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Abstract

:

In the current situation of global energy transition, nuclear energy maintains its reputation as a stable power generation technology, without dependence on other resources and without CO2 emissions. However, one of the main problems with its use is the management of the radioactive waste it generates, which has given rise to different international strategies: (i) reprocessing; (ii) storage; and (iii) disposal. Given the interest generated by nuclear energy in recent times and the need to manage the waste generated, this paper presents a global review of the different international nuclear waste management strategies, using a scientific method based on (i) a bibliometric review of the scientific publications related to nuclear waste management and (ii) an analysis of the technical aspects of the different international management strategies. The effective and safe management of nuclear waste will contribute to the advancement of international nuclear energy development strategies that encourage the construction of new nuclear power plants and the lifetime extension of existing ones.
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1. Introduction


Waste is a consequence of the consumerist society in which we live [1]. The way waste is managed traditionally generates a great deal of social controversy [2,3,4]. In the specific case of radioactive waste, its management raises doubts about the social distribution of the benefits and disadvantages of nuclear energy [5,6,7].



Nuclear energy is considered the evolution of electricity generation technology based on thermodynamic cycles, which consumes increasingly scarce energy resources, such as oil and coal, and generates greenhouse gas (GHG) emissions [8]. However, although nuclear power plants do not generate GHG emissions, their operation remains controversial due to the nuclear waste generated, which is not only dangerous for living beings but also difficult to dispose of [8,9].



The production of radioactive waste is increasing day by day worldwide [10]. The International Atomic Energy Agency (IAEA) conventionally divides radionuclides depending on half-lives of the decay into (a) short-lived (with a half-life less than 31 years) [11] and (b) long-lived (with a half-life of more than 31 years) [12]. Five different classes of radioactive waste (Figure 1) are used as the basis of classification [13]: (i) very-short-lived waste (VSLW), which can be stored for decay over a limited period, of up to a few years; (ii) very-low-level waste (VLLW), which does not need a high level of containment and isolation and, therefore, is suitable for disposal in near-surface landfill-type facilities; (iii) low-level waste (LLW), with above-clearance levels but with limited amounts of long-lived radionuclides; (iv) intermediate-level waste (ILW), which contains long-lived radionuclides, which require a greater degree of containment and isolation than that provided by near-surface disposal; (v) high-level waste (HLW), with levels of activity concentration high enough to generate significant quantities of heat from the radioactive decay process [14].



In view of the high levels of activity and the half-life, the present research focuses on the bibliometric review of published works on different HLW management technologies. HLWs are radioactive wastes containing appreciable concentrations of long-lived alpha-emitting and/or beta-gamma-emitting radionuclides with half-lives longer than 30 years, which can generate heat due to radioactive decay, given their high specific activity, as well as be active for thousands or tens of thousands of years [15,16].



The HLWs are sufficiently radioactive that their decay heat (>2 kW/m3) significantly increases their temperature and that of their surroundings. HLW results from the consumption of uranium fuel in a nuclear reactor, called Spent Fuel (SF). HLW contains the fission products and transuranic elements generated in the reactor core. HLW represents only 3% of the total volume of the nuclear waste generated, but accounts for 95% of the total radioactivity of the waste produced [17,18].



Given the current global challenge of achieving climate neutrality and the inability of renewable energies to provide sufficient energy as the only technologies for electricity generation, nuclear energy is positioned as a base technology capable of supporting renewable energies to achieve these objectives [19]. There are currently 410 nuclear reactors in operation in the world, representing about 360 GWe of installed power [20]. Of these nuclear power plants (NPPs) in operation, the PWR design stands out, accounting for more than 50% of the total [21]. There are also 57 reactors under construction that will account for an additional 59 GWe [20].



Considering that radioactive waste is produced regularly, for the safe use of nuclear energy in the future and to avoid permanent damage to the environment, the safe and efficient management of HLW is necessary. There are several HLW management strategies (Table 1), which can be classified into (i) reprocessing; (ii) uranium and plutonium reuse; (iii) transport of spent fuel; (iv) storage: wet, dry, temporary, and deep geological repository.



If nuclear energy is positioned as an energy technology of the future, there should also be a greater tendency on the part of the scientific community to investigate the management of HLW. Different authors have carried out scientific reviews of the development of HLW management technologies [43,44,45], as well as of the possible modifications that different strategies and political decisions may cause [46,47], or of the different patents [48] that these technologies generate. There are also reviews on new management technologies, such as membrane purification [49] and Molten Salt Oxidation for Radioactive Waste Treatment [50]. Research has even been carried out on the generation of nuclear waste from future nuclear fusion facilities [51]. Few are the references that perform a bibliometric review on waste management research, and those that have been found [52,53] do not use software to analyze the data. As far as we have been able to determine, no studies have been found that combine bibliometric analysis of the different nuclear waste management technologies and study their implementation at the international level.



Given this scenario, the research objective of the present paper is to analyze the state of the specialized literature on the use of different HLW management technologies and their implementation at the international level. For this purpose, this paper develops a bibliometric and technical review of the different nuclear waste management technologies. The motivation for combining the bibliometric review and the technical review is to help the scientific community to identify interest in the subject, as well as to assist in the technical analysis of the different international nuclear waste management strategies.




2. Methodology


To achieve the research objective, a combined methodology is developed (Figure 2), in which first a bibliometric review of the scientific publications related to the different radioactive waste management strategies is performed, followed by an analysis of the different international HLW management strategies. The formulation of objectives (Phase I, Figure 2) is developed in the introduction. Regarding the data retrieval (Phase I, Figure 2), the bibliographic database selected is Scopus, since (i) it is a database of international relevance; (ii) in addition to collecting bibliographic information, it analyzes the behavior of citations received by the journals and, based on these data, allows the generation of a large number of bibliometric indicators, including the h-index [54,55,56]; (iii) it has earned its place as a comprehensive bibliographic data source, and it has proven itself to have a similar level of reliability as WoS [57].



This study examines the English documents found. The data were collected in June 2023 from the Scopus database, one of the most important and widely used bibliographic databases. Table 2 contains the 14 keywords used in the Scopus search engine (Phase I, Figure 2). These keywords were selected based on three criteria [58]: (i) nuclear waste type; (ii) approach; and (iii) radioactive waste class.



Scopus searches were performed by constructing complex keyword search strings. Thus, the complex keyword string was searched in the article record—Title, abstract, and keywords—not in the full text. A search string is the combination of text, numbers, and special characters, if any, that a user enters to find certain results. To ensure an exhaustive search and find more relevant results in Scopus (Phase I, Figure 2), we included a series of keywords, as well as a combination of Boolean operators (AND and OR). Table 3 shows the search string used in the Scopus search engine.



After applying the search criteria, the results were processed using a VOSviewer® 1.6.16 (developed by Leiden University, Netherlands) similarity visualization program to graphically present some of the possible results (Phase II, Figure 2). The bibliometric review methodology provides a categorized view of the documents published in the field, thereby being a resource increasingly employed in reviews [59]. The use of VOSviewer® 1.6.16 software, in turn, offers the possibility of presenting the data graphically, by means of category maps [60]. As in previous bibliometric reviews [61,62], the present study analyzes different aspects: (i) simultaneous productivity of publications per year; (ii) sources; (iii) subject areas; (iv) co-citation between authors; (v) production between countries; and (vi) keyword trends and co-citation. The results determined the state of development and the main trends from the point of view of influence, main journals, articles, topics, authors, institutions, and countries.




3. Results


This section shows the results obtained in the bibliometric analysis (Phase II, Figure 2). The pioneering study related to nuclear waste identified in the SCOPUS database is from 1956 [63]. This article, on the United Kingdom atomic energy authority and its functions, already identified the need to develop appropriate facilities for the treatment of SF. Figure 3 illustrates the annual trends in publications on this topic, generated from the sample of 6242 articles.



In terms of annual productivity, less than two articles per year were published between 1956 and 1972. Between 1973 and 2002, an average of more than 76 articles per year were published, reaching a maximum relative value in 1986 with 149 articles related to the search. From 2003 onwards, the number of articles published has grown considerably, with an average of close to 200 results per year. In 2009, the maximum search result was reached, with 298 results. In 2011, 263 results were obtained, while in 2013, 277 results were obtained.



Of the 6242 results obtained, 3106 were published in journals (Table 4), while 2507 were published in conference proceedings, and 251 in books. Therefore, 94% of the results obtained in the search used these three source types.



In Scopus, it can be seen that among the most-used sources, “Proceedings of the international conference on radioactive waste management and environmental remediation ICEM”, a reference specializing in nuclear waste management, “Materials Research Society Symposium Proceedings”, “Nuclear Technology”, and “High level radioactive waste management” stand out. Of the 6242 results obtained, Table 5 below shows the results obtained by the most relevant sources.



Figure 4 presents the co-citation map of the sources in which scientific articles related to the subject are published. There are different relevant clusters: Cluster I (light blue), led by “Proceedings of the international conference on radioactive waste management and environmental remediation ICEM”, with 342 results; Cluster II (dark blue), led by “Nuclear Engineering and Design”, with 117 results and an impact factor of 1.9; Cluster III (purple), led by “Materials Research Society Symposium Proceedings”, with 237 results.



On the other hand, the 6242 articles are divided into 26 areas, with the top 5 specified in Table 6. The category “Engineering” is the main category, with 2802 associated results, equivalent to 44.88% of the total. The category with the second-most associated results is “Environmental Science”, with 2040 results; third place goes to “Energy”, with 1940 results. It is worth noting that the same article can be classified in more than one area, which can affect the partial and total statistics.



Figure 5 below shows the author co-citation network. The aim of co-citation is to determine which authors, based on the co-citations of others, are the most representative in terms of HLW management research, to the extent that these authors can be substitutes for the ideas they represent. Of the 5811 authors identified, 176 had more than five publications. Among the most relevant authors were (i) Armand, G. (Cluster I, purple), with 25 documents and 72 total link strength; (ii) Shao, H. and Rutqvist, J. (Cluster II, yellow), with 11 and 16 documents and 51 and 48 total link strength, respectively; (iii) Wang, J., with 27 documents and 41 total link strength (Cluster III, red). From the author co-citation analysis, we can also extract the data that the vast majority of authors appearing in the network have gained relevance from 2016 onwards.



The most cited article is “Global synthesis of groundwater recharge in semiarid and arid regions” [64], which has more than 770 citations in Scopus. The second-most cited article among the results of this search is “Environmental impact and management of phosphogypsum” [65], with 580 citations. Finally, the third-most cited article is “Radiaction effects in nuclear waste forms or high-level radioactive waste” [66], with 571 citations. The three most cited articles among the results of this search are prior to 2010, and none of their authors are among the most influential in terms of co-citations (Figure 5). It is worth noting that the top two most cited articles do not specifically address HLW technology management in their titles.



As for the analysis of keywords through co-occurrence (Figure 6), the most frequently used keywords were identified and analyzed to classify the 6242 articles in the sample. From this analysis, the most frequently occurring themes in the area analyzed stand out. Of the 6242 results found, 13,162 keywords were identified. Of these, 1306 words appeared more than five times, equivalent to approximately 10%.



Analyzing the author’s affiliation by country (Figure 7), it is observed that this research topic is global, since the 6242 articles that are part of the sample are distributed in more than 50 countries. Table 7 lists the ranking of the 10 countries with the highest number of academic articles in the field of research. Together, these countries have generated about 78% of the results obtained in the Scopus database. According to the data obtained, the United States is the country with the highest number of results generated, with a total of 1794 (approximately 28% of the results obtained), followed by countries such as France and the United Kingdom, with more than 500 results, as well as other countries such as Japan, Germany, and China, with a range of results obtained between 300 and 500.




4. Discussion


There are currently 410 nuclear reactors in operation in the world, with an electrical capacity of more than 360 GW. The 10 nuclear energy-development countries are the United States, France, China, Japan, Russia, South Korea, Canada, the Ukraine, the United Kingdom, and Germany [19]. As for nuclear reactors under construction, there are currently 57 reactors under construction that will add 59 GWe. The main countries building nuclear reactors are China, India, Turkey, the Republic of Korea, Egypt, and the United Kingdom. Also currently building nuclear power plants are the United States, France, and other countries like Brazil, the United Arab Emirates, Bangladesh, and Russia [67].



If the results obtained from the bibliometric analysis are analyzed in terms of connections between countries, the different connections between the countries of origin of the research results obtained (Figure 7) allow identification of both the importance, in terms of results obtained, and the influence of each of the countries among the rest. In terms of research results obtained, it is worth highlighting the primary influence of the United States. Secondly, there is a set of more influential countries, including France, Germany, and the United Kingdom. Thirdly, there are notable countries such as Canada, China, Japan, Belgium, Sweden, Denmark, and Switzerland. Finally, in terms of influence, it is possible to observe that the countries with the highest number of lines of influence are the United States, France, and the United Kingdom.



In view of these results, the following is an analysis of the international HLW management strategies (Phase III, Figure 2) of the five most influential countries: (i) the United States; (ii) Germany; (iii) France; (iv) the United Kingdom; and (v) China. Additional reasons for the choice of these countries would also include the influence they have had on the nuclear industry throughout its history, as well as the future outlook. In order to carry out the analysis of international strategies for HLW, the following additional reasons for the choice of these countries are presented.



First, the United States is the country with the largest number of operating nuclear reactors, 93, amounting to almost 65 GWe of installed power. Throughout the second half of the twentieth century, the country was able to establish its entire nuclear industry in its national territory and export its technologies to the rest of the world [19]. Regarding the future of the nuclear industry, the United States currently has the Vogtle-4 nuclear power plant under construction, which will have a Westinghouse AP1000 nuclear reactor and will add an additional 1250 MWe to the installed nuclear power capacity in the country [68].



In terms of future directions, in the case of the United States, it is necessary to talk about the life extension of its different NPPs in operation. Although the first technical studies estimated a design life of 40 years for nuclear power plants, the passage of time and the different technical studies carried out have shown that it is possible to extend the life of NPPs [69]. Faced with this scenario, the United States has begun to extend the life of its NPPs to 80 years [20]. In addition, the United States is committed to the development and construction of the new technology of Small Modular Reactor (SMR) nuclear reactors, small reactors with a generating capacity of less than 300 MWe, which are characterized by their modular construction and a lower need for economic resources in their development as compared to large nuclear reactor designs [18].



In the case of Germany, its nuclear energy strategy changed after the incident at the Fukushima Daiichi NPP in Japan in 2011 [70]. Over the last 10 years, the European economic power has developed an energy transition strategy that has led to the closure of its nuclear power plants and an increase in the installed capacity of renewable technologies [71]. The former world power in nuclear energy, with more than 30 NPPs and an exporter of nuclear technology, has faced the closure of its NPPs and is now undergoing the progressive dismantling of its different NPPs [72].



With 56 NPPs in operation and 1 NPP under construction [19], France, the United Kingdom, and Finland represent the countries in Europe that are building NPPs on their territories. In France, the nuclear industry is a national reference and exports its technology to the rest of the world [73]. Likewise, nuclear energy in the country accounts for 70% of the energy generated; therefore, it will continue to bet on the long-term operation of its NPPs in operation [74].



The United Kingdom has been one of the great nuclear powers throughout the last century [75]. With the Second World War, the United Kingdom developed its own nuclear reactor technology, the Gas Cooled Reactor (GCR), and was able to build more than 40 reactors. Currently only nine remain in operation [19]. However, Brexit, rising global inflation, and the scarcity of energy resources [76,77] have accelerated the development of a strategy in favor of building new reactors in the country. The United Kingdom is currently building two NPPs at the Hinkley Point C, whose design will be, as in the French and Finnish case, the European-designed PWR reactor known as EPR [78], with a generating capacity of 1630 MWe [79]. The United Kingdom, like the United States, is also committed to the development and construction of the new SMR technology [18].



Finally, China’s commitment to nuclear energy is clear. The Asian giant currently has 55 reactors in operation, representing around 53 GWe of installed power. At the same time, it is currently building 21 additional reactors [19]. In the coming years, it will continue to build more nuclear reactors until it becomes the country with the largest number of nuclear reactors in the world, surpassing the United States and France. It has different nuclear reactor technologies, mainly of PWR design, which it also exports to the rest of the world [80]. Figure 8 below summarizes the nuclear energy strategies of these countries.



Regarding the management of HLW, it is necessary to take into account that there are two global management practices for these wastes: (i) open cycle, in which the used nuclear fuel is considered a waste, and (ii) closed cycle, in which the used fuel is treated in order to reuse it again for different purposes [81]. The open cycle includes the following storage technologies (Table 1): dry storage; temporary storage, and deep geological repository. The closed cycle includes the following technologies (Table 1): reprocessing and uranium and plutonium reuse.



To date, the United States has been managing its HLW in an open cycle, storing its SF in dry cask storage at nuclear power plants (NPPs) while awaiting a centralized dry storage site [82].



Germany was initially committed to the development of reprocessing technology but abandoned it definitively in 1989. Currently, Germany is aiming at the construction of a deep geological repository to store all SF from recently shutdown NPPs [83]. In the meantime, SF is expected to be stored in dry storage at specially designed sites at the various nuclear power plants and a wet storage facility at the Obrigheim NPP [82].



In the case of France, as it initially opted for the closed fuel cycle, nuclear fuel is not characterized as waste and is reprocessed [84,85], similar to other international powers, such as India, Japan, and Russia [86]. The generation of a new fuel called Metal Oxide (MOX) makes it possible to supply 5% of the nuclear fuel used in France [25]. It also has both wet and dry storage facilities. In recent years, the debate on the construction of a Deep Geological Storage (DGR) facility, in which the high- and medium-level waste from the 58 reactors that currently supply more than 70% of the country’s electricity consumption, would be stored, has been revived [87]. Contrary to other countries, research is also being undertaken in the field of partitioning and transmutation as well as long-term surface storage of wastes following conditioning [83].



The United Kingdom is another country that bet on SF reprocessing at the beginning of the development of the nuclear industry. It currently maintains active reprocessing technology and has a wet storage at a centralized storage are awaiting a DGR.



Like France and the United Kingdom, China has opted for reprocessing technology for the treatment of SF in its nuclear power plants [88]. China’s SF disposal policy consists of reprocessing first and then vitrifying the waste resulting from this process (Table 1), finally storing it geologically [82]. China expects to have DGR to store its HLW from 2050 onwards [89]. In Figure 9 below, a comparative study of the technology selection for HLW management in these countries is shown.



Having presented the analysis of different international HLW strategies, we will now present a comparison of this analysis with the results obtained in the bibliometric review. After carrying out three new searches in Scopus (Table 8), the results reaffirm the reality observed previously. In view of the results obtained, the scientific community focuses its interest on deep geological repository technology and on the different storage technologies, while showing very little interest in reprocessing technology.



If the analysis is made according to the different countries analyzed (Figure 10), the reality is even more evident. In view of the results obtained, globally, it is possible to state that Germany is the country that generates the least interest in research into the different HLW management technologies. However, the United States is the leader in terms of research into the various technologies. If the evolution of the research results obtained for the different technologies in the period 1995–2022 is analyzed globally, it is possible to affirm once again that the DGR technology is the one that generates the most interest in the scientific community of these five nuclear powers in the 20th century.



Judging by the rate of generation of scientific results in the period 1995–2022, it is possible to affirm that the storage technology, regardless of whether it is geological or temporary wet or dry, generates the most interest from the scientific community. The rate of generation of scientific results for this technology during the period 1995–2022 is continuously increasing. It is possible to affirm that in 1995 the scientific community of these five countries had no interest in the DGR, in view of the results obtained; however, over less than 30 years, the growth of scientific results has been exponential, even surpassing the results obtained for the different storage technologies.



To conclude, we compared the following variables jointly (Figure 11): (i) “nuclear energy” Scopus results; (ii) NPPs in operation [19]; (iii) NPPs under construction [19]; (iv) NPPs undergoing permanent shutdown [19]; and (v) nuclear waste management results (obtained in Table 7). We found that it is possible to state that in countries where there is a greater interest in nuclear energy research, regardless of its application, there is also a high interest in research in different nuclear waste management technologies, as is the case in the United States and China. Moreover, this interest in nuclear energy research and HLW management is translated into effort by the different actors involved in nuclear energy decision making (government, industry, regulatory bodies, society, etc.) invested in its operation and development, in view of the results obtained from NPPs in operation and under construction. Unlike China, where there are NPPs in a permanent shutdown situation, the United States will have to deal with the management of HLW soon, in view of the high number of NPPs facing permanent shutdown.



To a lesser extent, similar scenarios to those of the United States and China are observed in France and United Kingdom, where there is interest on the part of the scientific community and stakeholders involved in nuclear energy for its exploitation and development as a future source of electricity generation. Therefore, the great world powers of the United States, China, France, and United Kingdom have HLW management strategies that are supported by different technologies (reprocessing, storage, and DGR) and are optimistic about the future possibilities of nuclear technology.



The paradigmatic case is Germany, in view of the NPPs in operation, under construction, and facing permanent shutdown, as well as the results of research on nuclear waste management. In this European power, nuclear energy is not presented as a source of electricity generation to be considered in the current energy transition process and in view of the challenge of achieving climate neutrality by 2050. However, Germany is, together with the USA and China, a world power in nuclear energy research and its various applications. Germany will therefore have to address the management of the HLW generated in all its recently shut down and decommissioned NPPs in the coming years, even though there is no interest from the scientific community in research on such management, as the country is focused on a long-term HLW management strategy oriented towards the DGR.




5. Conclusions


Nuclear energy is presented as a real option in the current energy transition process and in the face of the challenge of achieving climate neutrality by 2050. Efficient and safe management of nuclear waste will contribute to the development of international nuclear energy development strategies that encourage the construction of new nuclear power plants and the lifetime extension of existing ones.



Given the interest generated by nuclear energy in recent times and the need to manage the waste generated, this paper presents a global review of the different international nuclear waste management strategies, using a scientific method based on (i) a bibliometric review of the scientific publications related to nuclear waste management and (ii) an analysis of the technical aspects of the different international management strategies. The bibliographic database selected to develop this review is Scopus. This database is a comprehensive bibliographic data source, and it has often proven to be better than WoS. Among the different radioactive wastes, HLW is the result of the consumption of uranium fuel in a nuclear reactor. HLW contains the fission products and transuranic elements generated in the reactor core and has a half-life of more than 30 years.



Currently, there are different technologies for HLW management: (i) reprocessing; (ii) storage; and (iii) disposal. In view of the results obtained in this research analyzing the situation of the main nuclear powers in the world, it is possible to affirm that the technology that generates the greatest interest among the scientific community is the Deep Geological Repository (DGR). The remaining technologies generate little interest among the scientific community, in view of the results obtained from the Scopus database. In the period 1995–2022, China showed high growth in terms of the results obtained for the different HLW management technologies. If the pace of development of the nuclear industry in the Asian giant continues as it has been, in the coming years it is possible that the research results for the different HLW management technologies and especially in DGR will continue to increase. Only the United States seems to be pursuing a HLW management strategy similar to China, and it shows more interest from the scientific community in view of the results obtained.



Other nuclear powers in the 20th century, such as Germany, France, and the United Kingdom, show nowadays a reduced interest in these technologies, being somewhat higher in the case of DGR. France and the United Kingdom will continue to focus on reprocessing in the coming years, while their scientific community will continue research on DGR. Germany, with a nuclear industry that has been totally paralyzed in recent years, seems to have only a low interest in repository and storage technologies.



As future lines of research, through bibliometric review, the following can be included: (i) investigating the different variables around nuclear waste management in other 21st century nuclear powers, such as Russia, South Korea, and Japan; (ii) identifying the different external factors that influence the international decision making on HLW management; (iii) analyzing the effectiveness of DGR technology in countries that are committed to nuclear energy as a source of electricity generation in the future.
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Figure 1. Radioactive waste classification. 
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Figure 2. Scientific methodology outline. 
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Figure 3. Publications by year (1956–2022) (data collected from Scopus database in June 2023). 
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Figure 4. Co-citation and bibliographic matching (1956–2023) (data collected from Scopus database in June 2023). 
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Figure 5. Authors with the highest number of co-citations (1956–2023). Source: developed by the authors in VOS Viewer software 1.6.16. 
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Figure 6. Keyword trends and cluster structure (1956–2023). Source: developed by the authors in VOS Viewer software 1.6.16. 
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Figure 7. Bibliographic analysis of countries (1956–2023). Source: developed by the authors in VOS Viewer software 1.6.16. 
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Figure 8. International strategies on nuclear power plants. 
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Figure 9. International strategies on the management of HLW. 
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Figure 10. Evolution of the research results for the different technologies of HLW management (data collected from Scopus database in June 2023). 
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Figure 11. International comparison of different variables around nuclear waste management (data collected from Scopus database in June 2023). 
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Table 1. Technologies for spent fuel management.
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	Technology
	Description
	Relevant References





	Reprocessing
	SF undergoing reprocessing can be separated into three main components: uranium, plutonium, and other wastes. The uranium and plutonium can be reused as nuclear fuel for reactors, while the fission and activation products are wastes, which are vitrified and stored for later handling and disposal.
	[22,23,24]



	Uranium and plutonium reuse
	Uranium separated in the previous reprocessing stage can be reused as fuel in reactors. Plutonium can be converted into MOX fuel, in which uranium and plutonium oxides are combined.
	[25,26,27]



	Transport of spent fuel
	The management of SL involves several transport steps between different facilities. Transportation activities are used by housing the SF in specially designed containers to ensure its refrigeration, safety, and the protection of workers and the general public.
	[28,29]



	Wet Storage
	Most nuclear reactor designs have some form of spent fuel storage pools as an intermediate step.
	[30,31,32]



	Dry Storage
	After a period of at least 5 to 10 years, nuclear fuel can be transferred into dry interim storage.
	[33,34,35]



	Temporary Storage
	The dry storage facilities are designed for long-term waste. The site should house all HLW and SF.
	[36,37,38,39]



	Deep Geological Repository
	An Underground facility is used for disposal of the HLW. It is based on the so-called multibarrier principle. Long-term protection of people and the environment is guaranteed.
	[40,41,42]










 





Table 2. Keywords selected.
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	Nuclear Waste–Related Keywords
	Approach-Related Keywords
	Radioactive Waste Class Keywords





	Nuclear waste, spent fuel, spent nuclear fuel, and radioactive waste
	Management, prediction, predicting, forecasting, program, practices, and technologies
	High level, high-level, long term, long-range










 





Table 3. Search string for Scopus database.
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	Search String





	TITLE-ABS-KEY (“nuclear waste” OR “spent fuel” OR “spent nuclear fuel”

        OR “radioactive waste”)

      AND (“management” OR “prediction” OR “predicting” OR “forecasting”

        OR “program” OR “practices” OR “technologies”)

      AND (“high level” OR “high-level” OR “long term” OR “long-term”

        OR “long range” OR “long-range”)










 





Table 4. Distribution source type (1956–2023) (data collected from Scopus database in June 2023).
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	Source Type
	Number
	Percentage





	Journal
	3106
	49.76%



	Conference Proceeding
	2507
	40.16%



	Book
	251
	4.02%



	Trade Journal
	166
	2.66%



	Book Series
	163
	2.61%



	Other
	49
	0.79%



	Total
	6242
	100%










 





Table 5. Distribution source title (1956–2023) (data collected from Scopus database in June 2023).
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	Ranking
	Source Title
	Number
	Percentage





	1
	Proceedings of the international conference on radioactive waste management and environmental remediation ICEM
	342
	5.48%



	2
	Materials research society symposium proceedings
	237
	3.79%



	3
	Nuclear technology
	117
	1.87%



	4
	High level radioactive waste management
	100
	1.60%



	5
	High level radioactive waste management proceedings of the annual international conference
	86
	1.37%



	6
	Nuclear engineering and design
	72
	1.15%










 





Table 6. Number of publications by area (1956–2023) (data collected from Scopus database in June 2023).
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	R
	Area
	Results
	Percentage





	1
	Engineering
	2802
	44.88%



	2
	Environmental Science
	2040
	32.68%



	3
	Energy
	1940
	31.07%



	4
	Physics and Astronomy
	1016
	16.27%



	5
	Earth and Planetary Sciences
	953
	15.27%










 





Table 7. Ranking of countries (1996–2022).
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	R
	Country
	Results
	% of 6242





	1
	United States
	1794
	28.74%



	2
	France
	549
	8.79%



	3
	United Kingdom
	511
	8.18%



	4
	Japan
	466
	7.46%



	5
	Germany
	397
	6.36%



	6
	China
	319
	5.11%



	7
	Canada
	271
	4.34%



	8
	Russian Federation
	218
	3.49%



	9
	Belgium
	201
	3.22%



	10
	Sweden
	193
	3.09%










 





Table 8. Search string and results (data collected from Scopus database in June 2023).
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	Search String
	Results





	TITLE-KEY-ABASTRACT (“Nuclear waste” AND “reprocessing”);
	936



	TITLE-KEY-ABSTRACT ((“Nuclear waste”) AND (“storage” OR “wet” OR “dry” OR “temporary”))
	3971



	TITLE-KEY-ABSTRACT ((“Nuclear waste”) AND (“deep” OR “geological” OR “repository”))
	6434
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