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Abstract

:

With the burgeoning transition toward electrified automobile fleets, electric-vehicle batteries (EVBs) have become one of the critical aspects to be considered to avoid resources issues while achieving necessary climate goals. This paper compiles and syntheses reported barriers, enablers, involved stakeholders, and business models of Circular Economy (CE) implementation of the EVBs based on a systematic literature review (SLR). Findings indicate that inefficient and inadequate government policy, lack of safety standards, and high recycling costs are the three most reported barriers. The barriers have interconnections with each other, implying the necessity for simultaneous strategies. Based on the barriers-enablers analysis, the key strategies establishing the CE for the EVBs are innovative business models, economic incentives, EVB standards, legal environmental responsibilities, and certification, whereas the optimized supply-chain operations can be realized through eco-design of the EVBs, battery modularization, proper technology for checking, diagnosing, tracking, information sharing, extensive collaboration, alignment of supply-chain stakeholders, innovative business model, and certification. A conceptual framework presenting the required strategies for both establishing the CE and optimizing the circular supply chain system of the EVBs was then proposed. Potential future research directions are also discussed.
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1. Introduction


The transportation sector, considered the main contributor to global emissions, has accounted for about 23% of global greenhouse gas (GHG) emission, 70% of which has been attributable to road transport [1]. Because climate change has become a global challenge, many countries have committed to reducing the impact by implementing low-emission vehicles. Electric vehicles (EVs) appear to be the preferred option to replace internal combustion engine vehicles (ICEVs). Due to the commitments to reduce or phase out the ICEVs, the EVs are expected to reach 130 million by 2030 [2].



The rising EV demands, however, lead to new challenges. Although the EVs have a lower environmental impact in the operation/use phase, the production phase of the EVs has contributed to a higher environmental impact than that of the ICEVs [3]. Electric-vehicle batteries (EVBs) have become critical aspects of being considered due to their contents of residual power and rare materials such as lithium, cobalt, and nickel, which are worth recovering to meet future demand for these resources. Current linear economic practices of the take–make–consume–dispose approach undermine the goal of reducing climate change impact. To ensure sustainability and avoid burden-shifting, it is necessary to integrate a life-cycle perspective in end-of-life (EoL) management to facilitate effective material recovery. Therefore, it is necessary to adopt Circular Economy (CE), which closes the supply-chain loop through reusing, repurposing, or recycling to reduce the need for virgin materials. Despite its necessity to facilitate material recovery and waste reduction, the implementation of CE is not without challenges.



It is believed that the transition of the EVBs toward CE is unlikely to shape itself due to immaturity (early phase of development) and complexity [4]. The transition of the EVBs toward CE requires a comprehensive understanding of influential factors, involved stakeholders, and appropriate strategies/interventions to facilitate the long-term benefits of the CE. However, the existing literature on CE for the EVBs is still scattered. For instance, many studies such as Wang et al. [5] have focused on the recycling technology of the EVBs, while other studies such as Werner et al. [6] analyzed the recycling supply chain, and those such as Chirumalla et al. [7] explored actors/stakeholders in the circular business of the EVBs. Because transition toward CE requires a systemic change, a more profound and holistic understanding of socio-technical aspects of CE is required. The present study analyzes the CE implementation for the EVBs on the system level, addressing technical, financial, legal, organization, and social aspects. The paper compiles the reported influential factors and the requirements for implementing CE of the EVBs using a systematic literature review (SLR). A conceptual framework presenting strategies for establishing and functioning toward CE for the EVBs is proposed. Therefore, in supporting the framework development of the CE implementation for the EVBs, the present study addresses the following research questions:




	RQ1.

	
What are the barriers and enablers to CE implementation for the EVBs?




	RQ2.

	
What are the potential strategies to support successful CE implementation for the EVBs?









Few studies, such as Azadnia et al. [8], have analyzed the barriers to the CE implementation for the EVBs. The present study complements those studies by analyzing the connections between barriers and enablers and, subsequently, proposing the framework which systematically identifies the required strategies to support the sustainable operations of CE for the EVBs. The study adds value to the existing works in two ways. First, the present study reports on barriers and enablers concerning technical, organizational, financial, legal, and social aspects underlying the CE implementation for the EVBs from the literature, thus providing a clear and common understanding of the most important factors in CE application for the EVBs. Second, the present study proposes a conceptual framework of strategies favoring CE implementation for the EVBs, which is expected to be helpful as a starting point to design and realize CE for the EVBs.



The structure of the paper is presented as follows. The following section presents the theoretical foundation of the CE, circular supply chain (CSC), and EVBs. Section 3 describes the methods used to carry out this study, i.e., a systematic literature review (SLR) with PRISMA guidelines and bibliometric analysis. Section 4 presents the profile and content analysis addressing the barriers, enablers, involved stakeholders, and business models. Section 5 presents the synthesis of the findings, the proposed framework, limitations, and future research, which is then concluded in Section 6.




2. Theoretical Foundations


2.1. Circular Economy (CE) and Circular Supply Chain (CSC)


The paradigm of Circular Economy (CE) lies in the basic principles of resources and energy circularity, seeking to continually sustain the material and energy circulation in a closed-loop system, thus reducing the need for new raw materials. Stahel [9] stated that the CE turns products that have reached the end of their useful life into raw materials for others. Furthermore, the CE principles have provided a framework for business operations to engage with sustainability through reducing, reusing, and recycling activities [10].



Within supply-chain management, several concepts such as reverse supply chain, closed-loop supply chain, green supply chain, sustainable supply chain, and, the most recent term, circular supply chain, have emerged. Opposing the traditional supply chain, the reverse supply chain regards the product movement from customers back to retailers/manufacturers/suppliers. The reverse supply chain can be a closed loop in which products are taken back from customers and returned to the original retailers/manufacturer/vendors to recover added value by reusing all or part of them. In contrast, the open-loop reverse supply chain involves material recovery by parties other than original retailers/manufacturers/vendors [11]. Closed-loop supply chain and green supply chain have been used interchangeably. However, the definition of green supply-chain management (GSCM) and sustainable supply-chain management (SSCM) show substantial overlap. GSCM does not explicitly address social issues, whereas SSCM integrates three sustainability dimensions, i.e., economic, social, and environmental [12].



Circular supply chain management (CSCM) deals with integrating circular thinking into the supply-chain system and its surrounding industrial and natural ecosystems [13]. CSCM substantially complements GSCM and SSCM so that the CSCM systematically restores assets in the industrial and natural system through recycling, retaining, reusing, repairing, remanufacturing, refurbishing, and recovering. The CSCM moves toward zero waste by recovering value from waste flow back into the industrial system within similar or distinctive sectors. For instance, recycled textile materials are used as raw materials for insulation products [14], and waste cooking oil is converted to produce biodiesel [11]. In addition, food waste is reduced at its source, and the finished product can be composted to be used as a fertilizer in agriculture and horticulture or anaerobically digested to produce methane. The integration of industrial systems and natural ecosystems is the specific feature of CSCM compared with the above-mentioned concepts.



Consequently, the circular supply chain (CSC) helps to prevent the shortage of rare materials, cut production costs by reducing the dependency on raw materials, reduce human health and environmental damage, create job opportunities, and achieve a green image and customer trust. Figure 1 illustrates the framework of the CSC, in which the most cost-effective strategy is the reuse of products, followed by refurbishing, remanufacturing, and recycling.



It is not straightforward to integrate EoL items into a closed-loop system. A comprehensive understanding of technical aspects (i.e., multiple recovery options, and collection network), financial, environmental, social, and organization is required. The involvement of all stakeholders, an innovative business model, and appropriate regulations/enforcement are also required to facilitate CE implementation [15].




2.2. Electric-Vehicle Batteries (EVBs)


The EVBs are the source of power for the EVs. Among other EV components, battery production is responsible for a significant share of environmental and economic impacts of the overall EVs [16]. Different types of EVBs, such as lead-acid, Lithium-ion (Li-ion), Lithium-Sulphur (Li-S), and Nickel Metal Hydride (Ni-MH), with different prices, capacity, safety, durability, and weight are available. Among the EVBs, Lithium-ion batteries (LiBs) appear to be dominating, particularly in the automotive industry, because the LiBs have higher energy density than other batteries. The energy density of LiB is 150 Wh/kg, compared with that of lead-acid batteries of 40–60 Wh/kg and Ni-MH batteries of 40–110 Wh/kg [17]. Moreover, LiBs have a longer service life, more compact design, lower weight, better resistance to self-discharge and high temperature, greater voltage output, and lower environmental risk [18]. LiBs are also flexible and appropriate for different EV types [19].



The EVBs consist of rare and hazardous materials, and some components are considered strategic due to high supply risks, such as lithium, cobalt, nickel, and graphite. Given that LiBs are the source of critical metals, the implementation of CE towards the EVBs is needed to deal with the concern of supply shortcomings and, at the same time, reduce the negative environmental impacts. Kotak et al. [20] have demonstrated that LiB reuse seems more promising than recycling, considering the limited existing recycling technology. Vu et al. [21] have further suggested that the used EVBs can be remanufactured to the original purpose, depending on the battery’s health. Alternatively, they can be reused for the energy storage system or repurposed into 20-kWh battery packs. Similarly, Moore et al. [22] suggested other potential second-life applications for EVBs, including backup power, peak shaving, grid services, powering forklifts and electric boats, and other smaller applications, such as bicycles and scooters or robots. Figure 2 describes the waste hierarchy of the EVBs.



Technologies for recycling LiBs such as mechanical-hydrometallurgical, pyrometallurgical, and pyrolysis are available [24,25]. Hydrometallurgy technology recovers 90% of the materials with 98% purity. The most commercial battery recycling technology is the pyrometallurgical process. Before recycling, pre-processes, such as preparation, including collecting, inspection, selection/separation, and sorting, are required [21]. The preparation processes are then followed by pretreatment (dismantling and de-pollution), processing (liberation and separation), and metallurgy processes (extraction and recovery) [6]. Challenges, however, exist during the recycling process, such as safety, particularly during dismantling [18,26], lack of standardization, and lack of recycling protocol [27].





3. Methodology


3.1. Systematic Literature Review (SLR)


A systematic literature review (SLR) was conducted to enable a reliable assessment to examine the barriers, enablers, involved stakeholders, business models toward CE implementation for the EVBs, including their relationships, to develop a systematic framework of the required strategies toward CE, and to identify potential future research. Following the procedure of PRISMA (Preferred Reporting Items for Systemic Reviews and Meta-Analysis (PRISMA) [28]. Figure 3 presents the processes for the SLR in the present study.



Search criteria were defined based on the research questions to determine which articles to be included or excluded from the analysis. The study used search query of (“circular economy” OR “circular supply chain” OR “circular value chain”) AND (“electric-vehicle battery” OR “Lithium-ion battery”). The eligibility of literature was bound to peer-reviewed papers published in English from January 2010 to December 2021. The scholar databases used in this present study were the Scopus database and other sources, such as Google Scholars. The search resulted in 153 articles within the title, abstract, and keywords. The collected articles were checked to eliminate duplicates and articles without full text. The full text of the 48 collected articles was further examined based on the following eligibility criteria, as shown in Table 1.



The literature that does not meet the eligibility criteria was excluded and resulted in 28 articles used for further analysis. The literature was read, coded, and checked for consistency. Each publication was further categorized, based on the methodology and the country of the first author’s institution. The research methodology covers qualitative, quantitative, and mixed-method research. The collected articles were synthesized to address the research questions.




3.2. Bibliometric Analysis


The bibliometric analysis was to analyze the emerging topic trends. The collected articles that meet the inclusion criteria were imported to the VOSviewer (version 1.6.18) [29]. Co-occurrence analysis was carried out to assess the relations among the articles based on keywords (nodes). Using keywords of the collected articles with more than two occurrences, 14 out of the 88 keywords met the threshold. The occurrence network includes links indicating the relationship between keywords, link strength representing the correlation (frequency) strength between the two keywords appearing simultaneously, and the nodes’ size indicating the frequency of occurrence.



Figure 4 presents the network visualization indicating four emerged clusters. The red cluster mainly involves the circularity of the EVBs and their supporting business models. The green cluster includes recycling technology research. The blue cluster focuses on remanufacturing and reverse logistics. The yellow cluster represents a broader research topic on recycling and sustainability.



Table 2 reports the links, the link strength, the occurrences, and the resulted clusters. The circular economy has the most occurrences (14) and the highest link strength (29), implying that the concept has been established. The keyword of circular economy has a strong relationship with the keyword of, from the strongest to the weakest, electric vehicles, second life, electric-vehicle batteries, and recycling. It is also interesting to note that keywords of circular business models, battery safety, pyrometallurgy, remanufacturing, and sustainability have the lowest occurrence, implying the potential research areas worthy of further exploration.



Figure 5 presents the development of the research topics from 2020 to 2021, from blue to yellow. It is observable that the research topics have shifted from the circular economy, recycling, and Lithium-ion batteries to pyrometallurgy, battery safety, and circular business models. Following the co-occurrence network analysis, the keywords of pyrometallurgy, battery safety, and circular business models are the emerging latest topics that deserve for further exploration to support CE implementation.





4. Results and Analysis


4.1. Profile Analysis


Figure 6 shows a significant growth in the literature on the CE implementation for the EVBs. Although the literature search was set to include the literature from the last 10 years, using the above-mentioned keywords, it turned out that the earliest published literature was found in 2019. It can be explained that the circular economy for the EVBs has recently been investigated when many countries have committed to shifting to EVs, particularly after Paris Agreement in 2016. Even though the CE for the EVBs is still in the early stage of development, a significant increasing trend can be expected in the next few years along.



As expected, in terms of the research methodology, qualitative studies were the adopted methodology in 2019. Political Economic Social Technology (PEST) analysis and case study were implemented in those studies. The following year, quantitative studies using analytical and simulation tools (i.e., system dynamics) and mixed-method research using case studies were deployed. In 2021, the methodology was more varied as the number and the investigated topics of cases were diverse. Case studies and Delphi methods appeared to be the two most frequent methods for qualitative studies, while simulation through scenario building, system dynamics, life-cycle assessment, multicriteria decision making, and experiment, are the adopted methods for quantitative studies. The business canvas model was the most applied approach for analyzing the business model. The first reported CE of the EVBs research in developing countries, published in 2021, was based on a case in India.



In terms of the country of the first author’s institution, the United States (US) had the largest share of publications, followed by Germany, Sweden, and the United Kingdom as shown in Figure 7. The most cases being studied in the publications are Germany (4 articles), the EU region (3 articles), Brazil (3 articles), China (3 articles), and the UK (3 articles). It appears that Europe is at the forefront of countries leading the research on the CE implementation for the EVBs.



Figure 8 shows that the contributing journals of the publications are Resource, Conservation & Recycling journal (Elsevier), followed by conference proceedings and Energies (MDPI), and Journal of Cleaner Production (Elsevier).




4.2. Barriers, Enablers, Stakeholders, and Business Models


This sub-section reports data synthesis on barriers, enablers, stakeholders, and business models from the collected articles. With respect to barriers and enablers, those identified factors were grouped into five categories. The technology and infrastructure category regards the technology supporting the recycling process, including its technical feasibility and supporting infrastructures, such as remanufacturing/recycling centers, collection points, battery technology, and information technology. The supply-chain operations and management category include the governance of upstream and downstream processes and stakeholders in EoL. The category also includes the interaction and cooperation among stakeholders in the supply chain. Economic category refers to economic factors that hinder or motivate stakeholders to implement EoL management of the EVBs. The policy and regulations category involves the government policy, regulation, and company policies on collection and recycling. The social category deals with the broader consumer markets within a society, including behavioral factors such as environmental awareness and cultural aspects.



4.2.1. Barriers


Barriers are defined as the factors that hindered the implementation of CE for the EVBs. The present study has synthesized 21 barriers from the selected articles, as shown in Table 3.



Table 3 shows that the reported barriers in the examined articles exist in all categories. It is worth noting that the barriers have also connected each other. It shows that inefficient and inadequate government policy and lack of safety standards are the most reported barriers in the literature. Inadequate policy and regulation for the second life of the EVBs lead to a limited number of participating businesses (BP1−BSC5) [30], which, subsequently, has contributed to slower development of infrastructure (BP1−BT3) [8,31]. The lack of safety standards for the collection, storage, transport, and dismantling of the EoL EVBs poses a risk to worker health and safety due to hazardous materials of the EVBs [39]. It is worsened by the compositional uncertainty of the EVBs [22,30,34]. Due to the trade-off when designing electric vehicles (i.e., safety, space optimization, and serviceability), the design of the EVBs does not allow easy disassembling. In addition, it requires specific skills of human resources, thus leading to a high cost of recycling processes (BP1−BE1) [27]. The current design of the EVBs, lack of EVB standards, and limited technology for diagnosing health states and tracking the EVBs, lead to the inappropriate characterization, testing, and assessment of the EVBs, subsequently further hindering the efficient process for reuse, remanufacturing, and recycling, and high cost of the operations (BT3−BE1) [31]. The lack of the EVB standards also leads to a low-quality perception of the recycled product by consumers (BP2−BS2) [31].



On the other hand, a lack of customer awareness leads to a low rate of returned EVBs (BS1−BSC2) [8,30,31]. The perceived low quality of the recycled products results in an underdeveloped recovery marketplace [8], as supported by Bouzon et al. [40], who have demonstrated that customers think recovered products have poorer quality, thus contributing to slower infrastructure development (BS2−BT2). Competitiveness for materials such as Lithium to be used for other purposes has contributed to the inability to achieve economies of scale of the processes, thus making CE operations for the EVBs not profitable (BSC2−BE1) [8,31]. Lack of incentives was reported as a barrier to investing in the technology (BE3−BT1), hence resulting in low recycling efficiency [30]. The low economic value of EoL EVBs has also posed a risk in investment, which in turn hinders the investment in technology development resulting in low efficiency of recycling [4]. Lack of standardization on EoL processes has made planning and managing the supply-chain operations challenging (BT6−BSC3) [35] and hindered information sharing [8,31]. Lack of customer awareness has contributed to the low rate of returned EVB and hence lack of profitability (BS1−BE1) [31]. Figure 9 visualizes some illustrations of the afore-mentioned interconnected barriers.



Finding 1: The reported barriers are observed in all categories, i.e., technology and infrastructure, supply-chain operations and management, economics, policy and regulations, and social aspects. Those barriers are interconnected, implying that these barriers should be analyzed at a system level and resolved by simultaneous and synchronized strategies to ensure that all parts work together to meet the goal of CE implementation of the EVBs.




4.2.2. Enablers


Enablers refer to the factors facilitating the effective implementation of CE for the EVBs, which are the keys to overcoming the perceived barriers. The present study has identified 18 enablers from the collected articles, as shown in Table 4.



Table 4 indicates that most enablers have supported each other. Technology and infrastructure enablers have focused on technology support for effective and efficient CE implementation. Similarly, supply-chain operations and management enablers facilitate information sharing and collaborations among the stakeholders in the circular supply chain. Hsieh et al. [46] highlighted that integrating the entire industry chain, including automakers, battery producers, used-car dealers, and recycling companies, was necessary to achieve a circular economy. Subsequently, information technology enabling end-to-end visibility across the supply chain and facilitating coordination among the involved stakeholders is vital to reduce uncertainty and facilitate better planning and response [36]. Garrido–Hidalgo et al. [37] further demonstrated that the required information infrastructure is needed to support the effective operation of a circular supply chain.



It is found that policy and regulation enablers have been more comprehensive, addressing product-related policy/regulation (such as eco-design directive, EVB standards, and certification), process-related policy/regulation (such as EoL process standards, information sharing, and material tax for critical materials), and stakeholder-related regulation (legal environmental responsibilities, and certification). Moreover, it is also interesting to note that the scope of policy and regulation enablers has required consistent regulation at a global level [45]. The social enablers have addressed not only increasing awareness [31] but also the commitment [41].



Finding 2: The reported enablers have existed in all categories, in which policy and regulation enablers appear to be dominant and comprehensive. It appears that the EVB standards, legal environmental responsibilities, economic incentives, extensive collaboration and alignment of the supply-chain stakeholders, and innovative business model are the most reported enablers of the successful implementation of CE for the EVBs.




4.2.3. Stakeholders


The stakeholder for this research question is defined as entities interested in EoL EVBs business and can affect or be affected by the business. Understanding the stakeholders and their independent roles is necessary to ensure transparency and credibility of the defined targets for CE in supply-chain processes, thus ensuring plan-ability for EoL operations [42].



The involved stakeholders of the circular supply chain for the EVBs can be classified as the government, manufacturers, recyclers, and users [45]. The government has played a role in formulating policy and regulations on EoL EVBs and delivering penalties for non-compliance. The term government can be local, national, regional, or global. Manufacturers are business entities that produce or manufacture the EVBs. In the circular economy, manufacturers may include mining/material companies, vehicle producers, or suppliers of the vehicle producers. Battery producers and vehicle producers usually work together to optimize the design of the battery, which meets the space, safety, and serviceability constraints of EVs. Recyclers are the entities responsible for the second life of the EVBs. In some countries, such as Norway, Columbia, and Finland, vehicle producers also act as recyclers that work together to drive EoL management for the EVBs.



Furthermore, in developing countries, the recyclers involve formal and informal sectors. Users within this context can be private individuals or companies, such as public-transport companies or energy companies. The public-transport companies have a prominent role in establishing CE for the EVBs due to their large scale [32].



The complexity of the CE creates several practical challenges which require multidiscipline work. Wrålsen et al. [32] have extended to include university and research centers that provide knowledge and information and conduct research on the technology, design of supply-chain system, and legal aspect of the CE, which is supported by Sommerville et al. [35] who emphasized the collaboration between the battery-recycling industry and academia to explore a more robust circular economy model. However, among the identified stakeholders, it was argued that the critical stakeholders for the CE are government and manufacturers [32,45].



Finding 3: The involved stakeholders in the circular economy of the EVBs depend on the scope of the circularity. Government and manufacturers are the critical stakeholders in the CE implementation of the EVBs.




4.2.4. Business Models


Business models deal with value creation, value delivery, and value capture of products or services [32]. The circular business model is particularly interesting for CE because it has not been much discussed in the existing literature, as shown in Figure 5, despite its significant role in integrating essential aspects (e.g., technology, supply-chain operations, economics, and social aspect) of the CE system. Furthermore, Vu et al. [21] argued that an appropriate business model is a crucial success factor in CE implementation. Therefore, the present study brings up the business model which links the technology with the market toward successful operations of CE for the EVBs.



To design a business model, potential paths of EoL application of the EVBs should first be identified. The literature has identified the available options for EoL paths for the EVBs, which involve repairing, reusing, refurbishing, and remanufacturing toward original purpose, repurposing, and material recovery. The potential second-life application of the EVBs includes repurposing the EVBs as power sources for small applications and energy storage systems. Technical condition of the battery (health state of the returned EVBs) [42], the number of returned EVBs, and the maturity of other second-life applications of the EVBs [21], and the existence of collaboration between manufacturers and recyclers [30] are found to be factors influencing the selected EoL path.



The current EoL path for the EVBs has been reported based on the collected articles. Vu et al. [21] confirmed that remanufacturing (original purpose) appeared to be the most applicable in Sweden because a broader scope of the second-life application of the EVBs has not yet existed, and new EVBs have not entered their first life yet. However, it was noted that remanufacturing is not always the best solution over time. Ali et al. [43] suggested that reusing is a preferable option over recycling due to optimum financial gain and environmental impact reduction, which was supported by Kotak et al. [20], who demonstrated that reusing is a good option for the current condition because the need for battery recycling would be delayed, therefore allowing recyclers to develop cost-effective and energy-efficient processes. On the other hand, Albertsen et al. [30] confirmed that, among 25 companies being interviewed, the most adopted EoL path is repurposing, followed by, from the highest to the lowest, repairing, refurbishing, and remanufacturing, which is supported by Castro et al. [47], who suggested the adoption of repurposing and remanufacturing for the EVBs.



Because the success of EoL operations of the EVBs depends on the returned EVBs, a system ensuring a high rate of returned EVBs is crucial. Two approaches are identified in the literature. The first approach regards that the Original Equipment Manufacturers (OEMs) are responsible for collecting the returned EVBs through a take-back or buy-back mechanism. The returned EVBs are delivered to recognized and approved battery operators. Before EoL, the used EVBs are returned to dealer networks. Once the EVBs reach their end-of-life, the EoL EVBs are usually collected by external recyclers or national producer responsibility organizations. Yang et el. [45] reported that China had applied battery pooling (third-party collection services) in which users can exchange the empty battery for a fully charged one. Applying the collection service minimizes informal recyclers’ role, likely to achieve low recovery rates. The battery pooling also facilitates battery diagnostics to determine the EoL path of the returned EVBs. As proposed by Ahuja et al. [4], the second approach applies the concept of servitization in which the manufacturer retains ownership of assets. The proposed model focuses on access rather than ownership so that the business model can be in the form of a leasing or sharing platform. It is believed that using the approach would reduce the EVs’ initial cost, which may then increase the number of returned EVBs. The approach can be combined with government incentivizing manufacturers to engage in EoL processes instead of using control regulation [4].



Finding 4: Appropriate circular business model supporting the CE implementation of the EVBs depends on market characteristics, available technology and infrastructure, involved stakeholders, and policy/regulation. Two models, i.e., the take-back and servitization models, are found in the literature to increase the returning rate of the EVBs.






5. Synthesis and Discussion


5.1. Connecting Barriers and Enablers


The current CE implementation of the EoL EVBs has many challenges in terms of lack of appropriate policy and regulation, market uncertainty, unprofitable business, and insufficient supporting infrastructure. Nevertheless, the research in this area has been progressing in the last three years, moving forward from theories to implementation.



Based on the findings, the interconnected barriers ranging from technological and technical constraints, organizational and institutional arrangement, economic appeal, regulation, and societal attitudes are closely correlated with the enablers. The enablers have a role as drivers for successful circular economy implementation of the EVBs. Based on the reported barriers and enablers from the collected literature, Table 5 presents the relationship between the barriers and the enablers to the implementation of CE for the EVBs by indicating which barriers can be resolved by which enablers. The last column indicates the literature that supports the barriers–enablers relationship, which was either explicitly or implicitly suggested.



Table 5 indicates that the enablers are correlated with the barriers. It is also interesting to note that most barriers are resolved through the combination of various enablers. For instance, the unoptimized process for EoL EVBs can be addressed by several enablers. The EoL design of the EVBs, which considers easy and safe disassembly facilitates automated disassembling [38]. Battery modularization further supports more efficient recycling processes [33]. To ensure the appropriate EoL process, appropriate status checking, diagnosing, and tracking should also be in place [22]. Information sharing and tracking of the EVBs are also necessary to support the recycling process and the operations along the EoL supply chain [38], which is supported by the collaboration of the stakeholders in the supply chain [30]. Furthermore, an innovative business model ensures high returned EoL EVBs, so that the industrial scalability can be achieved, thus ensuring optimal balance between the collection rate and the economic feasibility [4]. Certification can also support the marketplace for recycled products [31]. All the above-mentioned enablers contribute to the optimized EoL processes, thus enabling long-term technical and economic feasibility. It was evidenced in the German case that effective EoL processes are seen as the economic enabler for the circular economy of the EVBs [36]. Another example regards with the high cost of EoL processes which can be resolved through the combination of technical solutions (battery modularization) [31], supply-chain approach (appropriate business model) [4], policy (EVB standards) [27], and economic incentives [8]. The findings imply that the CE implementation of the EVBs requires a system-level approach to avoid problem shifting and to enforce the CE practices through simultaneous strategies.



As observed in Table 5, an enabler can be served as a potential solution to some barriers. Table 6 hence presents the number of connections with the barriers for each enabler to identify the enablers which resolve the most barriers, termed as key enablers/strategies. Innovative business model is the enabler with the highest connection to the barriers. Due to its strategic role, the business model for CE implementation needs to be explored in the future, consistent with the findings of the bibliometric analysis.



Drawn from the findings, it appears that the establishment of the CE for the EVBs depends on the following key strategies, i.e., innovative business models, economic incentives, EVB standards, legal environmental responsibilities, and certification, which fall in the categories of supply-chain operations and management, economics, policy and regulation, and social, respectively. However, it is argued that the successful establishment of a system can be realized once technology feasibility is achieved, which is then followed by economic profitability and social acceptability for sustaining the operations [48]. Therefore, to ensure long-term circular supply chain operations of the EVBs, the optimized path of EoL processes should be realized. Table 5 has indicated that eco-design of EVB (i.e., EVB design which considers EoL processes), battery modularization, and proper technology for checking, diagnosing, and tracking, information sharing, extensive collaboration and alignment of supply-chain stakeholders, innovative business model, and certification are the enablers for continuous operations of the circular supply chain of the EVBs.




5.2. Conceptual Framework of Strategies toward Circular Economy Implementation for the EVBs


Based on the findings, two sets of strategies can be formulated. The first one regards the strategies to establish the CE for the EVBs, whereas the second one corresponds to the strategies for optimizing the circular supply chain system for the EVBs. Innovative business model, economic incentives, EVB standards, legal environmental responsibilities, and certifications are the five strategies that can handle 15 out of 21 reported barriers, which are considered the key strategies to establish the CE for the EVBs. Meanwhile, eco-design for EVBs, battery modularization, proper technology for status checking, diagnosing, and tracking, information sharing and its supporting technology, and extensive collaboration among supply-chain stakeholders, are also in need to optimize circular supply chain operation. Currently, EVB standards, economic incentives, innovative business models, certification, eco-design, battery modularization, and social commitment have not been implemented yet in the current system. Figure 10 presents a conceptual framework presenting the required strategies both to initiate the CE for the EVBs and to optimize SCS operations. Based on the earlier findings, these strategies should be synchronized and simultaneously introduced to address the interconnected barriers as discussed in the following.



An innovative business model such as the servitization model, as suggested by Ahuja et al. [4], can increase the rate of returned EVB batteries and reduce the uncertainty in supply because the ownership of the EVBs through their life cycle is the manufacturers. Consequently, the manufacturers can facilitate proper checking, tracking, and diagnosing of battery usage [22]. In addition, it would help to build the capacity to design the EVBs considering EoL processes which then contributes to the optimized EoL processes, corresponding to lower total supply-chain cost, hence increasing profitability, and reducing risk on the investment. The findings also highlight that the constant commitment and collaboration among the involved stakeholders are crucial [8]; therefore, innovative business model should define the interactions among the stakeholders to ensure long-term profitability. The innovative business model can be combined with economic incentives for recyclers to further increase the profitability, thus attracting more business to CE for the EVBs, and, eventually, supporting faster development of infrastructure [21,31,34]. The economic incentives can be in the form of tax breaks [43], subsidies for recovery technologies [8,44], economic support for technological research and development [4], and the introduction of deposit refunds [31]. However, when the market mechanism is unable to trigger the CE, the regulation comes into play to provide a stepping-stone for initiating the CE implementation. Hence, the appropriate business model and economic incentives should be synchronized and supported by appropriate policy/regulations toward efficient, safe, and profitable supply-chain operations of the EVBs while achieving the efficiency target of recycling EVBs. For instance, the introduction of economic incentives can be coupled with the efficiency target of recycling to encourage the manufacturers/recyclers to make innovations to meet the efficient target [4]. Given various types of EVBs, it is beneficial to set the standards for the EVBs because various types and specifications of EVBs require different handling. The implementation of EVB standards standardizes the operations (particularly eliminating the compositional uncertainty of the EVBs and ensures the safety of the operations, facilitating a more efficient EoL supply chain for the EVBs [27]. Therefore, the manufacturers and recyclers may drive the cost down (by reducing high skill labor, storage, and transportation cost), subsequently increasing the economic viability. The standards for the EVBs have currently not existed yet; therefore, regulation on EVB standards should be realized to simplify the EoL processes and ensure safety compliance.



The policy and regulation interventions should also be introduced to support the supply and demand side of the circular supply chain operations. Concerning the supply side of the EVB circular supply chain, a high recovery rate is a function of both technology and legislation/governmental incentives that drive the companies to make innovations and a function of the availability of the returned EoL EVBs. Because the recycling process requires a stable feed of supply, hence, legal environmental responsibilities, such as Extended Producer Responsibilities (EPR), are necessary to further attract participating businesses and increase their commitments [24,25,27] so that a high rate of returned EVBs can be guaranteed [30,31]. As suggested by Wrålsen et al. [32], once the policy and regulation determine the actors responsible for disassembling and recovering the EoL EVBs (for example, using the principle of “polluter pays”), the responsible actors will involve in the CE implementation. Moreover, legal environmental responsibilities would also help anticipate the decrease of the EVBs’ economic value due to technology enhancement [24]. The replacement of the EVB materials with cheaper materials could lower the economic value of the returned EVB, hence reducing its economic attractiveness [30,49]. On the demand side of the EVB circular supply chain, end-users play an essential role in driving the CE implementation of the EVBs [8]. A common concern for the environment, distrust of the quality and reliability of second-hand products, and lack of knowledge about the importance of CE will cause the market for second-hand batteries not to develop. Literature on socio-technical transition, such as Beltran et al. [50] and Sopha et al. [51], have highlighted that the shift in consumers’ practices should foster technology innovation. In this context, the users should be encouraged to shift their practices from disposing to returning or reusing the EoL batteries to drive the circularity in the first place. Certification can be implemented to convince customers that the recycled products are safe and quality-guaranteed, thus building confidence for reusing the batteries and developing a marketplace for the second-hand product of the EVBs [41]. The behavioral change of the users should be supported by facilitating conditions such as accessible battery collection centers. Nurwidiana et al. [52] and Klöckner et al. [53] have evidenced that behavioral change can be hindered by a lack of supporting facilities. The collection centers of the EoL EVBs should be equipped with diagnostics technology to assess the condition and health state of the EoL EVBs. Based on this assessment, the appropriate path of the EoL EVBS is determined. The EVBs with a good health state can be reused. Reusing is preferable because it requires less energy and is resource-intensive compared with the effort to remanufacture/recycle. The degraded EVBs with a capacity of more than 80% are refurbished or remanufactured into new EVBs. The EoL EVBs with a capacity of less than 80% is directed to be used for other second-life applications (repurposing), such as energy storage for the PV industry, peak shaving, and power sources for small applications. The EoL EVBs with poor health are recycled to recover critical materials.



In addition to the strategies to initiate the CE implementation for the EVBs, it is also important to highlight the strategies to support the optimized and thus long-term profitable operation of the circular supply chain system for the EVBs. Developing eco-design for EVBs is crucial [30,38]. Makuza et al. [44] confirmed that recycling facilities using pretreatment methods would not become economically profitable in the future due to high cost and long lead time, therefore re-designing the batteries considering recycling should be employed. The eco-design EVBs have already considered the EoL processes during the design phase so that eco-design EVBs allow safe and easy (or automated) disassembling/dismantling, collecting, transporting, and storage. Battery modularization and appropriate technology for checking, diagnosing, and tracking further support cost-effective EoL processes. The technological enablers should be supported by extensive collaboration among the stakeholders, which can be facilitated through information digitalization [37]. In addition, social commitment provides strong and long-term support for the market of EVBs [8].



Last but not least, the successful implementation of CE of the EoL EVBs depends on the combined leveraging of the strategies/interventions, including innovative business model, economic incentives, EVB standards, legal environmental responsibilities, certification, eco-design (design for disassembly), battery modularization, proper technology for status checking, diagnosing, tracking, extensive collaboration, information sharing, and its supporting infrastructure. However, it is worth remarking that the required strategies are not entirely existed yet. Table 7 summarizes the gap between current adopted strategies and future suggested strategies facilitating CE implementation for the EVBs.



Table 7 implies that the improvement of recycling technology and battery-checking and diagnostics technology should be accompanied by other technologies supporting effective and efficient CE operations, such as information digitalization enabling battery tracking and stakeholder coordination, battery modularization, and eco-design of EVBs ensuring cost-effective and safe operations. Hence, innovative business models, such as the servitization model or leasing platform, ensuring the high return of used EVBs and extensive collaboration among stakeholders, are crucial. The findings are in line with bibliometric analysis suggesting that battery safety and an innovative circular business model are the future directions of the CE implementation. Various mechanisms of economic incentives relevant to policy and regulations, which are currently unavailable, need to be explored. Current policy and regulations of the EVBs are considered insufficient [4]; therefore, the future policy and regulations should be formulated in a way to be consistent with technology (such as EVB standards, and eco-design directive) and market (such as certification, and consistent global regulation). Moreover, current voluntary participation to return the EoL EVBs is considered not sufficient [41]; hence, stronger participation in terms of social commitment is also required. The above-mentioned strategies are in line with the CE values suggested by Ripanti and Tjahjono [54] which are used as a basis for transforming from a linear to a circular supply chain.




5.3. Limitations and Future Research


Although the present study has developed a framework for strategies favoring CE establishment and functioning for the EVBs, the study has several limitations. The adopted SLR has limitations, particularly during article selection. Because the selection was based on the keywords, several publications may be relevant to the topic of the study but were not selected. Second, although the search was based on 10-year publications, the relevant literature was available for the last 3 years. Because the CE implementation of the EVBs is still a new area being explored, just right after the electric vehicle becomes a future transportation mode in many developed countries, the present study undermines the condition in the developing countries. Only two out of the collected articles were from developing countries, and only one article reported empirical evidence on the issue in a developing country, i.e., India.



Drawn from Table 7, several future research are therefore identified. In terms of technology, a more cost-effective and efficient recycling technology, information digitalization on battery diagnostics and tracking technology, and eco-design of EVBs are worth exploring. Innovative business models for different contexts, types and mechanisms of economic incentives, and consistent policy and regulations on EVB standards, eco-design directive, certification, and global regulation enforcing efficient recycling and proper dismantling are other avenues for potential future research. Moreover, studies focusing on behavioral factors underlying the behavior, such as that in Sopha [55], are required to explore various soft behavioral interventions driving social commitment.



Based on profile analysis, it is observed that existing literature has been dominated by qualitative research. Consequently, quantitative research on modeling and simulation of the CE transition to predict future paths or examine various interventions is suggested as potential research. Furthermore, scenario development on potential interventions to support CE implementation, such as increasing landfill costs to increase the high rate of the returned EoL EVBs, evaluating the effectiveness of various economic incentives facilitating long-term economic benefits, and predicting how different policies affect the future states of CE system, examining various soft intervention, and exploring other combined interventions are also suggested as future research.



Furthermore, different countries may have different challenges. Developed countries like the USA and European countries have already established technology, infrastructures, and regulation, which may not be the case in developing countries. Given the potential increase of EV deployment in developing countries such as in China [46], India [34], Indonesia [56], as the populous countries in the world, the CE implementation in developing countries needs to be initiated, encouraged, and supported. Kumar et al. [34] have observed through an empirical study that ineffective recycling, unsuccessful reuse of batteries, and the disposal of batteries are the two most challenging in India’s EV battery supply chain. Similar issues may be observed in other developing countries due to technological and infrastructure constraints. In addition, informal sectors play a role in the EoL processes of the EVBs in developing countries, posing another challenge.





6. Conclusions


The implementation of the CE for the EVBs has been driven by the necessity to reduce climate change impact while avoiding burden shifting with respect to material scarcity and toxicity impact. The present paper contributes to the system perspective of the transition toward CE of the EoL EVBs by identifying barriers, enablers, involved stakeholders, and business models and eventually proposing a conceptual framework on the strategies to both establish and maintain the CE operations for the EVBs, based on SLR following the PRISMA procedure. The findings indicate that the interconnected barriers in technology and infrastructure, supply-chain operations and management, economics, policy and regulations, and social aspects are compatible with the reported enablers. Supply-chain operations and involved stakeholders depend on the circularity in which government and manufacturers are considered critical stakeholders. The proposed framework for the CE transition of the EVBs identifies the required strategies to initiate and optimize the circular supply chain system of the EVBs. The framework can be used as a basis to design and establish the CE of the EVBs and to maintain the optimized operation of CE for the EVBs. It implies that technical solutions with appropriate business models should be incorporated into the economic and regulatory framework. Furthermore, social commitment is required to support the market of EVBs in the long term. All the required strategies should be synchronized and introduced simultaneously to realize the CE implementation for the EVBs.
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Figure 1. Schematic diagram of the circular supply chain (modified from [13]). 
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Figure 2. Waste hierarchy of the EVBs (modified from [23]). 
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Figure 3. Flow diagram of the SLR stages in the present study. 
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Figure 4. Network visualization from VOSviewer. 






Figure 4. Network visualization from VOSviewer.



[image: Sustainability 14 06359 g004]







[image: Sustainability 14 06359 g005 550] 





Figure 5. Overlay visualization. 
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Figure 6. Temporal distribution of the collected articles based on research methodology. 
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Figure 7. Distribution of the collected articles based on the country of the first author’s institution. 
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Figure 8. Distribution of the collected articles based on journal. 
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Figure 9. Illustrations for the interconnected barriers (Note: a (BP1−BSC5), b (BP1−BT3), c (BP1−BE1), d (BP2−BS2), e (BS1−BSC2), f (BS2−BT2), g (BT3−BE1), h (BSC2−BE1), i (BT6−BSC6), and j (BS1−BE1). 
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Figure 10. The conceptual framework of strategies to establish the CE for the EVBs (green boxes) and strategies to optimize circular supply chain operations (yellow boxes). 
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Table 1. Inclusion/exclusion criteria.






Table 1. Inclusion/exclusion criteria.





	Inclusion Criteria
	Exclusion Criteria





	The article was relevant to the research objective
	The article was irrelevant to the research objective



	The article reported the influential factors which discuss the relationship among the factors, i.e., technology, economics, organizations, social, and regulations of CE implementation for the EVBs.
	The article focused only on one limited aspect, such as specific recycling technology, without addressing or connecting with other influential factors.



	The article reported the implementation of CE/CSC for the EVBs
	The article did not report the implementation of CE/CSC for the EVBs.



	The article was interested in the broader and future development of CE implementation for EVBs
	The article did not discuss the broader and future development of CE implementation for EVBs.
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Table 2. Co-occurrence network.






Table 2. Co-occurrence network.





	No
	Keywords
	Links
	Total Link Strength
	Occurrences
	Cluster *





	1
	Circular business models
	6
	7
	2
	1



	2
	Electric vehicles
	8
	16
	6
	1



	3
	Lithium-ion batteries
	6
	10
	4
	1



	4
	Second life
	7
	11
	4
	1



	5
	Battery recycling
	4
	5
	3
	2



	6
	Battery safety
	5
	7
	2
	2



	7
	Circular economy
	11
	29
	14
	2



	8
	Pyrometallurgy
	2
	2
	2
	2



	9
	Electric-vehicle batteries
	7
	9
	4
	3



	10
	Remanufacturing
	5
	6
	2
	3



	11
	Reverse logistics
	6
	7
	3
	3



	12
	Recycling
	10
	14
	5
	4



	13
	Sustainability
	1
	1
	2
	4







Note: * the color indicates the color of four emerged clusters resulted from co-occurrence analysis as shown in Figure 4.
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Table 3. Barriers to CE implementation of the EVBs.






Table 3. Barriers to CE implementation of the EVBs.





	
Barriers

	
References Mentioning Barriers (N)






	
Technology and infrastructure (BT) Category




	
Low efficiency of recycling (BT1)

	
[8,30,31] (N = 3)




	
Slower development of infrastructure—collecting, sorting, dismantling, recycling, and remanufacturing centers (BT2)

	
[8,32] (N = 2)




	
Unoptimized path for EoL due to inappropriate characterization, testing, and assessment, lack of standards (BT3)

	
[4,22,30,31,33] (N = 5)




	
Lack of EVB design considering EoL (BT4)

	
[4,22,30,31] [(N = 4)




	
Compositional uncertainty of EVBs (BT5)

	
[22,30,34] (N = 3)




	
Lack of standardization on EoL processes for EVBs (BT6)

	
[35] (N = 1)




	
Supply-chain operations and management (BSC) Category




	
Underdeveloped recovery marketplace (BSC1)

	
[8] (N = 1)




	
Low rate of returned batteries (BSC2)

	
[8,30,31] (N = 3)




	
Lack of information sharing of EoL process (BSC3)

	
[31,35,36,37] (N = 4)




	
Uncertainty in supply (number and quality), price/value of EVBs (BSC4)

	
[19,30] (N = 2)




	
Lack of commitment (BSC5)

	
[30] (N = 1)




	
Lack of effective communication and coordination (BSC6)

	
[8,31] (N = 2)




	
Competitiveness (BSC7)

	
[22] (N = 1)




	
Economics (BE) Category




	
High cost of handling, transporting, recovering process, labor, thus lack of profitability (BE1)

	
[21,26,27,31,32,38] (N = 6)




	
Lack of incentives (BE2)

	
[4,19] (N = 2)




	
Low economic value of EoL EVBs (BE3)

	
[24,30] (N = 2)




	
Risk on investment (BE4)

	
[4,38] (N = 2)




	
Policy and regulations (BP) Category




	
Inefficient and inadequate government policy (BP1)

	
[4,8,22,27,30,34,37,38] (N = 8)




	
Lack of safety standards (BP2)

	
[4,18,24,26,27,31,32,34] (N = 8)




	
Social (BS) Category




	
Lack of customer awareness (BS1)

	
[8,30,31] (N = 3)




	
Low perceived quality of the recycled products (BS2)

	
[21,31] (N = 2)
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Table 4. Enablers to CE implementation of the EVBs.
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Enablers

	
References Mentioning Enablers (Number)






	
Technology and infrastructure (ET) Category




	
EoL design for EVBs (design for disassembly) (ET1)

	
[30,38] (N = 2)




	
Battery modularization (ET2)

	
[31,33] (N = 2)




	
Proper status checking, diagnosing, and tracking (ET3)

	
[8,30,31] (N = 3)




	
Information digitalization (ET4)

	
[36,37] (N = 2)




	
Supply-chain operations and management (ESC) Category




	
Information sharing and standards of information interfaces (ESC1)

	
[30,31,38] [(N = 3)




	
Extensive collaboration, cooperation, and alignment of supply-chain stakeholders (i.e., early integration in product development) (ESC2)

	
[22,30,41,42] (N = 4)




	
Innovative business model such as servitization, leasing platform (ESC3)

	
[4,21,38,41] (N = 4)




	
Economics (EE) Category




	
Economic incentives for recyclers, i.e., tax breaks, subsidies, economic support, and the introduction of deposit refund (EE1)

	
[8,31,43,44] (N = 4)




	
Policy and regulations (EP) Category




	
Eco-design directive (EP1)

	
[30,31] (N = 2)




	
EVB standards including compounds (EP2)

	
[27,35,38,43,44,45] (N = 6)




	
Standardization of EoL process (EP3)

	
[42] (N = 1)




	
Certification (EP4)

	
[31] (N = 1)




	
Material tax on critical elements (EP5)

	
[31] (N = 1)




	
Policy and legislation on information sharing (EP6)

	
[31] (N = 1)




	
Legal environmental responsibilities (EP7)

	
[24,25,27,31] (N = 4)




	
Regulation consistency in the global market (EP8)

	
[45] (N = 1)




	
Social (ES) Category




	
Social commitment (ES1)

	
[41] (N = 1)




	
High customer awareness through education and training (ES2)

	
[31] (N = 1)
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Table 5. The relationships between barriers and enablers of CE implementation for the EVBs.






Table 5. The relationships between barriers and enablers of CE implementation for the EVBs.





	
Barriers/Problems

	
Enablers/Solutions

	
References Suggesting the Connections






	
Technology and Infrastructure Category

	




	
Low efficiency of recycling (BT1)

	
Eco-design directive (EP1)

	
[31]




	
Economic incentives for recyclers (EE1)

	
[8,31,43,44]




	
Slower development of infrastructure (BT2)

	
Economic incentives for recyclers (EE1)

	
[8,31,43,44]




	
Unoptimized path for EoL (BT3)

	
EoL design for EVBs (design for disassembly) (ET1)

	
[38]




	
Battery modularization (ET2)

	
[33]




	
Proper status checking, diagnosing, and tracking (ET3)

	
[22,31]




	
Information sharing and standards of information interfaces (ESC1)

	
[31]




	
Extensive collaboration, cooperation, and alignment of supply-chain stakeholders (ESC2)

	
[22,30]




	
Innovative business model (ESC3)

	
[4]




	
Certification (EP4)

	
[31]




	
Lack of EVB design considering EoL (BT4)

	
EoL design for EVBs (design for disassembly) (ET1)

	
[38]




	
Innovative business model (ESC3)

	
[4]




	
Information digitalization (ET4)

	
[36]




	
Compositional uncertainty of EVBs (BT5)

	
EVB standards (EP2)

	
[38]




	
Lack of standardization on EoL process (BT6)

	
Standardization of EoL process (EP3)

	
[42]




	
Supply-Chain Operations and Management Category

	




	
Underdeveloped recovery marketplace (BSC1)

	
Certification (EP4)

	
[31]




	
Low rate of returned batteries (BSC2)

	
Legal environmental responsibilities (EP7)

	
[31]




	
Material tax on critical elements (EP5)

	
[31]




	
Innovative business model (ESC3)

	
[4]




	
Social commitment (ES1)

	
[41]




	
Lack of information sharing of EoL processes (BSC3)

	
Policy and legislation on information sharing (EP6)

	
[31]




	
Information digitalization (ET4)

	
[36]




	
Uncertainty in supply (number and quality), price/value of EVBs (BSC4)

	
Proper status checking, diagnosing, and tracking (ET3)

	
[8]




	
Innovative business model (ESC3)

	
[4]




	
Lack of commitment (BSC5)

	
Legal environmental responsibilities (EP7)

	
[31]




	
Lack of effective communication and coordination (BSC6)

	
Information sharing and standards of information interfaces (ESC1)

	
[31]




	
Competitiveness (BSC7)

	
Extensive collaboration, cooperation, and alignment of supply-chain stakeholders (ESC2)

	
[22]




	
Economics Category

	




	
High cost of handling, transporting, and recovering process (i.e., too laborious), thus lack profitability (BE1)

	
Battery modularization (ET2)

	
[31]




	
Innovative business model (ESC3)

	
[21,38]




	
EVB standards (EP2)

	
[27,38]




	
Economic incentives for recyclers (EE1)

	
[8,31,43,44]




	
Lack of incentives (BE2)

	
Economic incentives for recyclers (EE1)

	
[8,31,43,44]




	
The low economic value of EoL EVBs (BE3)

	
Legal environmental responsibilities (EP7)

	
[24]




	
Risk on investment (BE4)

	
Economic incentives for recyclers (EE1)

	
[8,31,43,44]




	
Innovative business model (ESC3)

	
[4]




	
Policy and Regulation Category

	




	
Inefficient and inadequate government policy (BP1)

	
Regulation consistency in the global market (EP8)

	
[45]




	
Lack of safety standards (BP2)

	
EVB standards (EP2)

	
[34,43]




	
Social Category

	




	
Lack of customer awareness (BS1)

	
Social commitment (ES1)

	
[41]




	
High customer awareness through education and training (ES2)

	
[31]




	
Low perceived quality of the recycled products (BS2)

	
Certification (EP4)

	
[31]
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Table 6. Strategies to establish the circular supply chain system for the EVBs based on the number of connections with barriers (based on Table 5).
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Enablers/Strategies

	
Number of Connections with Barriers






	
Technology and Infrastructure Category




	
EoL design for EVBs (design for disassembly) (ET1)

	
2




	
Battery modularization (ET2)

	
2




	
Proper status checking, diagnosing, and tracking (ET3)

	
2




	
Information digitalization (ET4)

	
2




	
Supply-Chain Operations and Management Category




	
Information sharing and standards of information interfaces (ESC1)

	
2




	
Extensive collaboration, cooperation, and alignment of supply-chain stakeholders (i.e., early integration in product development) (ESC2)

	
2




	
Innovative business models such as servitization, leasing (ESC3)

	
6




	
Economics Category




	
Economic incentives for recyclers, i.e., tax breaks, subsidies, economic support, the introduction of deposit refund (EE1)

	
5




	
Policy and Regulations Category




	
Eco-design directive (EP1)

	
1




	
EVB standards including compounds (EP2)

	
3




	
Standardization of EoL processes (EP3)

	
1




	
Certification (EP4)

	
3




	
Material tax on critical elements (EP5)

	
1




	
Policy and legislation on information sharing (EP6)

	
1




	
Legal environmental responsibilities (EP7)

	
3




	
Regulation consistency in the global market (EP8)

	
1




	
Social Category




	
Social commitment (ES1)

	
2




	
High customer awareness through education and training (ES2)

	
1
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Table 7. The gap between current adopted and future suggested strategies.






Table 7. The gap between current adopted and future suggested strategies.





	Category
	Current Strategies
	Future Strategies





	Technology and Infrastructure
	Recycling technology, battery checking, and diagnostics
	Eco-design of EVBs, information digitalization, battery tracking, and battery modularization



	Supply-Chain Operations and Management
	Not available
	Innovative business model (servitization, leasing platform)



	Economics
	Not available
	Economic incentives



	Policy and Regulations
	EPR (limited to a few countries)
	EVB standards, eco-design directive, certification, and global regulation



	Social
	Voluntary
	Social commitment
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