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Abstract

:

The use of the lithium-ion battery (LIB) in both traction and stationary applications has become ubiquitous. It is essential that retired LIBs are wisely treated, with a basis in the concept of the circular economy, to mitigate primary resource use. A closed-loop repurposing and recycling treatment is required. Thus, using the concept of total material requirement as an indicator of natural resource use based on mining activity, a dynamic material flow analysis was executed considering the degradation of the battery, its lifespan, and demand patterns under several scenarios. Then, the effect of circularity on the savings in global natural resource use involved across the entire lifecycles of LIBs was evaluated. It was found that the global resource use for LIBs will increase to between 10 and 48 Gt in 2050. Circularity has the potential to contribute to an 8–44% reduction in the global resource use associated with LIBs in 2050. It was also found that a longer lifespan in the years leading up to 2050 would have a greater impact on the reduction of resource use for LIBs, despite the lower effectiveness of circularity, because it would reduce the demand for LIBs.
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1. Introduction


Lithium-ion batteries (LIBs) are widely used in traction and stationary applications. The advantages of LIBs include higher energy density, relatively low cost, and a lower environmental impact compared to other types of batteries [1,2]. The demand for traction LIBs is expected to increase remarkably because of the rapid transition from conventional vehicles to electric vehicles [3]. It has been projected that the number of electric vehicles could reach 56 million units per year by 2050 [4]; this would require a massive number of traction LIBs. The demand for stationary LIBs is also expected to increase because of the increasing share of intermittent renewable energy in the distributed generation system. LIBs are often used in such systems to stabilize the electricity quality and secure a continuous supply of electricity.



The extensive number of LIBs adopted across the globe will eventually enter the waste stream. A wise approach to the treatment of retired LIBs based on the concept of the circular economy is essential [5,6]. The concept of the circular economy has emerged over recent decades as a method to gain financial advantage [7], to reduce the environmental impact of production [8], and to improve the supply security of raw material in a given region [9]. In particular, circular economy strategies for LIBs address the issues relevant to natural resource use [10,11]. LIBs contain a large number of critical metals, including cobalt, nickel, copper, and manganese, and the high resource intensity of LIBs accounts for half of the resource intensity of the entire battery electric vehicle [12]. To achieve a closed-loop reuse, repurposing, and recycling system, it is necessary to mitigate primary resource use and improve resource efficiency [13,14].



Among the various actions in the circular process [15], repurposing and recycling are the key stages in the circular treatment of LIBs [16,17]. Repurposing is defined as the reuse of a product differently from the use intended by the original design [18]; in this context, retired traction LIBs are repurposed as stationary energy storage systems as a second-use application [19]. Since batteries degrade through cycles of charging and discharging, the state of health (SOH) of LIBs determines the category of waste management [20]. Even when approaching retirement in the role of a traction battery, the capacity of these retired traction LIBs is still in the range of 60–80% [21], and this SOH matches the battery energy storage system [22]. Repurposing retired traction LIBs for stationary use is an example of industrial symbiosis with the renewable energy industry and has economic and environmental advantages over recycling [23]. When the repurposed LIBs reach their end of life, recycling processes are required as a final treatment to recover resources for further production [24]. Thus, both repurposing and recycling are essential for the circular economy of LIBs.



The resource circularity of LIBs has been analyzed using the material flow analysis approach [10,25,26,27,28,29]. These studies considered the effect of repurposing and recycling on primary resource saving by 2050. However, rather than account for all of the related resources, most of the studies have been focused on specific metals, such as lithium, cobalt, nickel, or manganese. As a future research topic based on their critical literature review, Acerbi and Taisch [30] stressed the importance of considering all of the resources involved in the entire lifecycle of LIBs. For this reason, in this study we consider the effect of repurposing and recycling on the savings in natural resource use involved over the entire lifecycle of LIBs until 2050.



This study employs the concept of total material requirement (TMR) to evaluate the amount of natural resource use. TMR was developed as an indicator for measuring the quantity of resources in a material flow analysis (MFA) [31,32]. Compared to the direct material input and raw material equivalents, TMR is a more inclusive indicator since it covers a wide-ranging system boundary for the resource involved [33]. TMR involves direct and indirect resource inputs, as well as unused resources accompanying them as hidden flows related to overburdening or as mine waste [34]. Since it measures the scale of mining activity for natural resource extraction [35], TMR is also considered one way of expressing the material footprint [36]. In recent years, TMR has been employed to quantify the amount of resource use associated with the concept of circularity for road transportation and electricity [37].



Thus, the objective of this study was to evaluate global circular resource use for LIBs up to 2050 from the perspective of mining activity and with regard to repurposing and recycling for traction and stationary use.



This study is structured as follows: in Section 2, a methodology for estimating the global resource use of LIBs in a projection approach is presented; in Section 3, global circular resource use of LIBs during the period 2010–2050 is illustrated; in Section 4, strategies for the reduction of resource use for LIBs through mining activities up to 2050 are discussed.




2. Materials and Methods


2.1. Total Material Requirement


2.1.1. Calculation Concept


The value of the TMR was calculated based on the direct quantity of material or energy (kg, L, kWh) and the TMR coefficient for material or energy (kg-TMR/kg, L-TMR/L, kWh-TMR/kWh). The relationship is expressed in the following equation:


   TMR   quantity  =  direct   quantity  ×  TMR   coefficient   



(1)







Based on this concept, the TMR coefficient for the output material and the TMR quantity of the output product are obtained in the following equations:


   C y  = 1 +   ∑  A x   C x  − ∑  B y       D y    ∑  B y   D y     



(2)






  T = ∑  B y   C y   



(3)




where    A x    is the quantity of input material or product  x ,    B y    is the quantity of output material  y ,    C x    is the TMR coefficient for the input material or product  x ,    D y    is the monetary value of the output material  y , and  T  is the TMR quantity of the output product.



Considering that the unit of TMR is weight, the law of conservation of mass was applied in the TMR calculation. In addition, the allocation process had to be employed in the calculation, as it is when carrying out a lifecycle assessment and determining a footprint. Since monetary value is a driving force of mining activity, the economic allocation technique was applied. The TMR coefficient for primary resources was taken from previous studies [38,39,40].




2.1.2. Production


The TMR for LIB production has already been reported in a previous study [41] that used a traction LIB, consisting of a cathode of nickel–cobalt–manganese (NMC) and an anode of graphite [42], in the TMR assessment. It was found that the TMR coefficient for traction LIB production per LIB weight was 189 kg-TMR/kg and that of traction LIB production per LIB capacity was 1800 kg-TMR/kWh [41]. These results were used in this study.




2.1.3. Repurposing


Based on the framework of the TMR for urban ore in the context of waste treatment [43], the TMR of a repurposed LIB was calculated. The sum of the weight of a retired vehicle as urban ore and the TMR quantity relevant to its disassembly was allocated to each component (LIB, tires, motor, steel scrap, aluminum scrap, and copper scrap) based on the corresponding monetary value, as shown in Section 2.1.1. The associated data were taken from the authors’ previous studies [12,44].




2.1.4. Recycling


The concept of the circular economy is based on a closed loop of materials and products, with the materials contained in the end-of-life products recycled for use in the new production of an identical type of product [45]. Based on the understanding that the benefit of recycling is higher in a closed loop than in an open loop [46], this study employed the closed loop concept for the circularity of the materials used in LIBs. In the production of recycled LIBs, secondary materials recovered from the end-of-life LIBs are used on a priority basis, and virgin materials from natural ores are used only to compensate for the shortfall between the required quantity of materials and the quantity of secondary materials available. The inventory data for recycling LIBs were taken from a study by Cusenza [22], in which the combination of pyrometallurgical and hydrometallurgical recycling techniques was reported to be the most promising recycling technique for LIBs.



The Monte Carlo simulation, known as a multivariate sensitivity simulation, was employed to determine the TMR of a recycled LIB considering the sensitivity of the copper ore grade, as conducted in a previous study [41].





2.2. Circularity of LIBs


An overview of the LIB circularity considered in this study is shown in Figure 1. Retired traction LIBs are channeled as repurposed stationary LIBs. In the event that the whole capacity of the repurposed LIBs does not meet the demand for stationary LIBs, primary stationary LIBs are used to cover the shortfall. In the event that the demand for stationary LIBs is met by repurposed stationary LIBs, no primary stationary LIBs are produced and the remaining retired traction LIBs are channeled to the recycling stage. When the repurposed stationary LIBs are retired, these are channeled to recycling facilities. To evaluate LIB circularity, a dynamic MFA model, the lifespan of LIBs at each lifecycle stage, and the demand for LIBs for traction and stationary use are the key factors.



2.2.1. Dynamic Material Flow Analysis


Using an MFA, it is possible to quantify the amount of inflow, outflow, and in-use stock, and a dynamic MFA reflects the dynamic change in mass flow with time [47]. This study employs a dynamic MFA to evaluate the flows of LIBs.



The dynamic MFA is expressed by the following equation:


   S t  −  S  t − 1   =  I t  −  O t   



(4)




where    S t    is the number of traction and stationary LIBs owned as a stock in year t,    O t    is the number of traction and stationary LIBs retired as outflow in year t, and    I t    is the demand for traction and stationary LIBs as an inflow in year t.



The number of traction and stationary LIBs retired can be calculated with the following equation:


   O t  = ∑    f t   i   I  t − i      



(5)






   f t   i  =  R t    i − 1   −  R t   i   



(6)




where    f t   i    is the retiring rate of age i for an LIB that reaches retirement in the role of traction and stationary use in year t and    R t   i    is the survival rate for years i after starting use of traction and stationary LIBs. These parameters are determined based on the lifespan distribution of traction and stationary LIBs. Among the various lifespan distribution models, this study employs the Weibull distribution model, one of the most appropriate simulation models [48]. The accumulative Weibull distribution model is expressed by the following equation:


   F t   i  = 1 − exp   −      i  i ¯      β  ·     Γ   1 +  1 β       β     



(7)






  R  i  = exp   −      i  i ¯      β  ·     Γ   1 +  1 β       β     



(8)




where    F t   i    is the accumulated retiring rate of age i for an LIB that reaches the retirement moment following traction and stationary use in year t,   i ¯   is the average lifespan for the stage where the LIB is operated for traction and stationary use until it is retired,  β  is a shape parameter, and  Γ  is a scale parameter. This study used values for the shape parameter and the scale parameter of 2.26 and 23.8, respectively, for traction and stationary LIBs, following the study by Yano et al. [49].



The dynamic MFA simulation for the circularity of LIBs was determined based on contextual factors, including the lifespan and demand of traction and stationary LIBs. This study considered several scenarios to present the potential and conceivable range in global natural resource use for LIBs. These contextual factors are further explained in the following sections.




2.2.2. Lifespan


The state of health (SOH) determines the lifespan of LIBs at each lifecycle stage. The SOH is an indicator for the evaluation of the degree of degradation of battery capacity compared to the cycle number, presented in the form of a percentage (%).



Takata et al. [50] proposed three SOH scenarios of for each of the LIB lifecycle stages, as shown in Table 1. These proposed scenarios were employed in this study by converting the SOH given in the referenced study [50] into years. Based on the driving range for Nissan Leaf battery electric vehicles (BEVs) as a reference (320 km) [51] and the average annual mileage of vehicles (13,700 km) [52], the relationship between SOH and cycle number [53] was converted into that between SOH and duration for traction LIBs. According to Casals et al. [54], the decreasing slope of the SOH with time for stationary LIBs is 0.7-fold gentler than that for traction LIBs. This was applied to the relationship between SOH and year for stationary LIBs.



The three scenarios are named Lifespan_8, Lifespan_14, and Lifespan_20, according to the different SOH thresholds of traction LIBs. A summary of the three scenarios for the LIB lifespan at each lifecycle stage is presented in Table 1. Similar values were also given in different studies (e.g., DeRousseau et al. [55] stated 8 years as an LIB lifespan and Peters et al. [56] stated 80% of the SOH as a retirement point for traction and stationary LIBs).




2.2.3. Demand


As described in Section 2.2.1, the lifespan used in the Weibull distribution determines the amount of inflow, outflow, and in-use stock. To determine the input data for the demand, this study set two assumptions.



The first assumption is relevant to the relationship between stock and lifespan. The number of future stocks follows the growth trend for durables, reflecting the social landscape in particular [57]. This study assumed that the difference in stock between two successive years would be identical regardless of the lifespan scenario. This is expressed by the following equation:


   I  L i f e s p a n _ 8   −  O  L i f e s p a n _ 8   =  I  L i f e s p a n _ 14   −  O  L i f e s p a n _ 14   =  I  L i f e s p a n _ 20   −  O  L i f e s p a n _ 20    



(9)







However, such an assumption cannot be simply applied to the relationship between demand and lifespan, since the production of products with shorter lifespans needs to be higher to fulfill the requirement for the number of stocks, consequently increasing the demand for those products. This highlights the necessity of developing a demand scenario corresponding to each lifespan scenario.



As a starting point for developing the demand scenarios, we referred to the European Commission report from 2018 [58], which included a review of various global growth scenarios (proposed by the BNEF and IEA) for both traction and stationary LIBs in the years leading up to 2040 and categorized these scenarios according to LIB capacity as high, medium, or low. In this study, the predicted increasing trend for LIBs in 2030–2040 was linearly extrapolated from 2040 to 2050. For the demand for stationary LIB capacities, only the high-demand pattern was selected because this demand was nearly zero in the other medium- and low-demand patterns. In forecasting the demand for traction LIB capacities, a number of demand patterns were used in this study: Demand pattern_H, Demand pattern_M, and Demand pattern_L.



In considering the demand for traction LIBs, the referred demand patterns were synthesized from various primary scenarios developed with a different algorithm. Note that it is difficult to assign the appropriate lifespan to each of the categorized demand patterns. As such, this study assumed a 14 year lifespan for traction LIBs, which is the lifespan in the medium scenario (given in Section 2.2.2). This was applied to each of the demand patterns for traction LIBs. Equation (4) was used for the case of a 14 year lifespan, and Equation (5) was used for all lifespan scenarios. Then, the demand for the traction LIBs in the different lifespan scenarios (Lifespan_8 and Lifespan_20) was calculated with the following equations:


   I  Lifespan _ 8   =  O  Lifespan _ 8   +  I  Lifespan _ 14   −  O  Lifespan _ 14    



(10)






   I  Lifespan _ 20   =  O  Lifespan _ 20   +  I  Lifespan _ 14   −  O  Lifespan _ 14    



(11)







Ultimately, this study analyzed the nine demand scenarios by combining the lifespan scenarios (Lifespan_8, Lifespan_14, and Lifespan_20) and the referenced demand patterns (Demand pattern_H, Demand pattern_M, and Demand pattern_L). The scenarios for the LIB demand are given in Figure 2. The data are given in the Supplementary Materials.



While it is acknowledged that the assumptions lead to unavoidable uncertainties, the advantage of this approach is that it allows various possibilities in both demand and lifespan to be considered, and the potential and conceivable ranges of global natural resource use can be presented.




2.2.4. Effectiveness of Circularity


The global circular resource use for LIBs based on TMR was estimated with the following equation:


  X =  T p   I   a p    +  T q   I   a q    +  T p   I   b p    +  T r   I   b r     



(12)






   I a  =  I   a p    +  I   a q     



(13)






   I b  =  I   b p    +  I   b r     



(14)




where  X  is the global circular resource use for LIBs,    T p    is the TMR for primary LIBs,    T q    is the TMR for recycled LIBs,    T r    is the TMR for repurposed LIBs,    I   a p      is the inflow of primary traction LIBs,    I   a q      is the inflow of recycled traction LIBs,    I   b p      is the inflow of primary stationary LIBs,    I   b r      is the inflow of repurposed stationary LIBs,    I a    is the inflow of traction LIBs, and    I b    is the inflow of stationary LIBs.



The effectiveness of LIB circularity was evaluated in the form of the reduction rate by comparing the global circular resource use for LIBs and the global resource use for LIBs without repurposing and recycling. It is expressed by the following equation:


  R =    T p     I a  +  I b    − X    T p     I a  +  I b      × 100  %   



(15)




where  R  is the reduction rate for global resource use for LIBs for traction and stationary use through circularity.






3. Results


3.1. TMR for Repurposed and Recycled LIBs


A comparison of the TMR for primary LIBs, recycled LIBs, and repurposed LIBs is presented in Figure 3. While the TMR for primary LIB was 47,800 kg-TMR/unit and the TMR coefficient for primary LIBs per LIB weight was 189 kg-TMR/kg [41], the TMRs for recycled and repurposed LIBs were 22,000 kg-TMR/unit and 1030 kg-TMR/unit and the TMR coefficients for recycled and repurposed LIBs per LIB weight were 87.0 kg-TMR/kg and 4.06 kg-TMR/kg, respectively. These results indicate that the process of repurposing and recycling leads to a significant reduction in resource use from natural ore for the production of primary LIBs. The results also show the benefit of the repurposing stage for the stationary use of LIBs, rather than directly channeling LIBs to the recycling stage, from the perspective of resource use.



The repurposing of LIBs effectively reduces resource use for primary LIB production by approximately 98%. This low resource use is because just 1630 kg of resources are allocated in the calculation process for repurposing, including 1500 kg of urban ore in the form of obsolete battery electric vehicles. Based on the monetary value, 63% of the total weight of resources can be allocated to repurposed LIBs.



A breakdown for recycled LIBs by composition is presented in Figure 4. The use of recycled LIBs reduces resource use for primary LIB production by more than 50%. This is because of the availability of secondary materials through the recycling process. The TMR coefficient for secondary materials is much lower than that for primary materials, which contributes to the reduction in resource use. According to Figure 3, the TMR for primary materials from natural ores recycled LIBs can be eventually reduced by approximately 64.4% compared to that for primary materials from natural ores the primary LIBs. In particular, the use of secondary copper and NMC would be a major contributor to this reduction. For instance, nearly 50% of copper in spent LIBs can be recycled and used in the production of recycled LIBs, which amounts to a reduction in the TMR coefficient for secondary copper of approximately 90% compared with that for primary copper. Notably, copper extracted from natural ores represented the greatest share (47%) in the TMR, as shown in Figure 4a. Technological innovation for copper recovery from LIBs is a priority to reduce resource use.



In the Monte Carlo simulation, 22,000 kg-TMR/unit was the most frequent value for the TMR for recycled LIBs, which mostly ranged between 20,000and 24,000 kg-TMR/unit. The use of secondary materials reduces the impact of uncertainties related to the primary materials originating from natural ore.




3.2. Global Circular Resource Use


Based on the nine patterns of demand and lifespan presented in Section 2.2.3, a scenario analysis was conducted to estimate the global resource use for LIBs for traction and stationary use. The global circular resource use for LIBs during the 2010–2050 period is presented in Figure 5, and the reduction rate for global resource use for LIBs due to circularity in 2050 is presented in Table 2.



Considering the different but promising patterns of demand and lifespan, the TMR of LIBs is expected to increase, reaching 10–48 Gt in 2050. Considering that global mining activities moved over 57 Gt of land every year in the 20th century [59] and that this value is expected to increase because of the expected growth in material use [60,61], it is necessary to calculate TMR value as a representation of the mining footprint when considering the impact of LIB production and to determine the share of the total resource use represented by LIBs.



A shorter lifespan equates to the generation of a greater number of spent LIBs, and this could facilitate the circularity of resources in the shorter term and increase the reduction rate for global resource use for LIBs through circularity in 2050 to up to 44%. On the other hand, a longer lifespan equates to the generation of fewer spent LIBs, and this has a short-term and limited effect on circularity (i.e., an 8% reduction rate in 2050 for a lifespan of 20 years in the case of the high demand pattern).



It must be stressed that the TMR of an LIB with a lifespan of 20 years would be smaller than that of one with a lifespan of 8 years in 2050. This indicates that the increase in LIB demand, rather than the effectiveness of circularity, has a greater impact on resource use. On the other hand, the TMR of an LIB with a lifespan of 20 years would be approximately equivalent to that of one with a lifespan of 14 years in 2050. This is because, in terms of resource use reduction, the lower demand for LIBs with a lifespan of 20 years is compensated for by greater effectiveness in circularity for LIBs with a lifespan of 14 years.



While this study set the lifespan scenario from the perspective of SOH, several automobile companies have announced warranty distances for traction LIBs. Nissan has set a distance of 160,000 km as its warranty distance [62], corresponding to approximately 11.7 years of traction LIB lifespan in this study. Considering the lifespan scenario proposed in this study, this Nissan case would need to rely heavily on closed-loop recycling in the circular system at the early stage.





4. Discussion


4.1. Strategic Implications


This study estimated the global resource use for LIBs for traction and stationary use during the period between 2010 and 2050 and analyzed the effectiveness of resource circularity through repurposing and recycling. In the years leading up to 2050, it was found that a longer lifespan would have a greater impact on the reduction in resource use for LIBs than a shorter lifespan. This is because a longer lifespan is associated with a decrease in the demand (but less effective circularity), whereas a shorter lifespan is associated with an increase in demand (but a higher effectiveness for circularity). Circularity, particularly in terms of closed-loop recycling, will be effective in the longer term, beyond 2050.



Thus, urgent action is required as a mid-term strategy for the reduction of resource use for LIBs for the period up to 2050 to ensure the reuse and repurposing of LIBs and extend their lifespan. Furthermore, ongoing R&D efforts are required to determine methods for improving the rate of recovery from spent LIBs through recycling.



The reuse of spent traction LIBs for traction use is one way of extending the lifespan of LIBs. Since the channeling of spent traction LIBs for traction reuse is limited [63], it is important to identify the demand for traction use that would matche even the deteriorated SOH of retired traction LIBs. For instance, the reuse of spent traction LIBs in fleet vehicles in industry with short driving distances would be an interesting application [64]. The promotion of green purchasing from the demand side in the EV industry [65] and tax credits for reused traction LIBs would serve as financial incentives to improve closed-loop reuse circularity. Specifying the end-user driving behavior and estimating the share of BEVs appropriate for the reuse of spent LIBs in the total demand would allow the effectiveness of circularity to be more precisely evaluated.



Besides efforts directed toward the extension of lifespan, a direct approach to reducing the demand for traction LIBs is also important. As shown in Figure 5, the difference in the estimates among the three promising demand-pattern scenarios proposed by the European Commission [58] was as much as 420%. One of the promising approaches to reducing the demand for EVs is to promote carsharing and ridesharing. Carsharing and ridesharing would contribute to a reduction in the number of personally owned vehicles (e.g., 25–75% [66]), which would contribute to a reduced number of newly produced vehicles [67]. This would eventually lead to lower resource use for LIBs. In addition, under the low-demand-pattern scenario, the effectiveness of recycled traction LIBs would be limited, while the repurposing of spent LIBs for stationary use would be the major contributor to circularity. Cooperation between the stationary energy storage industry and the vehicle service provision industry is important to achieve a circular economy associated with LIBs.




4.2. Limitations and Future Prospective


It should be noted that the effectiveness of circularity for the scenario with a lifespan of 20 years must be observed by extending the period of assessment beyond 2050. A longer duration of assessment (such as up to 2100) would be ideal to show the potential of LIB circularity, despite the unavoidably large uncertainties in the projection. It should be noted that the EC report [58] referred to in this study showed great variances between the three demand pattern scenarios up to 2050. Therefore, the results of this study are just a stepping stone towards a circular economy.



In this study, it was assumed that all of the spent traction LIBs would be channeled toward either the repurposing or recycling stages. A high rate of collection of spent vehicles has been achieved in developed countries (e.g., approximately 100% in Japan [68]). This is because the number of end-of-life vehicles is rigorously managed by the vehicle registration system [69]. On the other hand, in many developing countries, end-of-life vehicles are not properly managed due to an inadequate registration system, and the collection rate is uncertain. This highlights the need for the soft support provided by institutional design for the adequate collection of spent traction LIBs to promote circularity in developing countries, in addition to the physical support of recycling technology for the recovery of resources. From an analytical viewpoint, high spatial resolution is required in future studies to grasp regional characteristics and truly comprehend the global scale of the application of the strategies discussed this study.



Technological innovation with regard to the production of traction LIBs was not considered in this study, and the recovery rate in the recycling stage was assumed to remain steady until 2050. The substitution of currently used resources with lower resource-intensity materials [35] and the achievement of more efficient process of mining and recycling [70] would reduce the specific TMR of LIBs, and the resource use would be lower than that indicated by the results of this study. In particular, a lower value for the specific TMR for recycled LIBs thanks to technological innovation would lead to more effective circularity. In this regard, the results of this study could be considered to represent the worst-case scenario.
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Figure 1. Overview of LIB circularity. 
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Figure 2. Scenarios of LIB demand for (a) traction and (b) stationary use. 
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Figure 3. TMR for primary LIBs, recycled LIBs, and repurposed LIBs. 
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Figure 4. TMR for recycled LIB (a) and from the Monte Carlo simulation (b). 
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Figure 5. Global circular resource use for LIBs during the period from 2010 to 2050. 
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Table 1. Three scenarios for LIB lifespan at each lifecycle stage.
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Lifecycle Stage

	
Lifespan_8

	
Lifespan_14

	
Lifespan_20




	
SOH (%)

	
Duration (Year)

	
SOH (%)

	
Duration (Year)

	
SOH (%)

	
Duration (Year)






	
1 *

	
100~95

	
8

	
100~90

	
14

	
100~85

	
20




	
2 **

	
95~90

	
10

	
90~85

	
10

	
85~80

	
10








* Lifecycle stage 1: the stage under which LIBs are operated for traction use until retirement.







** Lifecycle stage 2: the stage under which the retired traction LIBs are repurposed and operated for stationary use until reaching end of life and being channeled into recycling facilities.
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Table 2. Reduction rate for global resource use for LIBs through circularity in 2050.






Table 2. Reduction rate for global resource use for LIBs through circularity in 2050.





	

	
Demand Pattern_H

	
Demand Pattern_M

	
Demand Pattern_L






	
Lifespan_8

	
Reduction rate

	
39%

	
44%

	
33%




	
TMR

	
47.5 Gt

	
30.0 Gt

	
14.4 Gt




	
Lifespan_14

	
Reduction rate

	
25%

	
32%

	
37%




	
TMR

	
40.7 Gt

	
24.8 Gt

	
9.7 Gt




	
Lifespan_20

	
Reduction rate

	
8%

	
21%

	
20%




	
TMR

	
41.1 Gt

	
23.5 Gt

	
10.6 Gt
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