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Abstract

:

Next-generation vehicles (NGVs), which mainly refers to hybrid vehicles (HVs), plug-in hybrid vehicles (PHVs), electric vehicles (EVs), fuel-cell vehicles (FCVs), and clean diesel vehicles (CDVs), are becoming more and more popular as the potential answer to decreasing fossil fuel consumption and CO2 emission from traffic sectors. Although the research on NGVs started in the 1990s, a systematic observation or summarization of the research on NGVs has not been performed yet. Thus, the current status, characteristics, latest trends, and issues of the research on NGVs have not been clarified yet. This research analyzed the research on NGVs recorded in the Web of Science published between 1990 to 2020 using CiteSpace, from a macro perspective. The results show that HVs and EVs are the crucial research objects in comparison with FCVs and CDVs. The research on NGVs was mainly performed by countries that own large vehicle makers or markets. However, it is noticeable that many developing countries have also started to study NGVs, which proves that NGVs have become popular globally. On the other hand, the research topics and categories of NGV study have always had a strong bias in favor of their function and technology development. Since NGVs have been sold for years in many countries already, there will be a considerable number of waste NGVs generated in the future, and so, future research should focus on recycling policies and/or recycling technology for NGVs to guarantee their sustainable development.
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1. Introduction


As motorization has developed rapidly worldwide, CO2 emissions from the traffic sector have occupied a 25% share of global CO2 emissions [1]. Moreover, according to the International Energy Agency (IEA), fossil fuel consumption in the traffic sector will grow to at least 106.3 million barrels per day in 2040 [2].



Under such circumstances, since the 1990s many advanced countries have started to develop next-generation vehicles (NGVs) to reduce the CO2 emission and fuel consumption of the traffic sector. Furthermore, after the year 2008, not only advanced countries but also developing countries started to put effort into developing NGVs [3,4]. Although the definition of NGVs varies from country to country, generally speaking, a NGV refers to hybrid vehicles (HVs), plug-in hybrid vehicles (PHVs), electric vehicles (EVs), and clean diesel vehicles (CDVs) in most of the countries [5,6].



The research and development of NGVs started in the 1990s, and thus, there has been a tremendous number of studies on NGVs. However, these previous studies have not yet been systematically and quantitively summarized. Therefore, it is hard to clarify the current status, characteristics, latest trends, and issues of the research on NGVs.



Bibliometric analysis, which is a research method developed by Pritchard in 1969, has been proposed as a solution to such a problem. Bibliometric analysis can reveal the impact, current situation, and historical transition of a specific academic field by surveying published books or research papers using mathematics or statistics methods [7].



This research will perform a bibliometric analysis of the research on HVs, PHVs, EVs, FCVs, and CDVs published in the last 30 years. We aim at revealing the current situation, the countries leading in studying NGVs, the most focused academic categories, knowledge base, popular research topics, the historical transition of research hotspots, and the deficiencies of current research on NGVs, and will propose the direction of improvement for the future.




2. Materials and Methods


2.1. Data Source and Data Selection Standard


The research related to NGVs was collected from the Web of Science (WoS). Since the WoS includes multiple databases, only research recorded in the “Web of Science Core Collection” was collected. The document type of research was limited to “article” only. The timespan of the collected research (when the research papers were published) was set to be between 1990 to 2020. All these data were obtained on 20 May 2020 [8].



Furthermore, during the data collection process, the search equation (including file tags, boolean operators, parentheses, and query sets) should be customized to achieve a more accurate research result. The search equations used in this research are: “TS = (hybrid NEAR/2 vehicle OR hybrid NEAR/2 car)” for HVs and PHVs; “TS = (electric NEAR/2 vehicle NOT hybrid NOT hydrogen NOT plug in) OR (electric NEAR/2 car NOT hybrid NOT hydrogen NOT plug in)” for EVs; “TS = (hydrogen NEAR/2 vehicle OR hydrogen NEAR/2 car)” as well as “TS = (fuel-cell NEAR/2 vehicle OR fuel-cell NEAR/2 car)” for FCVs; and “TS = (diesel NEAR/2 vehicle OR diesel NEAR/2 car)” for CDVs. Collected papers will be checked by CiteSpace (Ver. 5.6.R5) to remove research papers that do not meet our standard (such as duplicates or papers without precise publication dates). The number of research papers on HVs (including PHVs), EVs, FCVs, and CDVs was 6341, 11,429, 2745, and 2518, respectively.




2.2. Analysis Tool, Settings, and Research Flow


CiteSpace (Ver. 5.6.R5) is the software used in this study to analyze and generate the scientific landscape of the research on NGVs. CiteSpace is a software developed by Professor ChaoMei Chen and has been widely used by various researchers to visualize the roadmap and trends of a specific academic field [9,10,11,12,13,14].



The settings of CiteSpace should be specified first to achieve a significant research result. In this research, the time-slicing of CiteSpace was set to between 1990 to 2020, which equals to the timespan of collected research. The “#Years Per Slice” was set to be 1, which means that CiteSpace will analyze the collected research on a 1-year basis. Additionally, to show a more intuitive and comprehensive network of the research on NGVs, the network was pruned by the “Pathfinder; Pruning sliced networks; Pruning the merged network” method [15].



As for the flow of this study, in order to see the current status of research on NGVs a quantitative analysis will be performed to clarify which type of NGV is the most popular research subject. We will also explain how the prevalent NGV became popular and why others did not. Next, in order to see which country is playing the central role in studying NGVs, we will identify the number of research studies on NGVs from each country and the cooperative relationship among countries. Then, to clarify the characteristics of the current research on NGVs, focusing on the most popular type of NGVs, we will analysis of their academic category, knowledge base, and popular research subject. Last, to show the historical transition of NGVs’ research hotspots, this research will investigate the keywords in the collected research. Furthermore, this research will also discuss the flaws of the current research on NGVs and the expected future direction.





3. Results


3.1. Quantitative Analysis on Research Related to NGVs


Figure 1 shows the number of research studies on each type of NGVs from 1990 to 2020. It is plain to see that there are several crucial time points in the development history of NGVs.



3.1.1. The Early 1990s to the Mid-1990s


At the early stage of the 1990s, most research papers were about EVs instead of other types of NGVs. This indicates that EVs were the most attractive research subject back then.



Such a circumstance was effected by the “Zero Emission Vehicle (ZEV)” regulation, which was published in California, US. In 1990, California installed the first ZEV regulation to improve the air pollution due to motorization. According to the ZEV regulation, vehicle makers who sold over 35,000 vehicles per year in California (namely GM, Ford, Daimler Chrysler, Toyota, Nissan, Honda, and Mazda) were to be responsible for selling a certain percentage of EVs or FCVs, from 1998 [16]. Since America has the largest vehicle import market (Figure 2) [17], vehicle makers worldwide started to develop EVs and FCVs.



However, in the 1990s, high-capacity lithium-ion batteries (LiBs) were not commercialized yet, which lead to a relatively short running range of EVs on a single charge. Additionally, hydrogen procurement and storage technology were immature. Thus, research on EVs and FCVs started to decline after the middle of the 1990s.




3.1.2. Late 1990s to 2009


On the other hand, in the late 1990s, although the ZEV regulation was revised and delayed, major vehicle manufacturers had accumulated technology to decrease the CO2 emissions of vehicles through the installation of driving batteries or exhaust gas treatment systems. In 1997, Toyota commercialized HVs in Japan, and soon after that CDVs were developed in European countries [18]. Compared to traditional gasoline and diesel vehicles, HVs and CDVs emit less CO2 during the driving process without facing the problem of short running range. Consequently, HVs and CDVs became famous worldwide, and accordingly, research on HVs and CDVs began to increase.



Furthermore, besides HVs and CDVs, advanced countries (such as Japan, the EU, and the US) were also making efforts in developing FCVs [19,20]. Consequently, the number of research on FCVs and CDVs continued to increase, occupying half of the number of research studies on NGVs in 2004 and maintaining such a level until 2009.




3.1.3. 2009 to Present


Since 2009, the number of research on FCVs and CDVs has started to decline.



There are two reasons for the decline of research on CDVs. One is that CDV technologies have matured and so do not need large-scale scientific exploration anymore. Another reason is that, affected by CDVs’ emission cheating scandal [21], the EU, which is the largest market for CDVs globally, announced the development of EVs instead of CDVs in the future. Therefore, researchers stopped focusing on CDVs. On the other hand, although the number of research studies on FCVs is continuing to increase, FCVs are still the minority type of NGV in the research field. This could be because the technologies related to FCVs are relatively advanced and sophisticated and so it is hard for the researchers to make significant scientific progress.



In comparison, along with the development of battery technologies and the urgent necessity to stimulate consumption after the Lehman shock [22,23], from 2009 global sales of HVs and EVs started to explode. Consequently, the research on HVs and EVs started to increase and occupies over 80% of the research papers on NGVs right now. Moreover, in 2013, the number of research studies on EVs surpassed HVs, which indicates that EVs are the most attractive research subject now.



Based on the above facts, we can conclude that the most attractive research subject in the NGV field has continuously changed in recent years, but it is clear that the EVs and HVs are currently the most attractive research topic.





3.2. Country Distribution of Research on NGVs


Figure 3 shows the number of research studies on NGVs from each country. In Figure 3, every node represents a country. The node’s size reflects the number of researches on a specific type of NGV from a country. The fuchsia ring outside each node reveals the centrality of each country. Typically, a higher centrality (indicated by the thickness of the fuchsia ring) means more cooperation between a specific country with other countries and more impact in the academic field [15].



As shown in Figure 3, most of the research on HVs, FCVs, and CDVs were from the US, while most of the research papers on EVs were from China, which is also the largest EV market in the world. It is quite surprising that Japan, the largest HV market globally, did not take the leading role in publishing papers about HVs. This could because most of the scientific research results related to HVs were published as patents in Japan instead of research papers. To prove this conjecture, we collected the patents of HVs from the China National Knowledge Infrastructure (CNKI). The patents of HVs were collected on 30 March 2020 [24]. As shown in Figure 4, most of the patents related to HVs were applied from Japan. That is to say, in Japan, the research results of HVs were mainly published as patents as opposed to research papers.



As for each country’s centrality, it is surprising that although China publishes the most research papers on EVs, the centrality of China is relatively low compared to other countries. As mentioned previously, this normally means that the international cooperation between the researchers in China and other countries is comparatively little, and their academic impact may be small.



However, if looking from a social perspective, a higher centrality does not guarantee a higher research impact every time. An obscure reason for high centrality could be due to similar NGV policy among a particular group of countries. For instance, the top five countries with the highest centralities in the research on CDVs are the “Netherlands”, “Switzerland”, “Scotland”, “Belgium”, and “Bangladesh”. Among these five countries, the former four countries/districts are all in/near the European Union, where there is heightened enthusiasm for developing CDVs [25].



One more point worth noticing is that there is also a sudden increase in the research on NGVs in developing countries such as Pakistan, Tunisia, and Iran, which indicates that developing countries have also noticed the importance of NGVs and are putting efforts into installing NGVs. Such a trend proves that research on NGVs has become a global concern.




3.3. Category Distribution of the Research on NGVs


Figure 5 and Figure 6 show the category distribution of research on HVs and EVs, respectively.



For HVs and EVs, most of the research belongs to the “Engineering, Electrical, and Electronic” category, with the following most popular categories being “Energy and Fuels” and “Transportation Science and Technology”, indicating that manufacturing technology, as well as battery technology, is most researchers’ primary focus. However, as the latest trend, the category “Computer Science, Information Systems” has started to attract attention. The CASE (Connected; Autonomous; Shared; Electric) trend in the vehicle industry could explain this phenomenon [26].



From the results above, it is plain to see that most of the research on NGVs belongs to the “Engineering, Electrical, and Electronics” category, which indicates that most researchers are still focusing on improving the running or environmental functions of an NGV. In comparison, only a tiny group of research belongs to the “Environmental Sciences and Ecology” category. In other words, topics such as the proper treatment or recycling of end-of-life NGVs have not attracted enough attention yet. This phenomenon could be because most of the researchers believe that NGVs, especially EVs, have just become fashionable, and thus it is too early to consider the recycling of NGVs at this point.



Moreover, “Computer Science” has become a new popular research area for both HVs and EVs. This new trend could be caused by the increasing electrification of vehicles and high-capacity battery equipment.




3.4. Knowledge Base of Study on NGVs


This section focuses on the “Engineering, Electrical, and Electronic” category and will survey the content of the top ten most cited research studies in this category to see their knowledge base (Table 1 and Table 2).



Over half of the research on EVs in this category focused on wireless charging technology (basic theory, design of related components, improvement of charging efficiency, and the technical requirements of power transmission systems) [27,28,29,30,31,32]. This demonstrates that installing efficient charging facilities is necessary for the popularization of EVs, and EVs are, indeed, becoming more and more popular.



On the other hand, part of the research tries to develop the models that can quantitatively specialize the impact of EVs’ popularization on power distribution systems or discuss the optimization of EVs’ charging pattern [33,34,35].



Also, the research papers related to energy storage facilities and the related technological development status were frequently cited as well. Thus, it is fair to presume that most researchers focused on driving batteries and energy supplement systems (Table 1 and Table 2) [36].



As for HVs, most of the research being frequently cited was talking about the impact on the power distribution system due to the installation of PHVs [37,38,39,40,41].



Besides that, research studies focusing on HVs and PHVs’ driving batteries, converters, motors, control systems, and power electronic component technologies were cited frequently as well [39,42,43,44,45].



In other words, the research related to HVs is mainly focusing on their technology development as well.




3.5. Popular Topics of Research on NGVs


Figure 7 and Figure 8 show the popular topics of research on HVs and EVs.



As shown in Figure 7, the 13 most mentioned topics were “induction motor drives”; “distribution networks”; “lithium-ion battery”; “biofuel”; “lead/acid batteries”; “demand response”; “cathode”; “wind power”; “motors”; “segment magnet wire”; “state of charge”; “fuel cell”; and “digital control”. Although “electric vehicle” is also listed as a topic in Figure 7, since we are analyzing EV articles already, “electric vehicle” should be excluded as an interference.



From all the topics collected, we noticed that the research relating to EVs so far has been focusing on the running performance of EVs (“induction motor drives”, “segment magnet wire”, “motors”, “cathode”, and “fuel cell”); battery technology and convenience (“lead/acid batteries”, “lithium-ion battery”, “state of charge”, and “distribution networks”); the effectiveness of governments’ promotion policies (“demand response”); and EVs’ absolute environmental performance. Some researchers clearly have doubts about the current energy source of EVs (“biofuel”, “wind power”).



As for HVs, their popular research topics are “electric propulsion”, “li-ion battery”, “lifepo4”, “fuel economy”, “lead-acid battery”, “energy management”, “plug-in hybrids”, “hybrid conductor”, “discharge”, “lipf6”, “fuzzy logic”, “lithium-ion polymer battery”, “ethanol”, and “pngv battery”. Similarly, we excluded the topic “hev” from the collected topics, which is an abbreviation for hybrid electric vehicle.



The above topics indicate that the research relating to HVs are centered on the battery development (“li-ion battery”, “lead-acid battery”, “lithium-ion polymer battery”, “lixfepo4”, and “lipf6”); and HVs’ running ability and alternative fuel (“energy management”, “discharge”, “hybrid conductor”, “fuel economy”, “ethanol”, and “electric propulsion”). Moreover, PHVs also attract much attention (“plug-in hybrids”, and “electric propulsion”).



One interesting feature of the HVs’ topic transition trend is that the time interval for the HVs’ topic occurrence is much earlier than for EVs (Figure 7 and Figure 8). This proves our previous statement that research on HVs has been declining over these years. However, this does not necessarily represent a negative phenomenon, especially when considering that HVs have been commercialized for over 20 years since 1997. Thus, their technology should be matured already.




3.6. Burst Keywords Analyzation


Figure 9 and Figure 10 presents the burst keywords from the research on HVs and EVs. The burst keywords will show if a specific keyword has been frequently cited in a specific time range, and will represent the historical transition of the research hotspots on HVs and EVs.



We found fifty keywords with the most robust citation bursts for research on EVs. In accordance with these keywords, we can conclude that the driving battery and motor have been the enduring research hotspots for EVs. Additionally, improving the performance and the durability of these components has also been a current research hotspot. This could because these components can decide an EVs’ performance. Moreover, with the popularization of EVs worldwide, research on EV charging facilities has also become a hotspot.



On the other hand, two toponyms “California” and “China” were detected as well. This means that these two places have a special meaning for the development of EVs. As mentioned previously, California is the first place that installed the “Zero-Emission Vehicle (ZEV)” regulation [16]. Affected by the “ZEV” regulation, General Motor began to lease the first mass-production EV in California in 1996 (the “EV1”) [47]. This is undoubtedly a milestone in the history of EVs. Meanwhile, China has attracted the world’s attention since the Chinese government began developing EVs in 2009, with China becoming the largest EV market in the world since 2015 [48,49].



Furthermore, 81 bursts of keywords were detected from the research related to HVs. Similarly, battery technology and drive systems are sustained research hotspots for HVs. Additionally, “plug-in hybrid” has been a recent research hotspot. This may suggest that traditional HVs’ environmental performance and fuel economy are becoming less satisfying and so researchers/governments are taking a more aggressive strategy to solve the problem by installing PHVs, if not EVs.





4. The Issue of Current NGV Research


As mentioned previously, HVs were launched into the market in 1997, and most advanced countries have been developing NGVs since the 1990s. Moreover, both developed countries and developing countries have been installing NGVs to solve environmental problems since 2009. This means NGVs have been sold for over ten years and will be disposed of in large quantities shortly. Since various NGVs have widely applied high-capacity driving batteries and motors, waste NGVs have a higher resource content than ordinary vehicles [50]. If the discussion on the proper treatment or efficient recycling of end-of-life NGVs is insufficient, a tremendous amount of resources may be wasted, and there could be severe environmental pollution problems in the end-of-life vehicle recycling industry. In other words, there is a necessity to develop new collection/recycling policies and technologies that are suitable for end-of-life NGVs.



Nevertheless, after investigating the main research category and hotspots of NGVs, keywords such as “end-of-life”, “collection”, “reuse”, “recycling”, and “proper treatment” were not found, indicating that they have apparently not been valued enough as research topics. Although after manual selection, we found some articles that revolved around the material flow, collection, recycling policy, and recycling technology for end-of-life NGVs or ordinary vehicles [51,52,53,54,55,56,57,58,59,60]. These articles are certainly in the minority in the research field of NGVs and should be emphasized more in the future.




5. Summary


In this research we carried out a comprehensive bibliometric analysis of the research on NGVs. Moreover, since we did not limit our research to a specific type of NGV, we managed to perform a horizontal contrast on the research related to multiple types of NGVs.



Based on our research, we identified the HVs and EVs are the most attractive research objects, and normally, countries with large vehicle makers and markets play the leading role in studying NGVs, but part of the developing world has also started to show their interest in developing NGVs. Additionally, we clarified that research categories related to engineering, such as “Engineering, Electrical, and Electronic”, “Energy & Fuels”, and “Transportation” are the most valued. The research on NGVs has focused on their technology innovation, and “driving batteries”, “motors” and “driving systems” have been the protracted research hotspots.



However, the research on NGVs is far from flawless since the proper treatment of end-of-life NGVs has not been valued enough. This kind of disadvantage should be improved since there will be a massive number of end-of-life NGVs generated worldwide shortly.



Moreover, it is plain to see that the transition of the research objects and categories of NGVs has been continuously affected by governmental policy and social events. Therefore, although from a bibliometric perspective this is already a mature academic area, in order to reveal the historical development of an academic area more comprehensively, future researchers are recommended to explain their research results from a social perspective as well.







Author Contributions


Conceptualization: J.Y.; S.W. Methodology: S.W.; J.Y. Formal analysis and investigation: S.W.; J.Y.; Writing—original draft preparation: S.W.; J.Y. Writing—review and editing: J.Y.; S.W. Funding acquisition: J.Y., Resource: S.W.; J.Y. Supervision: J.Y.; S.W. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by JSPS KAKENHI Grant Numbers JP19H01385 and JP19KK0272.




Data Availability Statement


Publicly available datasets were analyzed in this study. This data can be found here: https://apps.webofknowledge.com/.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



UNECE Climate Change and Sustainable Transport. Available online: http://www.unece.org/?id=9890 (accessed on 4 October 2019).

	



NIKKEI. The Consumption of Gasoline Will Keep Raising Even if EV Gets Popular (In Japanese). 2018. Available online: https://www.nikkei.com/article/DGXMZO37681060T11C18A1MM0000/ (accessed on 19 June 2019).

	



Next Generation Vehicle Promotion Center Story of Next-Generation Vehicle (Japanese). Available online: http://www.cev-pc.or.jp/kiso/history.html (accessed on 6 June 2020).

	



NIKKEI. Daihatsu, the Pioneer of Environmental Awareness (In Japanese). 2020. Available online: https://www.nikkei.com/article/DGXMZO59824040R00C20A6AA1P00/ (accessed on 9 July 2020).

	



Yu, J.; Wang, S.; Toshiki, K.; Serrona, K.R.B.; Fan, G.; Erdenedalai, B. Latest Trends and New Challenges in End-of-life Vehicle Recycling. In Issues in Environmental Science and Technology: Environmental Impacts of Road Vehicles; The Royal Society of Chemistry: London, UK, 2017; pp. 174–213. [Google Scholar] [CrossRef]

	



Next Generation Vehicle Promotion Center Next Generation Vehicle Stock Number (In Japanese). Available online: http://www.cev-pc.or.jp/tokei/hanbai.html (accessed on 6 June 2020).

	



Pritchard, A. Statistical Bibliography or Bibliometrics? J. Doc. 1969, 25, 348–349. [Google Scholar]

	



Web of Science. Available online: https://apps.webofknowledge.com/WOS_GeneralSearch_input.do?product=WOS&search_mode=GeneralSearch&SID=C1HEElWKrcKLeP8pvgC&preferencesSaved= (accessed on 20 May 2020).

	



Chen, C. CiteSpace II: Detecting and visualizing emerging trends and transient patterns in scientific literature. J. Am. Soc. Inf. Sci. Technol. 2006, 57, 359–377. [Google Scholar] [CrossRef]

	



Liu, H.; Zhao, S.; Xin, O. Analysis on the Evolution Path and Hotspot of Knowledge Innovation Study Based on Knowledge Map. Sustainability 2019, 11, 5528. [Google Scholar] [CrossRef]

	



Wei, J.; Liang, G.; Alex, J.; Zhang, T.; Ma, C. Research Progress of Energy Utilization of Agricultural Waste in China: Bibliometric Analysis by Citespace. Sustainability 2020, 12, 812. [Google Scholar] [CrossRef]

	



Liu, Z.; Yang, J.; Zhang, J.; Xiang, H.; Wei, H. A Bibliometric Analysis of Research on Acid Rain. Sustainability 2019, 11, 3077. [Google Scholar] [CrossRef]

	



Jia, Q.; Wei, L.; Li, X. Visualizing sustainability research in business and management (1990–2019) and emerging topics: A large-scale bibliometric analysis. Sustainability 2019, 11, 5596. [Google Scholar] [CrossRef]

	



Chen, C. Science Mapping: A Systematic Review of the Literature. J. Data Inf. Sci. 2017, 2, 1–40. [Google Scholar] [CrossRef]

	



Li, J.; Chen, C. CiteSpace: Text Mining and Visualization in Scientific Literature (Chinese), 1st ed.; Xue, X., Ed.; Capital University of Economics and Business Press: Beijing, China, 2016; ISBN 978-7-5638-2464-9. [Google Scholar]

	



Hyogo Mitsubishi Motor Sales Group. What is ZEV Regulation? The Day That Gasoline Vehicle Disappears (In Japanese). 2018. Available online: https://www.hyogo-mitsubishi.com/news/car20170728080000.html (accessed on 19 June 2019).

	



Globalnote Vehicle Import Value (Japanese). Available online: https://www.globalnote.jp/p-data-g/?dno=2330&post_no=3307 (accessed on 5 October 2020).

	



Gazoo Birth of Hybrid Vehicle (Japanese). Available online: https://gazoo.com/article/car_history/150116_1.html (accessed on 3 June 2019).

	



The International Council on Clean Transportation Overview of Global Zero-Emission Vehicle Mandate Programs. Available online: https://theicct.org/sites/default/files/publications/ZeroEmissionVehicleMandateBriefingv2.pdf (accessed on 3 June 2020).

	



Mazda Charme of Diesel Engine (Japanese). Available online: https://www.mazda.com/ja/innovation/technology/skyactiv/skyactiv-d-merit/?_ga=2.37187680.1958033286.1591436000-727661802.1591436000 (accessed on 6 June 2020).

	



NIKKEI. CDV Emission Cheating Scandal in Europe Is Continuing, the Netherlands Is Investigating FCA (Japanese). 2017. Available online: https://www.nikkei.com/article/DGXLASDZ11HQ9_R10C17A7TJ2000/ (accessed on 15 June 2019).

	



Japan Automobile Manufacturers Association Tax Incentive on Environmental Friendly Vehicle (Japanese). Available online: http://www.jama.or.jp/tax/tax_green/index.html (accessed on 6 June 2020).

	



CMC RESERCH. World Trends of ZEV and Supporting EV Battery Technology Part II 2018 (Japanese); CMC RESERCH LTD.: Tokyo, Japan, 2017; ISBN 978-4-904482-42-1. [Google Scholar]

	



CNKI Patent from Each Country (Hybrid Vehicle). 30 March 2020. Available online: https://kns.cnki.net/kns/brief/result.aspx?dbprefix=SOPD (accessed on 30 March 2020).

	



ACEA. Share of Diesel in New Passenger Cars. Available online: https://www.acea.be/statistics/article/Share-of-diesel-in-new-passenger-cars (accessed on 3 April 2020).

	



TOYOTA CASE (Japanese). Available online: https://global.toyota/jp/mobility/case/ (accessed on 1 May 2020).

	



Wang, C.S.; Covic, G.A.; Stielau, O.H. Power Transfer Capability and Bifurcation Phenomena of Loosely Coupled Inductive Power Transfer Systems. IEEE Trans. Ind. Electron. 2004, 51, 148–157. [Google Scholar] [CrossRef]

	



Wang, C.-S.; Stielau, O.H.; Covic, G. Design Considerations for a Contactless Electric Vehicle Battery Charger. IEEE Trans. Ind. Electron. 2005, 52, 1308–1314. [Google Scholar] [CrossRef]

	



Li, S.; Mi, C.C. Wireless power transfer for electric vehicle applications. IEEE J. Emerg. Sel. Top. Power Electron. 2015, 3, 4–17. [Google Scholar] [CrossRef]

	



Covic, G.A.; Boys, J.T. Modern trends in inductive power transfer for transportation applications. IEEE J. Emerg. Sel. Top. Power Electron. 2013, 1, 28–41. [Google Scholar] [CrossRef]

	



Covic, G.A.; Boys, J.T. Inductive power transfer. Proc. IEEE 2013, 101, 1276–1289. [Google Scholar] [CrossRef]

	



Budhia, M.; Covic, G.A.; Boys, J.T. Design and optimization of circular magnetic structures for lumped inductive power transfer systems. IEEE Trans. Power Electron. 2011, 26, 3096–3108. [Google Scholar] [CrossRef]

	



Lopes, J.A.P.; Soares, F.J.; Almeida, P.M.R. Integration of electric vehicles in the electric power system. Proc. IEEE 2011, 99, 168–183. [Google Scholar] [CrossRef]

	



Qian, K.; Zhou, C.; Allan, M.; Yuan, Y. Modeling of load demand due to EV battery charging in distribution systems. IEEE Trans. Power Syst. 2011, 26, 802–810. [Google Scholar] [CrossRef]

	



Gan, L.; Topcu, U.; Low, S.H. Optimal decentralized protocol for electric vehicle charging. IEEE Trans. Power Syst. 2013, 28, 940–951. [Google Scholar] [CrossRef]

	



Ribeiro, P.F.; Johnson, B.K.; Crow, M.L.; Arsoy, A.; Liu, Y. Energy Storage systems for Advances Power Applications. Proc. IEEE 2001, 89, 1744–1756. [Google Scholar] [CrossRef]

	



Clement-Nyns, K.; Haesen, E.; Driesen, J. The impact of Charging plug-in hybrid electric vehicles on a residential distribution grid. IEEE Trans. Power Syst. 2010, 25, 371–380. [Google Scholar] [CrossRef]

	



Yilmaz, M.; Krein, P.T. Review of Battery Charger Topologies, Charging Power Levels, and Infrastructure for Plug-In Electric and Hybrid Vehicles. IEEE Trans. Power Electron. 2013, 28, 2151–2169. [Google Scholar] [CrossRef]

	



Divya, K.C.; Østergaard, J. Battery energy storage technology for power systems-An overview. Electr. Power Syst. Res. 2009, 79, 511–520. [Google Scholar] [CrossRef]

	



Sortomme, E.; Hindi, M.M.; MacPherson, S.D.J.; Venkata, S.S. Coordinated charging of plug-in hybrid electric vehicles to minimize distribution system losses. IEEE Trans. Smart Grid 2011, 2, 186–193. [Google Scholar] [CrossRef]

	



Han, S.; Han, S.; Sezaki, K. Development of an optimal vehicle-to-grid aggregator for frequency regulation. IEEE Trans. Smart Grid 2010, 1, 65–72. [Google Scholar] [CrossRef]

	



Tolbert, L.M.; Peng, F.Z.; Habetler, T.G. Multilevel converters for large electric drives. IEEE Trans. Ind. Appl. 1999, 35, 36–44. [Google Scholar] [CrossRef]

	



Chau, K.T.; Chan, C.C.; Liu, C. Overview of Permanent-Magnet Brushless Drives for Electric and Hybrid Electric Vehicles. IEEE Trans. Ind. Electron. 2008, 55, 2246–2257. [Google Scholar] [CrossRef]

	



Emadi, A.; Lee, Y.J.; Rajashekara, K. Power Electronics and Motor Drives in Electric, Hybrid Electric, and Plug-In Hybrid Electric Vehicles. IEEE Trans. Ind. Electron. 2008, 55, 2237–2245. [Google Scholar] [CrossRef]

	



Lin, C.C.; Peng, H.; Grizzle, J.W.; Kang, J.M. Power management strategy for a parallel hybrid electric truck. IEEE Trans. Control. Syst. Technol. 2003, 11, 839–849. [Google Scholar] [CrossRef]

	



Chan, C.C. The state of the art of electric, hybrid, and fuel cell vehicles. Proc. IEEE 2007, 95, 704–718. [Google Scholar] [CrossRef]

	



EVsmart Blog GM Predict the End of Hybrid Vehicle and Will Launch 20 EV Modules (Japanese). Available online: https://blog.evsmart.net/ev-news/gm-terminates-hybrid-cars/ (accessed on 3 June 2020).

	



Next Generation Vehicle Promotion Center Investigation on the Recycling of Lithium-ion Battery in 2011 (Japanese). Available online: http://www.cev-pc.or.jp/chosa/pdf/2011_3_honpen.pdf (accessed on 7 June 2020).

	



International Energy Agency (IEA). Global EV Outlook 2019: Scaling-up the Transition to Electric Mobility. Available online: https://www.oecd.org/fr/publications/global-ev-outlook-2019-35fb60bd-en.htm (accessed on 6 September 2019).

	



Yano, J.; Muroi, T.; Sakai, S. Rare earth element recovery potentials from end-of-life hybrid electric vehicle components in 2010–2030. J. Mater. Cycles Waste Manag. 2016, 18, 655–664. [Google Scholar] [CrossRef]

	



Abe, A. Review of Statistics Related to End-of-Life Vehicles in Japan (Japanese); Bulletin Number: AN00243983; Bulletin of the Faculty of Education Yamaguchi University: Yamaguchi, Japan, 2014; Volume 63, pp. 1–9. [Google Scholar]

	



Wang, S.; Okubo, K.; Yu, J.; Jin, H. Estimation Model of End-of-Life Next-Generation Vehicle: Focusing on Hybrid Vehicle in Japan. In Proceedings of the 30th Annual Conference of Japan Society of Material Cycles and Waste Management, Sendai, Japan, 19–21 September 2019; pp. 543–544. [Google Scholar] [CrossRef]

	



Wang, S.; Yu, J.; Okubo, K. Scenario Analysis on the Generation of End-of-Life Hybrid Vehicle in Developing Countries—Focusing on the Exported Secondhand Hybrid Vehicle from Japan to Mongolia. Recycling 2019, 4, 41. [Google Scholar] [CrossRef]

	



Yu, J.; Wang, S.; Serrona, K.R.B. Comparative Analysis of ELV Recycling Policies in the European Union, Japan and China. Investig. Linguist. 2020. [Google Scholar] [CrossRef]

	



Wang, S.; Yu, J. Life-Cycle Assessment on Nickel-Metal Hydride Battery in Hybrid Vehicles: Comparison between Regenerated and New Battery. Investig. Linguist. 2019. [Google Scholar] [CrossRef]

	



Zhang, J.; Hu, J.; Zhang, W.; Chen, Y.; Wang, C. Efficient and economical recovery of lithium, cobalt, nickel, manganese from cathode scrap of spent lithium-ion batteries. J. Clean. Prod. 2018, 204, 437–446. [Google Scholar] [CrossRef]

	



Li, J.; Wang, Z.; Chen, Y. Method to Recycle Cobalt from Waste LiB (In Chinese). Available online: https://patentimages.storage.googleapis.com/9d/f1/91/c9303ca2a6855e/CN101318712A.pdf (accessed on 5 March 2020).

	



Ahmadi, L.; Young, S.B.; Fowler, M.; Fraser, R.A.; Achachlouei, M.A. A cascaded life cycle: Reuse of electric vehicle lithium-ion battery packs in energy storage systems. Int. J. Life Cycle Assess. 2017, 22, 111–124. [Google Scholar] [CrossRef]

	



Sato, F.E.K.; Nakata, T. Recoverability analysis of critical materials from electric vehicle lithium-ion batteries through a dynamic fleet-based approach for Japan. Sustainability 2020, 12, 147. [Google Scholar] [CrossRef]

	



Fuse, M.; Kashima, S. Estimation of Export Volume for End-of-Life Vehicles from Japan (In Japanese). J. Jpn. Soc. Waste Manag. Expert. 2007, 18, 305–313. [Google Scholar] [CrossRef]








[image: Recycling 06 00014 g001 550] 





Figure 1. Number transition of research studies on each type of NGV. 
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Figure 2. Vehicle import value of each country from 1995 to 2005 [17]. 
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Figure 3. Country distribution of NGV research. 
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Figure 4. Patents of HVs from each country and association. 
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Figure 5. Main research categories of HVs and PHVs. 






Figure 5. Main research categories of HVs and PHVs.



[image: Recycling 06 00014 g005]







[image: Recycling 06 00014 g006 550] 





Figure 6. Main research categories of EVs. 
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Figure 7. Popular topics of research on EVs. 
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Figure 8. Popular topics of research on HVs and PHVs. 
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Figure 9. Keywords burst for EV research. 
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Figure 10. Keyword burst of HV researches. 
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Table 1. Frequently cited research on EVs in Engineering, Electrical, and Electronics fields.
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	Ranking
	Number of Citations
	Year of Publication
	Reference Number





	1
	818
	2005
	[28]



	2
	639
	2011
	[33]



	3
	588
	2004
	[27]



	4
	587
	2015
	[29]



	5
	516
	2011
	[34]



	6
	512
	2001
	[36]



	7
	493
	2013
	[30]



	8
	457
	2011
	[32]



	9
	453
	2013
	[31]



	10
	429
	2013
	[35]
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Table 2. Frequently cited research on HVs and PHVs in Engineering, Electrical, and Electronics fields.






Table 2. Frequently cited research on HVs and PHVs in Engineering, Electrical, and Electronics fields.





	Ranking
	Number of Citations
	Year of Publication
	Reference Number





	1
	1315
	2010
	[37]



	2
	981
	2013
	[38]



	3
	847
	2007
	[46]



	4
	834
	2009
	[39]



	5
	758
	1999
	[42]



	6
	700
	2003
	[45]



	7
	682
	2008
	[43]



	8
	631
	2008
	[44]



	9
	565
	2011
	[40]



	10
	551
	2010
	[41]
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