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Abstract

:

The transportation sector has been reported as a key contributor to the emissions of greenhouse gases responsible for global warming. Hence, the need for the introduction of electric vehicles (EVs) into the transportation sector. However, the competitiveness of the EVs with the conventional internal combustion engine vehicles has been a bone of contention. Life cycle cost analysis (LCCA) is an important tool that can be employed to determine the competitiveness of a product in its early stage of production. This review examines different published articles on LCCA of EVs using Scopus and Web of Science databases. The time trend of the published articles from 2001 to 2019 was examined. Moreover, the LCC obtained from the different models of EVs were compared. There was a growing interest in research on the LCC of EVs as indicated by the upward increase in the number of published articles. A variation in the LCC of the different EVs studied was observed to depend on several factors. Based on the LCC, EVs were found not yet competitive with conventional internal combustion engine cars due to the high cost of batteries. However, advancement in technologies with incentives could bring down the cost of EV batteries to make it competitive in the future.
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1. Introduction


The transportation sector is one of the highest contributors to greenhouse gas emissions [1,2]. Studies have shown that about 28% of the total carbon dioxide emissions originated from the transportation sector [3]. The demand for internal combustion engine cars is on the increase, hence, will naturally translate to the emissions of more carbon dioxide in the future [4]. The quest to address the challenges of reducing carbon dioxide emissions from internal combustion engine vehicles has given rise to various alternative vehicles powered using low carbon fossil fuel such as compressed natural gas, liquid natural gas, and liquid petroleum gas [5,6]. Moreover, advances in biofuel production and utilization in the internal combustion engine vehicles are on point to help mitigate the amount of CO2 emission from the transportation sector [7,8]. Although, the life cycle assessment of the vehicles powered by these low carbon fuels revealed that the equivalent CO2 emission is comparatively lower compared to the internal combustion engine vehicles [9,10]. However, the challenges of CO2 emissions still persist even with the low-carbon fuel source vehicles [11,12]. In view of this, research efforts have geared towards zero emissions alternative vehicles such as battery electric vehicles, and hydrogen fuel cell vehicles [13]. As a result, as of global awareness on the reduction of greenhouse gas emission in transportation, the global demand for electric vehicles has been on the rise, as shown in Figure 1a. As of 2018, over two million electric cars have been sold globally compared to a few thousand that were sold in 2010 [14]. Specifically, the European Union has also experienced a high volume of EV inclusion in the transportation sector over the years, as shown in Figure 1b.



The increase in the demand for electric vehicles can be hinged on the various policies formulated to make it affordable to people. As shown in Figure 2, the various policies formulated with respect to the electric vehicle include regulation, incentive and target. The electric vehicle regulation covers zero-emission vehicles and fuel economy standards. In addition, fiscal incentives were also incorporated to encourage buyers. Besides policies related to the electric vehicles, these policies (regulation and incentives) were also formulated for the production of the chargers. The regulation policy covers the building of the charging station while fiscal incentives were also made available for the building. Some of these regulations are being championed by the European Union, Canada, China, India and the United States [14].



Electric vehicles that are powered by electricity are usually driven by electric motors coupled with rechargeable batteries [15]. There exist different types of electric vehicles depending on the power source [16]. The types of electric vehicles include battery electric vehicles which utilized electric motors powered by a rechargeable onboard battery, plug-in hybrid electric vehicles which can be simultaneously powered by an electric motor and internal combustion engine, hybrid electric vehicle which utilizes both an electric motor powered by a battery and internal combustion engine, and fuel cell electric vehicle that is driven by electricity generated by fuel cells that utilizes hydrogen and oxygen from the air [17]. The rising demand for electric vehicles is due to its several advantages over conventional vehicles. Studies have shown that electric vehicles are energy efficient in that about 60% of the electrical energy from the grid is converted to power at the wheels compared to about 20% of the energy stored in gasoline for powering at the wheel for internal combustion engine vehicles [18]. In addition, an electric vehicle has zero emission of carbon dioxide and other tailpipe pollutants as well as less maintenance, smooth operation and stronger acceleration compared to the internal combustion engine vehicles. A study of life cycle greenhouse gas emission reduction potentials of a battery in electric vehicles by Wu et al. [19] revealed that the total life cycle greenhouse gas reduction potential of the electric vehicle is dependent on an optimized electricity mix, advances in electricity generation technology and the increase in combined heat and power scale. Since there is an increasing awareness and demand for electric vehicles, it becomes necessary to determine the total cost associated with the entire life cycle of the electric vehicle which will help stakeholders and investors in the decision-making process. Moreover, life cycle costing will enable the holistic evaluation of all the costs associated with the whole life of the electric vehicle thereby helping to determine the detail costs incurred in the entire life cycle of the electric vehicles. The evaluation of total life cycle costs could also be employed as a crucial criterion in a comparative analysis between electric vehicles and the internal combustion engine vehicles.



Several review articles have been published on life cycle cost analysis. Islam et al. [20] presented a review on the life cycle cost analysis of the residential building. The authors critically discussed the tools, frameworks, and processes involved in the life cycle cost of different types of buildings and evaluate the variation in the life cycle costs of the various building. Babashamsi et al. [21] reported a review of the life cycle cost analysis of pavement. The review examines the different life cycle cost models that have been employed in the evaluation of pavement design, maintenance and rehabilitation. A recent review of the life cycle cost analysis of recycled solid waste materials in highway pavement was presented by Li et al. [22]. Based on the review analysis, the net present value was the most practical economic indicator employed in the life cycle cost analysis of the recycled solid waste materials in highway pavement. To the best of the authors’ knowledge, there is presently no literature on a systematic review of life cycle cost analysis of electric vehicles. The objective of this study is to systematically review various published articles on life cycle costanalysis of electric vehicles, with a view to determining the research trend over the years. The review will serve as a guide to stakeholders and investors in formulating decision-based criteria on electric vehicles. Moreover, the review will also help to highlight the grey research areas in the life cycle cost analysis of electric vehicles.





[image: Sustainability 12 02387 g001 550] 





Figure 1. (a) Annual global sales of electric vehicle (b) total number of battery electric vehicles (BEVs) in European Union [14,23]. 
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Figure 2. Various policies formulated for electric vehicles. 
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Overview of Different Life Cycle Cost Frameworksfor Electric Vehicles


Based on the framework developed by Diao et al. [24] and illustrated in Figure 3, the life cycle cost analysis of electric vehicles is primarily made of the tangible and the intangible cost. The tangible costs consist of the purchase cost, the retail cost, and the operating cost while the intangible costs could either be the costs due to purchase restrictions or costs of driving restriction. The purchase costs as intangible costs are those costs the manufacturers’ suggested retail cost, subsidies and purchase tax. While the operating costs are those costs associated with energy consumption by the electric vehicle, maintenance, use tax, and insurance. Contrary to the work of Diao et al. [24], Kara and Sadjiva [25] developed a framework for the total consumer life cycle cost of electric vehicles that took into consideration the acquisition phase, the operating phase, and disposal phase. The cost associated with the acquisition stage consists of the manufacturers’ suggested retail price for the vehicle and level 2 charger, Tax, and third-party insurance. While the cost associated with the electric vehicle operating stage includes the recharging electricity, maintenance, battery replacement, insurance and tire replacement. The cost of the disposal is associated with the scrap value of the electric vehicle, and battery recycling cost. Unlike, Diao et al. [24], Kara and Sadjiva [25] did not include the cost for subsidizing the electric vehicle, intangible cost of purchase restriction and intangible cost of driving restriction. Moreover, Lin et al. [26] formulated a framework on the life cycle cost of electric vehicles. The life cycle cost was made up of three components, namely the initial cost, ownership costs, and cost/income of recycling or scrapping. The initial cost component was further broken down to manufacturers, suggested retail values, purchase tax, registration fees, license fees, and government subsidies. The ownership cost consists of energy cost, inspection and maintenance cost, tax, insurance and fees, and other fees. It can be seen that the life cycle cost framework developed by Diao et al. [24] and Lim et al. [26] has similar contents.





2. Review Methodology


2.1. Review Approach


The guidelines proposed by Pullin and Stewart [27] for systematic literature review were adopted in this study. In accordance with the guidelines, the systematic review is divided into three stages, namely, planning of the review, conducting the review, and reporting and dissemination of the results. The planning stage involves question formulation and developing a review protocol. The steps for conducting the systematic review include searching for data, selection of relevant data, assessing the quality of the data, and data extraction/analysis. The final stage entails reporting and dissemination of the results. Some of the steps stated above were slightly modified to fit the purpose of the present study. The need for the present review arises from the quest to have a holistic view of recent trends in the life cycle cost analysis of electric vehicles in various countries across the world. The study will serve as a guide that will aid researchers and other stakeholders to form their opinions based on the trends in the life cycle cost analysis of electric vehicles. Due to the unavailability of specific databases on life cycle cost analysis, the protocol for the systematic review of the life cycle cost assessment of electric vehicles was not registered. The availability of such databases could have helped in minimizing the bias of related systematic reviews as well as provide the opportunity for the identification of areas of the systematic review that requires further assessment.




2.2. Review Planning


In this stage, the specific questions to be addressed in the course of the systematic review are presented. The formulation of the specific questions would help in obtaining the necessary search terms and aid in identifying relevant criteria [27]. Besides, the detailed protocol for the systematic review is also presented. The specific questions to be addressed in the systematic review are as presented below:



What is the trend in the scientific literature on life cycle cost analysis of electric vehicles?



How does the life cycle cost of EVs vary with the model?




2.3. Conducting the Review


Relevance databases such as Scopus and Web of Science were employed for searching the review articles related to life cycle cost assessment of electric vehicles. Prior to the article search in the databases, the inclusion criteria in the search were determined. In this study, the inclusion criteria consists of published articles on life cycle cost assessment of electric vehicles between 2001 and November 2019 published in English. Moreover, only published articles indexed in Scopus and Web of Science were considered. Conference papers, books, book chapters, case studies, reports, editorials and review articles were excluded from the search [28]. The search strings consist of the combination of the title which includes “life cycle cost of electric vehicles”; “life cycle cost analysis of electric vehicles”; “life cycle cost assessment of electric vehicles”; and “cost analysis of electric vehicles”. After each search, a double check by the authors was ensured to remove any irrelevant and duplicated articles from the search lists. After the search, the dataset for the relevant articles was extracted and sorted using Microsoft Excel spreadsheets. The retrieved published articles were sorted based on the country in which the life cycle cost assessment was conducted, and the life cycle cost assessment methodology.




2.4. Bibliometric Analysis


Bibliometric analysis was conducted on the retrieved literature from Scopus and Web of Science databases. The bibliometric analysis is an established technique that has been employed to evaluate the performance of research in the Universities. The impact of research in various fields, as well as the respective researchers, have been studied using the bibliometric method. Based on the bibliometric method, citation analysis of each of the journals that publish the articles related to the life cycle cost analysis of electric vehicles was presented in this study. The use of bibliometric analysis for reviewed literature on green supply chain management has been reported by Fahimnia et al. [29]. The authors reported that the use of bibliometric analysis provided a graphical illustration of the publication’s evolution in the field of green supply chain management over time and helps to identified potential areas of research for further study. Moreover, the bibliometric technique has been applied to analyze the literature trend on production planning and control [30], business economics [31], and outdoor air pollution and respiratory health [32].





3. Results and Discussion


The search protocol for the systematic review is depicted in Figure 4. The initial search of the Scopus and Web of Science databases using the search string “life cycle cost analysis of electric vehicles” yielded 482 documents. The 482 documents are mainly articles (260), conference papers (182), reviews (15) conference reviews (15), book chapters (8) and books (2) published from 1981 to 2020, in several subject areas such as Engineering, Material Science, Mathematics and so on. A further search was initiated limiting the inclusion criteria to only articles published from 2001 to 2020 with the subject area in Energy. Moreover, keywords such as electric vehicles, life cycle cost, operating cost, cost-benefit analysis, and total cost of ownership were used. After the inclusion criteria, the number of documents was reduced to 143. A quick screening of the documents based on the titles was performed on the 143 documents and subsequently reduced to 73. The 73 articles were further reviewed based on the abstracts to obtain the final 42 articles included in the study.



3.1. Time Trend of Publications


The number of publications by year on the life cycle of EVs is depicted in Figure 5. Prior to 2010, there was little research attention on the life cycle cost analysis of EVs. This could be attributed to less awareness regarding the role of EVs in decarbonizing the transportation sectors. A sharp increase was recorded in 2011 which subsequently declined in 2012. Since 2013, the number of publications on life cycle cost has been on the increase which implies an increase in research interest on the life cycle cost analysis of EVs. The trend also revealed that life cycle cost analysis is increasingly being appreciated in the EV research as a vital tool in decision making and management of the assets related to EVs [33]. The relatively low publications recorded in 2019 could be attributed to the delay in most of the articles submitted in Scopus and Web of Science indexed Journals. Life cycle cost analysis as a tool that can be employed to estimate the total costs of the EV at the early stage is useful in identification and selection of models for the cost analysis that were employed to evaluate their competitiveness with the conventional internal combustion engine vehicles.




3.2. Geographical Distribution of the Published Articles on LCC of EVs


Figure 6 depicts the geographical distribution of publications on life cycle cost analysis of EVs based on the authors’ affiliation. It can be seen that the research on life cycle cost analysis of EVs is dominated by the United States and China. Australia, Germany, South Korea, and Switzerland were fairly represented. Studies have shown that the United States and China have the largest EV markets. This could be a result of incorporating EVs as a means of decarbonizing the transportation sector as both the US and China have the highest CO2 emission in the world from the transportation sector. Hence, several policies have been initiated by both the Chinese and US government to support the production and utilization of EVs for transportation. In the US, several policies and legislations have been enacted to promote the EV market. Moreover, a series of programs have been undertaken to promote research and development in EVs and also to facilitate investments in EVs and EV infrastructure. One of such policies is the offering of financial incentives in forms of tax credits and tax exemptions as well as different forms of subsidies. In China, between 2014 and 2017, purchase tax was excerpted for purchasing EVs in order to encourage ownership. In addition to the purchase tax exemption, there were several subsidies which the regime put in place by the government to encourage ownership of EVs in China [18].




3.3. Journal Analysis


The number of journals in which the articles on life cycle cost analysis of EVs were published is represented in Figure 7 and Table 1. The publications on life cycle assessment of EVs are mostly published in the Journal of Applied Energy with H-index of 168. The H-index of the Applied Energy Journal is a measure of productivity and the citation impact. This implies that the Applied Energy Journal is a high impact journal indexed in both Scopus and Web of Science. Moreover, journals such as Energy, World Electric Vehicle Journal, Energies, Journal of Cleaner Production, Journal of Power Source, also have a fair share of publications on life cycle cost analysis on EVs. The high H-index of these journals is an indication of their citation impacts. Interestingly, most of the articles published in these journals have received a reasonable number of citations, as shown in Table 1.




3.4. Comparison of the LCC of the Different EV Model


The LCC of the different model of EVs obtained from literature are depicted in Figure 8. The LCC varies with the type of EVs. The variation in the LCC values is dependent on factors such as the type of the model used, the type of EVs, existing government policies and the prevailing economic factors in the countries where the study was performed. Diao et al. [24] reported the competitiveness of EVs in China based on the LCC analysis. The authors revealed that the competitiveness of EVs in China is dependent on factors such as government promotions and policies and the impact of non-economic incentive policies. Incentives such as exemption of the EVs from purchase restrictions and driving restrictions were operational in China under the study period. The LCC of the BALK EV 200 BEV and the BYD e6 BEV reported by Diao et al. [24] was modeled based on the intangible cost of purchase and driving restrictions in China. A higher LCC of US$ 2.63 million was obtained for the BYD e6 BEV brand compared to US$ 1.80 million obtained for the BALK EV 200 BEV brand. The authors concluded that the tangible costs of the EVs were not economically competitive with conventional vehicles. In a similar study, Hao et al. [42] investigated the LCC of three models of EVs based on the size of the batteries. The EV with the largest battery size was coded as EV 300 while the EV with the lowest battery was coded as EV 100. The results showed that the LCC varies depending on the size of the batteries with EV 300 having the highest LCC and EV100 having the lowest EV. The authors concluded that the EVs were not competitive enough in terms of cost in China under the study period. The LCC of the two models of EVs was lower compared to hydrogen EVs. Wong et al. [37] conducted an LCC analysis of different EV models in Singapore. As shown in Figure 9, the result revealed that the LCC is dependent on the types of EVs. The Mitsubishi brand of the EV was found to have the highest LCC cost compared to the other types of EVs. A low LCC was obtained for prototype EVs as reported by Hao et al. [42], Propfe et al. [35] and Kara et al. [25] which are competitive with the hybrid EVs reported by Wong et al. [37].



The LCC on the EVs in China reported by the various authors can be tied to the effect of the various government policies. Zhang et al. [49] identified several policies on electric vehicles in China that have promoted the increase in its demand. One of such policies is the national finance policy jointly issued by the Ministry of Finance, the Ministry of Science and Technology, and Ministry of Industry and Information Technology in 2013. Based on the policy, it was believed that the cost of EVs will drastically reduce through the commercialization process. In addition, the national infrastructure promotion policy for EVs was also operational to make charging poles more assessable to various EV consumers by promoting the construction planning, interface standardization and the charging pricing policies [49]. Based on the LCC of EVs conducted in Singapore, Wong et al. [37] established that the LCC of the EVs was yet to be competitive with the conventional internal combustion engine cars. The LCC of the EVs was divided into Societal and Consumer categories. The societal LCC, which is the totality of the cost of environmental externality and the economic impact, is lower than the consumer LCC which measures the economic impacts from the EV’s perspective [50]. The high cost of the EVs was attributed to the cost of the batteries which could be attributed to low patronage of EVs in Singapore, as EVs currently made up 0.2% of the total car population as of 2019. Hence, there is a need to promote policy to encourage participation in purchasing EVs and in investment in charging infrastructure to make it accessible. Comparing the LCC of EVs and internal combustion engine vehicles, Figure 10 shows that the LCC of the EVs reported by AECOM [51], Bakker [52], Crist [53], and Kara et al. [25] were higher than that of the corresponding internal combustion engine vehicles. Although, the LCC for EVs reported by EPRI [54] was lower than the internal combustion engine vehicle which was attributed to the model assumptions that supported EVs. Due to variation in the assumptions, methodologies and peculiarities of each country in terms of existing policies and legislations, it might be difficult to make a holistic comparison between the LCC of EVs and internal combustions engine vehicles. However, the speedy implementation of necessary policies on EVs could bring about a significant reduction in the cost of batteries, which, in turn, yield a gradual reduction in the LCC of BEVs. The details of policies and legislations on EVs by different countries is summarized in Table 2 and explained in Section 4.




3.5. Bibliometric Analysis Using VOSviewer


The bibliometric analysis based on the thematic cluster map of the keywords extracted from the contents of the published articles on life cycle cost analysis of EVs is represented by the VOSviewer visualization map in Figure 11 The visualization map was created using the title and the abstracts of the 42 published articles obtained from Scopus and Web of Science databases which were subsequently analyzed as reported by Bascur et al. [55]. The VOSviewer map visualization helps to identify different key terms that were covered in the 42 published articles analyzed in this study. The most related terms in the selected published articles were analyzed using an algorithm and presented in clusters of circles. The size of the circle in each cluster depicts the numbers of articles captured by the terms. The relationship between each term in the cluster is measured by the distance between the terms. The shorter the distance, the more the terms are related. In the cluster depicted with orange color, terms such as cost analysis, life cycle costs, cost-benefit analysis, electric vehicles, charging batteries, cost-effectiveness and cost analysis are interrelated as indicated by the short distance between them. These terms are commonly found in articles on life cycle cost analysis of EVs. However, terms such as cycle life lithium, lead-acid batteries, energy consumption, and charging station are farther from the orange cluster which implies that the terms are rarely used for the life cycle cost analysis of EVs.





4. Implications of the Study in Terms of Existing Policies and Legislations


Research interest on EVs has been on the increase since the early 1990s, which was propelled by the quest to finding a lasting solution to the rising greenhouse emissions from the transportation sector. According to [56], a series of investments has been made on research and development of EVs to make it competitive with the conventional internal combustion engine vehicles. Countries such as China, the United States, Japan, Germany and the United Kingdom have been spearheading developmental projects on EVs. The US has mapped out plans to reach a target of 14 million EVs in 2020 and 240 million EVs in 2010. Moreover, countries such as Japan, Germany, the UK and China have also set an ambitious target of attaining the target of 13.5 million, 1 million, 12 million and 20 million EVs, respectively. Based on the current research trend on LCC analysis on EVs in different countries, EVs are yet to be cost-effective and competitive with the existing conventional internal combustion engines primarily due to the high cost associated with the manufacturing of the batteries. Although there were variation in terms of assumptions, methodologies employed for the LCC, and policies and legislations regarding EVs, efforts are being made to ensure that the cost of ownership of EVs is competitive with conventional vehicles. Recently, General Electrics and LG announced their intention to spend $2.3 billion on ventures to produce EV batteries. The management of the companies stated that the take-off of the production in mid-2020 will help to scale up production and drastically facilitate the profitability and affordability of EVs [57]. Additionally, due to the non-affordability of the EVs, a series of policies and legislation have been enacted in several countries, most especially countries like the US, Canada, Spain, the Netherlands, Italy, Turkey, Switzerland, Denmark, France, Germany and so. Table 2 shows a summary of the policies and legislatures of selected countries. Nevertheless, more commitments are still needed to strengthen the existing policies and legislations on EVs’ affordability.




5. Conclusions and Future Outlook


This study presents the systematic analysis of published articles on the LCC of EVs. The published literature was sourced from Scopus and Web of Science databases, analyzed and sorted based on set criteria such as the year of publication, the journals, the geographical distributions, and the LCC analysis of the different models of the EV. The time trends of the publications on the LCC of EVs show that the research area is evolving with an annual increase in a number of publications. The geographical distributions of the publications are indications that research on the LCC analysis of EVs is gaining global acceptance, as a result, growing interesting in finding means of making EVs affordable to be owned. The variability in the LCC of the EVs with the models is dependent on the different policies and legislation put in place by the government of different countries. Based on this review, it can be inferred that EVs are presently not cost-competitive with internal combustion engine vehicles. Although, there were some degrees of inconsistency in the assumptions made for the LCC and the methodologies used, research effort should be focused on a basic standard that could be employed for estimating the LCC across different scenarios. This study revealed that cost of ownership of a compact passenger EV was higher than an equivalent internal combustion engine vehicle. However, with a series of efforts and commitments in place to improve the technology most especially batteries improvement, the EVs have been forecasted to be cost-competitive and affordable in the future.
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Figure 3. Components of life cycle cost analysis of electric vehicles [24]. 
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Figure 4. The search protocols for the systematic review. 
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Figure 5. Time trend of publications on LCC (life cycle cost) of EVs (electric vehicles). 
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Figure 6. Geographical distribution of the published articles on LCC of EVs. 
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Figure 7. Publication frequencies of LCC of EVs in different journals. 
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Figure 8. Comparison of the LCC of different EV models obtained from literature. (Note: LCC obtained from some of the studies were converted from the local currency to US dollars based on the conversion rate of the year the study was published). 
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Figure 9. The comparison of life cycle costs of different EVs with conventional vehicles (adapted from Wong et al. [37]) (Note: LCC obtained from Wong et al. [37] was converted from the local currency to US dollars based on the conversion rate of the year the study was published). 
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Figure 10. The comparison of life cycle cost analysis of EVs and internal combustion engine vehicles (ICEV) based on the studies performed in Australia (adapted from [25]). 
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Figure 11. VOSviewer bibliometrics analysis of the published articles on LCC of EVs. 
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Table 1. Journal analysis of selected studies on LCC of EVs.
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	Article
	Journal
	Citation
	H Index (SJR)
	Reference





	Influence of driving patterns on life cycle cost and emissions of hybrid and plug-in electric vehicle powertrains
	Energy Policy
	166
	178
	[34]



	Cost analysis of plug-in hybrid electric vehicles including maintenance and repair costs and resale values
	World Electric Vehicle Journal
	93
	13
	[35]



	Electric vehicles in Portugal: An integrated energy, greenhouse gas and cost life cycle analysis
	IEEE
	22
	250
	[36]



	Life cycle private costs of hybrid electric vehicles in the current Chinese market
	Energy Policy
	52
	178
	[26]



	Life cycle private cost-based competitiveness analysis of electric vehicles in China considering the intangible cost of traffic policies
	Applied Energy
	31
	162
	[24]



	Life cycle cost analysis of different vehicle technologies in Singapore
	World Electric Vehicle Journal
	14
	13
	[37]



	Energy consumption and cost-benefit analysis of hybrid and electric city buses
	Transportation Research Part C: Emerging Technologies
	197
	100
	[38]



	Does a battery-electric truck make a difference?—Life cycle emissions, costs, and externality analysis of alternative fuel-powered Class 8 heavy-duty trucks in the United States
	Journal of Cleaner Production
	54
	150
	[39]



	The economic competitiveness and emissions of battery electric vehicles in China
	Applied Energy
	46
	162
	[40]



	Electric vehicle cost, emissions, and water footprint in the United States: development of a regional optimization model
	Energy Policy
	68
	178
	[41]



	Electric vehicles for greenhouse gas reduction in China: A cost-effectiveness analysis
	Transportation Research Part D: Emerging Technologies
	34
	100
	[42]



	Life cycle environmental and economic impact assessment of alternative transport fuels and power-train technologies
	Energy
	28
	158
	[10]



	A cost–benefit analysis of electric loaders to reduce diesel emissions in underground hard rock mines
	IEEE
	23
	250
	[43]



	The development pattern design of Chinese electric vehicles based on the analysis of the critical price of the life cycle cost
	Energy Policy
	6
	178
	[44]



	A cost-benefit analysis of V2G electric vehicles supporting peak shaving in Shanghai
	Electric Power System Research
	
	104
	[45]



	Life Cycle Cost Analysis of Electrical Vehicles in Australia
	Procedia CIRP
	12
	41
	[25]



	An optimal electric vehicle investment model for consumers using total cost of ownership: A real option approach
	Applied Energy
	
	162
	[46]



	Total cost of ownership and externalities of conventional, hybrid and electric vehicles
	Transportation Research Procedia
	19
	17
	[47]



	Total cost of ownership and market share for hybrid and electric vehicles in the UK, US and Japan
	Applied Energy
	90
	162
	[48]
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Table 2. Summary of policies and legislations by different countries [58].






Table 2. Summary of policies and legislations by different countries [58].





	
Country

	
Policies and Legislations

	
Year






	
Canada

	
Stringent laws on GHG emissions to encourage EVs

	
2010




	
Incentive programs inform of tax rebates and or credit by the provincial government

	
2011




	
United States

	
American Recovery and Reinvestment Acts established tax credits for purchasing EVs and conversion kits to retrofit conventionally powered vehicles with EVs capability

	
2009




	
New Corporate Average Fuel Economy (CAFÉ) standards to encourage the expanded market entry of electric drive technologies

	
2012




	
Spain

	
Spanish National Policy Framework (MAN)-Framework to develop the EV market.

	
2014




	
Royal Decree 1053/2014: To support the deployment of recharging infrastructure of EVs.

	
2014




	
Strategic plan (2014–2020) to promote alternative energy vehicles was launched.

	
2015




	
Incentives for vehicle acquisitions (PLAN MOVEA): This is a new incentive plan for alternative vehicle acquisition.

	
2017




	
The Netherlands

	
Special Tax rule: Exemption of EVs from yearly road tax.

	
2006




	
National Action Plan for Electric Driving: This plan was to make the Netherlands an international laboratory for electric driving (2009–2011).

	
2009




	
Italy

	
Directive Alternative Fuel Initiative.

	
2014




	
Law on the incentive to purchase EVs.

	
2015




	
Super amortization law.

	
2017




	
Switzerland

	
Bill to limit CO2 emission to 130 g/km: This is to encourage EVs.

	
2015




	
Believed that the introduction of EVs should be driven by market forces.




	
Turkey

	
Vehicle Taxation Measures.

	




	
Special consumption tax.

	
2016




	
An annual vehicle tax.

	
2016




	
Denmark

	
Danish EV promotion program: allocated 30 million DKK to promote demonstration programs for battery EVs.

	
2008




	
Establishment of the Center for Green Transport to create a framework for sustainable transport.

	
2009




	
Edison project for EVs and PHEVs.

	




	
Exemptions of battery EVs from registration tax and annual tax.

	
2009




	
France

	
Tax incentives.

	
2008




	
Charging infrastructure working group.

	
2010




	
Germany

	
EV-related taxes.

	
2012




	
Portugal

	
Framework for electric mobility.

	
2010

2011




	
Incentives targeting EVs.




	
EV exemptions from vehicle acquisition tax.




	
Consumer incentives for EVs.




	
Compulsory installation of electric mobility charging infrastructure in parking areas of new buildings.




	
Special EVs access to the priority lane,




	
Preferential parking area for EVs in urban centers.




	
Finland

	
Vehicle taxations.

	
2008




	
Full exemptions of purchase tax and annual tax for EVs.




	
Belgium

	
Registration tax benefits, ownership tax benefits, company tax benefits purchase subsidies and other financial benefits.

	












© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).






media/file13.jpg
Transportation Research Part
SAE International Journal Of Engines.
Journal Of Industrial Ecology

International Journal On Interactive

International Journal Of Electrical

let Power Electronics

IEEE Transactions On Vehicular...

IEEE Transactions O Industry...

Environmental Science And Pollution.

Chemical Engineering Transactions

IEEE Transactions On Transportation...

Journal Of Cleaner Production
World Electric Vehicle Journal

Applied Energy

o

]
Number of articles

10





media/file4.png
!

I

‘ Targets (Vehicle)

I Regulations (Vehicle) I Incentive (Vehicle)

Zero emission vdncle Fiscal Incentive
mandate

Fuel economy standard

_—
N S






media/file18.png
Life cycle cost (USS)

350,000

300,000 m Societal m Consumer
250,000
200,000
150,000
100,000
50,000

2\ N N
(JOK é\Q 6\(9 (I,b& | \(9 R \(9
N Q Q K 3 |
S <3 S §°
& & &
&





media/file21.jpg
erargngaton

feasonpozlom»

[r—
Aml:nmx

g — cmite

energycomsumption’.

i)

x o degratlation

{ ey

ity

£

Avosviewer [T —





media/file3.jpg
| IMEN

| 1m<~a-de;

| mm-nm






media/file22.png
chargingstation

relectric poweﬂa_nsmission ne

- 4

// P
[ 4

s*s
= 7f lithium-igla batteries

|lead acidgpatteries

m ‘tteries)' o .
,,f Eti\ v

<| ;_‘;',.1 t X 2 N W
% \‘. . & | ésk‘r % .%
: : cycl@lives

J'U.’,m cyclelife

alternative fuel vehicles electric vehicle (ev)

. ec ic ant c?ateffects

‘ degraglation
g \
environmental econom 5 economic analysi’
' - inve&wn‘ts
analysi , _ battery
) N
A\ BN
eco%mics eledicity
cost
hybrid ele"ic vehicle

'5 VOSviewer





media/file19.jpg
m

Total LCC AS/kn

°

06
0s
04
03
02
01

2%

1 —

Nissan Leaf EV

AECOM
(2009)

Bakker
(2010)

o o)

Y -
v g
Nissan Leaf EV gy

o —

Nissan Leaf £V
IV —

Crist (2012) o (015 B

(2017)





media/file7.jpg
Initial Search of the

Searching using inclusion
critera (n = 143)

Year 20012019)
Subject area (Energy)
Document type (Articles)
Publication state (Final and Article in
Press)

Souce Title (Al related Jourmals)
Keywords (Electric vehicles, ~life
cycle cost, operating cost, cost-
benefit analysis, Total cost of
ownership)

Language (English)

Screening of the articles

@=72)

Review of the abstracts.

(@=42)

Final documents included in
the review (n=42)






media/file10.png
4
i

AN O 0 O < N O
— <«

S9|2I1Y JO JaquINN

Years of Publication





media/file14.png
Transportation Research Part C...

SAE International Journal Of Engines

Journal Of Industrial Ecology

International Journal On Interactive...

International Journal Of Electrical...

let Power Electronics

IEEE Transactions On Vehicular...
IEEE Transactions On Industry...

Environmental Science And Pollution...

Chemical Engineering Transactions

IEEE Transactions On Transportation...

Journal Of Cleaner Production
World Electric Vehicle Journal

Applied Energy

o

5
Number of articles

10





media/file11.jpg
ureds
ai0desurs
eiqeay pnes
puelog
o0i0n
erskeren
ueder

uen

epuy

oy uoH
ouesy
k83
yewuaq
uemey

Hew
pueju:
puepozyms
eai0y yinos
Auewsan
ejensny
wop8up payun
eunp

saieis payun

sasgpene

APy Jo Jaquiny

Countries





media/file6.png





media/file15.jpg
Lec(s)

£V 300-Hao etal, (2017)
EV200-Hao etal (2017)
EV100-Hao et al (2017)

GM-Springo EV-Hao et al. 2017)

BE 400 Wh-Heay truck Zhao et al. (2015)

BE 270kWh.Sen et a. (2017)

BAK EV 200 BEV-Diso et al. (2016)

BYD e6 BEV-Diao et al. 2016)

Kluger HEV-Lin et al, 2013)

E-propfe etal. (2012)

Toyota Camry Hybrid
Nitsubish -MIEV (GVR) Wong et a. (2010)
MitsubishiMIEV-Won et al. (2010}

B level BV of some company-Fang (2015)

elctric bus SOR-NS-12.electric-Potkiny et al. (201)
2011 Nissan leafKara et a. (2017)

— 1,95203
— 157,255

— 1,169,039

1 43,000

— 1,100,000

— 100,000

— 1,504,515
— 37,555

e ——————————. 5,150
Ve

m 10283

- 18699

B 114000

— 1,655,116

— 09,197

' 34068





nav.xhtml


  sustainability-12-02387


  
    		
      sustainability-12-02387
    


  




  





media/file16.png
LCC ($)

EV 300-Hao et al. (2017) I 1,994,243
EV 200-Hao et al. (2017) NN 1,547,258
EV 100-Hao et al. (2017) N 1,169,039
GM-Springo EV-Hao et al. (2017) | 43,000
BE 400 kWh-Heay truck-Zhao et al. (2015) IS 1,100,000
BE 270kWh-Sen et al. (2017) IS 1,100,000
BAIK EV 200 BEV-Diao et al. (2016) IS 1,304,946
BYD e6 BEV-Diao et al. (2016) IS 2,637,998
Kluger HEV-Lin et al. (2013) |4 356 450
BEV-Propfe et al. (2012) | 41,322
Toyota Camry Hybrid... M 142,834
Mitsubishi i-MIEV (GVR)-Wong et al. (2010) B 186,996
Mitsubishi i-MIiEV-Wong et al. (2010) W 114,001
B level BEVs of some company-Fang (2015) IS 1,665,116
electric bus SOR-NS-12-electric-Potkany et al. (2018) N 609,197
2011 Nissan leaf-Kara et al. (2017) | 34,068





media/file2.png
Annual global electric vehicle sales

700,000
600,000
500,000
400,000
300,000
200,000

100,000

2,500,000 (a)
2,000,000

1,500,000

1,000,000
500,000 ' |

2010 2011 2012 2013 2014 2015 2016 2017 2018

(b)

2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019





media/file20.png
B oo
, AJ Jeo7 UesSIN
8l o
l A3 Jea7 uessiIN
&
I o)

]
"4
"
l AJ leaTuessiN o

| AIDI >

@)

@)

p— A3 i

n N O
M%%M0.0.0
wy/§V DO 118101

Crist (2012) EPRI (2012)
Kara et al.

(2010)

(2017)





media/file5.jpg





media/file1.jpg
Annual global electric vehicle sales

700,000
600,000
500,000
400,000
300,000
200,000
100,000

2,500,000 @
2,000,000

1,500,000

1,000000
| '

2010 2011 2012 2013 2014 2015 2016 2017 2018

®)

2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019





media/file12.png
d
B
:

uledsg
2J0dedulg
elqely 1pnes
pue|od
022040\
eisAe|e|n
uedef

ued|

eipuj

duo) uoH
Qoue.
1dA33
yJewua
uemie |

Ajey

puejul
PUBIDZIMS
e940) Yinos
Auewuan
eljeJisny
wop3uly pauun
eutyo

S91e1S payiun

NLOTANOVOTANO
o v v v |

S9|2IMY JO JAqWINN

Countries





media/file9.jpg
<
3

NQ®©©O YN
S 2

S3PIMY 4O JaqUINN

Years of Publication





media/file0.png





media/file8.png
Year (2001-2019)

Subject area (Energy)

Document type (Articles)

Publication state (Final and Aticle i
Initial Search of the P:'Jess;a e
Database (n = 432) Source Title (All related Joumals)

Keywords (Electric vehicles, life

cycle cost, operating cost, cost-

Searching using inclusion 5| benefit analysis, Total cost of
crtena (n = 143) ownership)

Language (English)

A 4

Screening of the articles

(n="72)

Y

Review of the abstracts
(n=42)

_| Final documents included in
the review (n = 42)






media/file17.jpg
Life cycle cost (US$)

350,000
300,000
250,000
200,000
150,000
100000

50,000

Societal = Consumer

G\%\





