durability

Acidic environment

High cost of components

Partially and newly established

Commercialization is imminent [75,77]



	Solid Oxide Electrolysis
	The operating pressure is high

Electrocatalysts based on non-noble metals Efficiency is high (90–100%)

high efficiency (90–100%)
	Low durability

The design of the system is on a large

laboratory scale



	Microbial Electrolysis
	He used various organic water wastes to produce hydrogen

hydrogen under the influence of a low external voltage [78]
	Complicated design

high internal resistance

high operating and manufacturing costs

under development [75]
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Table 10. Energy efficiency—electrolysis.






Table 10. Energy efficiency—electrolysis.





	
Study System

	
Target

	
Advantage

	
Disadvantage






	
Porous electrode for water electrolysis [89].

	
Improved efficiency in the magnetic field of water electrolysis [89].

	
Reduction of consumption is proportional to the improvement of energy efficiency [89].

	
There is not much hydrogen production with this system [89].




	
Production of liquid hydrogen with bioethanol [90].

	
The hydrogen liquefaction process with nitrogen precooling and cryogenic helium cycles, and the liquefied cryogenic hydrogen is recycled as a cold source to achieve 100% liquefaction of the process [90].

	
The inferred relationships between the hydrogen liquefaction ratio and energy efficiency can be applied to analyze the nitrogen precooling cycle [90].

	
It does not take into account possible variations in hydrogen temperature and pressure parameters [90].




	
Molecular hydrogen production from wastewater cells [91].

	
Method using a multiple junction semiconductor anode coupled with a stainless-steel cathode [91].

	
Method used to optimize energy efficiency during electrochemical wastewater treatment

	
Impacts are only seen on decentralized production since the demand for hydrogen by electrolysis is not very high [92].




	
Analysis of the impact of the integration of low- temperature solar heat in power generation processes based on the production of pure hydrogen through biomass gasification [92].

	
For the integration of solar heat, membrane reactors are used to improve the efficiency of the gasification process [92].




	

	
The reactors are common gasification, super critical, and water gas reactor, followed by a water gas displacement reactor with an integrated membrane.




	
Energy efficiency for electrolysis of NaCl aqueous solution [93]

	
To construct a superoleophobicity per fluorinated ion exchange membrane (SPIEM) to improve the efficiency of aqueous electrolysis of chlor-alkali (NaCL) process by ZrO2 nanoparticle sputtering process [93]

	
This strategy is used in order to improve the efficiency of the aqueous solution electrolysis process by reducing consumption and is intended for electrolysis, too.

	
The aqueous electrolysis process is an energy-intensive process [93]
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