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Abstract

:

Mass transport conversion to an electrified powertrain requires suitable strategies for processing electric vehicle (EV) batteries after their intended first service life. Due to aging mechanisms, EV batteries lose capacity over their period of use and become unsuitable for their initial application at some point. However, to expand their lifetime and to meet the sustainability demand for EVs, the usage of these batteries in so-called Re-X applications is under intense discussion. Until now, downstream processing has been subject to high uncertainty regarding the expected advances. While many issues on the technical and ecological side have been at least partially resolved, the economics are still under assessment. For this reason, this paper intends to give a well-based outlook on the costs and benefits of three chosen scenarios: reuse, repurpose, and recycle. It is expected that under the given national policies and global market conditions, growing quantities of retired EV batteries will return from the transportation markets. Consequently, the market potential for retired batteries in downstream applications will significantly increase, as well as calls for stable solutions.
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1. Introduction


Interest in battery electric vehicles has been rising in recent decades. Technologies including lithium-ion energy storage have many environmental advantages compared to conventional propulsion concepts. Besides the manufacturing and usage of lithium-ion-powered vehicles, their long-term sustainability also depends on the downstream of their batteries [1]. As a result of the low amount of recycled waste in many industrial sectors, the EU pushes for sustainable circular economy approaches [2]. In the waste hierarchy published by the EU, the priority in dealing with waste is prevention followed by reuse and repurpose [3,4]. This also represents the challenges of the sustainability of lithium-ion batteries today. Due to the ongoing high increase in electric vehicles, a circular economy in battery engineering must be distinguished. With the increasing number of new registrations, it is expected that in approx. 10 years, depending on the lifetime of the batteries, a large number of used battery systems will be available [5]. These may be defective batteries as well as batteries that can be used in a potential second life. For example, during repurposing, up to 90% of material and energy resources can be retained in the product life cycle [6]; however, the economic viability of such applications remains unclear. In the literature, a high amount of costing models exist. The focus of the present research is on activity-based costing, which is not present in the literature yet. This publication presents an approach to a cost–benefit analysis of downstream applications for retired electric vehicle batteries based on a case study. The goal is to expose the hidden costs of processing and assign them to the end product to show the impact on the real cost of business operations.




2. Battery Lifecycle


To ensure the maximum utilization of a traction battery a higher adaptation to customer needs is necessary. The overall ideal lifecycle for battery systems is shown in Figure 1. Starting with raw material processing, the production of battery cells, and later, battery systems, begins. After the production phase, the integration into the car and corresponding usage time follow. For the scope of this work, the subsequent processes are especially relevant. In any case of specific battery analysis, a dismounting of the battery from the car must be performed. Afterward, different paths can be chosen, the so-called Re-X processes.



A distinction must be made between scenarios with further use of the battery and recycling. Recycling is the process step where the battery is broken down into its raw materials. These can be used again to manufacture new battery cells. By recycling the circular loop of the battery can be closed.



In general, further use of the battery after the initial usage phase is defined as second life. In Figure 2 the different processes leading to second life are described. The processes described are based on the theoretical ideal. In practice, there are deviations in the details. Among other things, this is the case because in reality, and especially in smaller companies, both entire battery packs and individual modules are processed.



As already mentioned above, recycling should not be the first thing to do after dismounting the battery from the car. To distribute impacts from production (e.g., the emission of carbon dioxide equivalents in terms of sustainability requirements), it may be desirable for the battery to have the longest possible usage time. Additionally, a lot of retired battery systems might not be useless but could just suffer from smaller defects, for example in the integrated electronics. All paths have in common that some kind of initial characterization of the system is needed. Depending on the individual results of the characterization, different paths are chosen. After achieving the best results, a reuse is considered. In reuse, the battery system is reinstalled in the original application. This might be the case when there has been an accident with the vehicle without impacts on the battery and therefore no replacements of components are needed. Reuse most likely requires the direct cooperation with an OEM. In remanufacturing, different battery systems are characterized, and with the healthiest parts (for example battery modules) a new system is built up and used in the original application. As with reuse, the cooperation with an OEM is necessary to fulfill the initial requirements. Another path quite similar to the already explained one is the path of repurpose. In this scenario, the battery might be manipulated, if necessary [7]. The main element that distinguishes repurpose and remanufacturing is the use in a new application. This means that a former traction battery can be used, for example in stationary energy storage, with less strong requirements regarding the depth of discharge but maybe higher requirements in terms of cyclability. Repurpose does not require cooperation with the OEM since the battery is disassembled. However, access to the battery management system is highly appreciated, which is difficult for third parties.




3. Battery Process Routes for Downstream Applications


The downstream process map for the retired vehicle batteries demonstrated in Figure 3 must be understood as a multi-variable investigative approach. For development, theoretical models from the literature [8,9,10,11] were merged with state-of-the-art industry practice gathered from expert interviews with market players.



The process map does not claim completeness but can be considered a generic model for the investigated downstream pathways and stage gates. Therefore, the model can be adjusted with low effort due to its modularity. Every downstream pathway for the explored Re-X scenarios contains four generic stages [5]:




	
Preparation and support processes simplified to the receipt of goods;



	
Classification operations heavily determine the further downstream pathway of the batteries;



	
Disassembly of the goods received;



	
Downstream applications for the batteries.








Different decision criteria determine the downstream pathways [12], starting with the kind of goods received and considering the processed state of the retired batteries (EV, pack, or module) as well as their system architecture (cell-module-pack (CMP), cell-to-pack (CTP)…) [13,14] and the classification abilities of the processor and the classification result. Table 1 gives an overview of the criteria options for the respective applications.



To avoid exceeding paper limitations, not every pathway is presented. Please note that the table does not provide information on which XOR-knot the decision occurs or on relevant criteria concerning pathway variations within the sections.



3.1. Preparation, Classification, and Disassembly


The model foremost centers around the disassembly steps necessary to prepare the batteries for their respective downstream applications. It is assumed that there is no information about the condition of incoming batteries. Their status is treated as a black box until classification occurs. Therefore, the process lanes of disassembly and application progress depend on the classification (methods as well as) results and the processed state of goods received. The path development for classification relies on the latter and the classification capabilities of the processor [15]. Investigating battery pack disassembly revealed that current the process designs heavily rely on manual labor with low automation present. The lack of automation in battery disassembly results in operators having to perform time-consuming, expensive, and often dangerous work [16]. The diversity of pack design variants complicates a standardization of process activities and leads to disassembly line designs having still a pilot character. It is expected that automated disassembly approaches will accelerate throughputs by increasing process capacities as well as cutting process time and costs drastically [17,18].



In terms of classification, a wide range of approaches is available [19,20]. This model considers two of those approaches. Regarding process time, a direct readout of battery data from the battery management system (BMS) would be the most preferable option [21], eventually followed by electrochemical impedance spectroscopy (EIS) [22]. However, a direct readout requires extensive monitoring of the battery during vehicle operation and access to sensitive data, mostly exclusive to manufacturers. For this reason, third-party entities especially rely on Coulomb Counting (CC) as an alternative [19,23,24]. This method conducts pre-defined charge and discharge cycles on the battery to determine its condition [25]. Even though CC could be applied as an easy-access alternative for classification, this option consumes most of the overall process time [26]. Therefore, as a compromise between classification accuracy and downstream costs, testing on modules is considered an efficient trade-off, especially since the handling of battery cells was not in the scope. The disadvantage of merely testing modules instead of cells would be that just one defective cell could determine the whole module’s fitness and suitability for further downstream activities. Additionally, the determination of a deep discharge during the process would disqualify the battery in any processed state from every downstream application except recycling [27].



The actual disassembly process starts after the receipt of goods or classification, depending on how much the battery has been processed already [8]. To exemplarily characterize the process, it is assumed that the disassembler deals with EVs. The reuse application requires the processor to be capable of performing a direct BMS readout. For the repurpose and recycling cases, primarily third-party processing with access only to CC is assumed. If the processor has no access to the necessary BMS data, removing the battery pack from the vehicle itself represents the first disassembly activity. A direct readout offers the option to first enter the classification of the battery pack while still installed in the vehicle. If the classification determines that the pack has over 80% of its initial capacity left, the requirement for reuse is matched and the disassembly process ends; otherwise, disassembly continues.



The delivery of battery packs or modules skips the pack removal process. Received modules also need no further disassembly and enter the CC classification directly. The disassembly of packs is considered if an SOH result of under 80% was determined previously or CC classification is the only option. At first, the pack should be discharged for safe handling. The discharging step is a free-floating task and can be applied at various points during the disassembly, depending on the goods received and the process design. However, it should be applied before handling the internal peripherals, modules, and cells to avoid serious safety risks. It is possible to skip the activity if an initial SOC measurement finds a deep discharge of the battery. Next, the external peripherals and the packing lid must be dismantled. Then, the removal of the inner peripherals follows. Finally, the modules can be dismantled from the battery pack, and classification using CC is performed [11], ending the disassembly stage.



This model uses the 80% residual capacity criterion to determine the downstream application [28,29]. The battery capacity must pass this limit to guarantee further operation lifetime for reuse or repurpose. Otherwise, the battery is fed into the recycling process chain. The value of 80% is still one of the most common approaches for defining the end life of a traction battery [5]. However, some consider overthinking this limit and shifting it towards lower capacities, achieving a maximally stretched-out lifetime until requirements can no longer be fulfilled and therefore a required higher adaption to customer needs [30,31,32].




3.2. Reuse of Battery Packs


The direct reuse process for retired traction batteries follows a generic approach [33]. For this application, many assumptions had to be considered due to a lack of industry practice in the reuse of EV batteries in vehicles. The approach designed for this paper examines the economic effects of purchasing retired traction battery packs or EVs, testing their suitability for reuse, renewing their operation license, and then reselling them. The model would require the processor to be able to read out necessary BMS data and would not consider battery reuse in an original or similar application after disassembling the battery system down to the module level. It is assumed that the resulting additional costs of a reassembly disqualify this option economically. The packs suitable for this scenario could be foremost allocated from EV service inspections, car resellers, or insurance write-offs. As a business model, a reuse of the battery in the same EV or similar EV model could be considered a warranty extension or a renewed operating certification of the battery or drive system [34]. The SOH classification is ideally conducted while the battery is still installed in the vehicle, cutting disassembly and reassembly costs; otherwise, the disassembly process must be applied as stated above. Depending on the legal situation, the last step for reusing the battery packs is for them to pass safety and functional tests, ensuring reliable EV operation. Due to the mentioned lack of industry examples, those safety and functional tests were based on the certification processes for new battery systems [35,36].




3.3. Repurpose on Module Level


The repurpose scenario in the model displays the production of energy storage for industrial applications. The application design requires the batteries to be disassembled to the module level. Although there was no focus on other repurposed products, all kinds of different scenarios are possible [28]. A prominent example would be container storage systems, where the integration of whole retired battery packs is possible. However, the basic manufacturing steps do not differ in a significant way [12].



For application suitability in our model, the modules must have an SOH value over 80% of their initial capacity [37]. To ensure safe and reliable operation, all modules must be balanced towards a uniform capacity [38]. The model achieves this by reducing the module capacities below the actual performance level. In our case, the capacity is reduced to 60% of the initial value. The significant difference between the SOH threshold and balance level should compensate for measurement errors in residual capacity results and also equalize inhomogeneities in the load history between different modules [39]. After classification and capacity leveling, the modules, together with the needed material (e.g., power electronics), are interconnected and mounted into storage cabinets. The last repurpose step lies (like reuse) in various safety and functional tests [21]. After passing, the storage system can be shipped.




3.4. Recycling of Battery


Commercial recycling plants can be differentiated based on their recycling technology and thus on their products’ quality. Industrial recycling companies in Europe use a combination of different recycling technologies. The different types of recycling technologies can be clustered into pre-treatment, mechanical treatment, pyrometallurgy, and hydrometallurgy [8]. The different types of recycling options are visualized in Figure 4.



To reduce the safety risks during the mechanical treatment and handling of the battery, incoming batteries are generally deep-discharged and dismantled into modules in the pre-treatment. Pyrolysis is also included in the pre-treatment cluster, as it can also be implemented to deactivate LFP batteries [40]. In the mechanical treatment, the batteries are shredded and processed by different types and combinations of separation technologies to achieve the highest possible quality of the intermediate product. After the mechanical treatment, the intermediate product is the battery active material mixture (BAMM), a mixture of cathode material and/or anode material and/or electrolyte and/or other components and impurities. Pyrometallurgy refers to a process that uses a high temperature of about 1400 °C to obtain a metallic alloy as an intermediate product [41]. In hydrometallurgy, the metals are extracted from the intermediate product using different water-based steps recovering the targeted metal as a compound (e.g., cobalt sulfate, nickel sulfate).



The model for the recycling scenario displays the recycling from end-of-life batteries until the metal precursor for two types of cathode chemistry: NMC811 and LFP. For the recycling chain, the following processes are considered: discharging, disassembly to the battery module, pyrolysis, dry shredding, mechanical separation, leaching with sulfuric acid, solvent extraction, and crystallization.



Recycling plants are generally strategically planned close to battery production facilities as well as automotive companies. Short transport distances have a highly positive economic impact on the recycling company, as the transport of end-of-life batteries is a high-cost factor. With more than 15 recycling companies, Germany is currently the most popular battery recycling location in Europe due to its central position and the high number of OEMs and battery production plants [42].





4. Cost–Benefit Analysis of Established Second-Life Processes


As shown in Chapter 3, there are multiple process routes for the various downstream approaches to investigate and measure arising costs. To focus the efforts, one representative process route for reuse and repurpose as well as two examples for recycling were selected. A standard cost accounting approach is used and integrated into a CBA tool.



4.1. Framework and Bases for the CBA


Standard costs are the costs planned per unit of product. In particular, these are the manufacturing costs planned per product unit (raw material or direct material, production wages, and production overhead). Since the manufacturing costs of a product are formed by summing the costs required for the various operations, the costs planned per operation also represent standard costs [43]. As standards, the following parameters shown in Table 2 are specified:



The vehicle model Audi e-tron quattro 50 (2019) and its battery model are used as the process input. The car relies on a battery system with 71 kWh capacity distributed over 27 modules. Each module contains 12 prismatic cells [44]. For calculations concerning recycling [18], it is assumed that NMC-811 (nickel, manganese, cobalt) and LFP (lithium, iron, phosphate) cathode formats are used in the battery. Other process routes are not affected by this assumption. It is further assumed that a processor has the opportunity to perform every downstream application to create equal starting conditions. However, the performed application itself is modeled as a stand-alone business operation. Consequently, the throughput of processed retired batteries varies with every scenario.



For cost calculations, an activity-based costing method [45] (German: Prozesskostenrechnung), according to the understanding of Horváth and Mayer (1989), was used [46]. In principle, basic processes called activities are treated as the smallest units within a cost center. Their cost-effecting in- and outputs are summed up, and related activities themselves are then combined into cost-center internal processes. Processes interconnected to different cost centers are aggregated into main processes within a company. To achieve measurement and scalability, a significant cost driver for each main process is identified [47,48]. In this case, the main cost driver for every downstream application was considered to be the respective process throughput. Additional information on the used equations are provided in Appendix A.



The initial costs and later benefits were based on assumptions, market data, and interview information. For example, the reuse business case is simplified to the purchase and reselling of battery packs or vehicles, taking into account a value loss for the used condition in comparison to the initial selling price. The assumption was a value loss of approx. 50%. Benefits raised by selling energy storage systems for industrial usage were achieved by calculating a selling price per kWh sold storage. The repurpose business case also needed to pay attention to legal regulations considering accruals and shipping expenses. Recycling benefits were generated through sales of the recovered raw materials. The in- and output variables of the cost model used for the CBA are shown in Figure 5.



The cost model is based on specific input and output parameter sets. Input parameters are clustered in vehicle model, operational, and battery model data. With the execution of the model, the output data for reuse, recycling, and repurpose are generated.




4.2. Cost Analysis of Downstream Applications


The cost distribution shown in Figure 6 for the reuse scenario under the standard cost assumptions is heavily dominated by the safety and functional test. The activity consumes nearly 60% of the overall downstream costs followed by the pack removal from the EV with approx. 30% cost share. Both processes are not necessarily mandatory for the reuse case. In particular, the role of testing for safety and function is up for debate due to the lack of in-practice comparisons. Therefore, the actual costs for reuse could be even lower for future real-life applications.



The repurpose scenario in Figure 7 shows similarities to the reuse case in its cost distribution, with pack removal and testing being major cost factors.



End-of-line testing of the finished products shows to have the largest share of overall costs due to the high consumption of process time and initial investment costs for test equipment. Like the reuse business case, pack removal from the EV is a negligible process activity if another process input is considered.



The cost distributions for both investigated cathode chemistries (NMC and LFP) displayed in Figure 8 (NMC) and Figure 9 (LFP) show that the actual recycling process activities have the largest cost share with over 90% of overall process costs.



Additionally, the recovery of the cell housing is the primary cost driver for both scenarios. This is likely due to the high investment cost for this process step as well as the high energy demand for its performance. For NMC cathodes, this process makes up approx. 30% of the overall process costs, whereas the cost share for LFP cathodes is nearly 45%. The second-largest cost driver lies in recovering the actual cathode materials manganese, cobalt, and nickel for NMC. For recycling batteries with LFP cathode chemistry, the recovery of electrolytes is shown to have the second-largest cost share.




4.3. Cost–Benefit Analysis for the Business Cases


The cost–benefit balance of the reuse business case displayed in Figure 10a shows to be profitable overall under the previously defined standard cost assumptions. With one disassembly worker and one shift operation, a throughput of approx. 3100 processed and reused vehicles per year is estimated to be realized.



Almost all costs can be attributed to the purchase of the retired battery systems. The purchase price of EUR 5325 comprises over 97% of the arising expenses. It is questionable if purchasing retired EVs or battery packs at similar prices is realistic. Due to their higher material value or the possibility for simple reuse, markets maybe tend to develop higher prices for retired EVs compared to their battery system. On the other hand, buying already removed battery packs from vehicles must consider these process costs to be likely added to purchase prices. The revenue compiles the assumed 50% value loss calculated with the mean purchase price for a comparable battery pack of around EUR 16,170. The revenues could turn out lower in the future because battery and, consequently, EV prices are expected to decrease [13]. Subsequently, this could similarly impact the second-hand market, causing no difference to the overall balance in the end.



The business case of repurposing displayed in Figure 10b is also demonstrated to be a profitable downstream for retired batteries. Due to the assembly material and process costs of approx. EUR 20,500, the influence of the initial purchase price is reduced to around 26%. With information from the interviews, a calculation of the material costs of approx. 250 EUR/kWh was conducted, contributing EUR 12,500 for a storage system under the given assumptions. Therefore, the material was shown to have the most significant cost share with nearly 61%. Revenues are mostly generated through the sale of storage, with a minor share being the sale of leftover components from the battery system disassembly. Under the standard cost assumptions, a production of approx. 500 energy storages per year are estimated.



A different picture is created by investigating the balances of the recycling application shown in Figure 11. The initial costs for processing exceed the revenues by far. In contrast, to reuse and repurpose, the overall costs are caused by high investment costs for the various recycling processes. Under the assumptions made, only 740 EVs per year could be processed due to time-consuming disassembly and recycling operations.



A comparison between the recycling of battery cells with NMC and LFP cathode chemistry shows that the recycling of NMC battery cells is more profitable despite needing more processes. This is due to the higher value of the cathode materials nickel, manganese, and cobalt than iron. Nevertheless, the revenue generation is not able to compensate for the expenses.




4.4. Sensitivity Analysis of Parameters of Interest


The previous section describes the cost structure of downstream processes and resulting costs, revenues, and balances for the three chosen applications under the standard cost assumptions. In Chapter 4.3, possible variables of interest, which could change the profitability of the applications depending on their value, were discussed.



For the reuse application, a loss in value for the reused battery pack or system is assumed. In Figure 12, the influence of the value loss in relation to the purchase price of the used but SOH-checked battery pack (in comparison to buying a new battery) on the overall cash balance of the reuse application is investigated. If there is no change in the other standard assumptions, the application can operate profitably until a value loss exceeds 66% for the battery. At this point, the operation would generate losses. The investigation into other variations of purchase prices demonstrates that a change in prices by about 25 EUR/kWh causes the break-even point of operations to demand an approx. 11% reduced value loss.



For repurposing, an investigation into the sales price of the energy storage systems in relation to the purchase price displayed in Figure 13 was conducted. As a result, the application of repurposing loses profitability if the sales price drops lower than approx. 410 EUR/kWh under the given assumptions. In addition, it is shown that a change in purchase prices of 25 EUR/kWh results in the break-even point to shift sales prices up by around 40 EUR/kWh.



Finally, the already discussed impact of the purchase price of retired batteries is investigated. For this, a sensitivity analysis varying the initial purchase costs for all applications is conducted. To take all major process pathways into account and be coherent, the influence of taking NMC and LFP cells as process inputs for the recycling business case are analyzed. As shown in Figure 14, the recycling business case under the given assumptions can only operate profitably by buying retired batteries. As it is already industry practice, charging a fee (as negative purchase costs) of a minimum of approx. 40 EUR/kWh is necessary to avoid generating losses. Repurpose and reuse are less sensitive to price fluctuations. Reuse operates profitably until approx. 110 EUR/kWh, whereas repurpose avoids losses until retired battery prices rise to approx. 130 EUR/kWh, which is nearly a doubling in initial costs. Keeping history and forecasts of battery production costs in mind, these profit borders will eventually be lowered in the forthcoming months and years.



The linearity of the balance functions can be partly attributed to the significant influence of the initial purchase costs for the batteries. Additionally, the cost and revenue functions scale linearly with the process throughput. For the displayed analysis, the presented processes are designed without parallelization. A parallel streamlining of processes investigating and eliminating bottlenecks would likely result in non-linear functions if scaled up.



Finally, the economies of scale for the recycling application are investigated and shown in Figure 15 [49].



For the analysis, the process capacities and the throughput of EVs per year are consequently scaled up. Therefore, capacity-limiting assumptions such as the one-worker operation in disassembly is ignored. It is shown that even with a pilot disassembly line design and only manual labor, a profitable recycling operation for both cathode chemistries can be achieved if scaled up. As already displayed previously, recycling NMC cathode formats generates a higher balance value than LFP cathodes due to their containment of precious metals such as manganese, cobalt, and nickel. Although profitability is possible, the analysis also reveals clear boundaries for economic growth under the assumed circumstances. For both cathode chemistries, the steep balance growth slows down after scaling up the processing capacity to over 10,000 units/year. This threshold displays a point where the influence of the flexible process costs corresponding to the scaling starts to outperform the fixed cost, which could be compensated by the economies of scale effect. When the capacity threshold of 30,000 units/year is exceeded, no significant balance growth can be identified.





5. Conclusions


This paper presents a snapshot of the current downstream market situation for three different applications: reuse, repurpose, and recycling. The CBA was designed according to interview statements, information about the vehicle, and the installed battery model. In particular, the vehicle and traction battery data were essential input variables for calculating and scaling the various processes. For modeling different economic environments, basic operational information was added as input variables as well. In the model, the disassembly and classification sections represent the bottleneck of the entire downstream due to time-intensive process activities limiting the throughput in a significant way. It was shown that scaling-up capacities can have a limited positive influence on the application profitability. The cost model follows an activity-based costing approach and is integrated into a CBA tool giving costs, benefits (as revenues), and the balance as outputs. This method requires a considerable amount of data input concerning activity/process times, cost measurable in- and outputs, and additional information on process design.



While investigating, several challenges concerning data availability and validity were faced. The mass conversion of transport to an electric powertrain is still in its early stages compared to fossil-fueled alternatives. Consequently, downstream markets for traction batteries are also at their very beginning. These markets also develop in a delay from the first EV service lifetime. Those are estimated to be between eight and ten years on average, intensifying the challenges in data collection even further. This creates a widespread lack of industrial experience and general uncertainty. Therefore, the research relies on publicly available data, expert interviews, and filling gaps with reasonable assumptions. A detailed validation and update of the input parameter sets are planned as soon as the data situation has improved. Therefore, the aspect of reject quantities could also not be reliably addressed in the model. The effects of detecting scrap batteries with an unsuitable SOH status for a second life on the business revenue will be also addressed in the future. Another problem concerning data validity is the EV market’s volatility. Political agendas, technological disruptions, legislative environments, and economic realities on the industry and customer side are changing the narrative of electric transport at a fast pace, complicating extensive forecasts. As shown in the presented sensitivity analysis, changing input variables in a minor way could cause significant differences between loss and profit.



As a key result, there is a profound potential for reuse and repurpose in downstream battery applications, especially if initial purchase costs for used batteries on the secondary market fall in correlation to increasing efforts for the mass production of traction batteries and EVs for first-life applications. Under the circumstances, reuse reaches profitability if processors purchase used batteries under approx. 110 EUR/kWh (value loss 50%) or value losses of the reused battery do not exceed 66% (purchase price: 75 EUR/kWh). With the chosen process design, repurpose stays profitable until purchase prices rise over approx. 130 EUR/kWh (sales price: 500 EUR/kWh) or a sales price of approx. 410 EUR/kWh (purchase price: 75 EUR/kWh). In the case of recycling, current applications are not profitable according to the findings presented. Profits are only possible by charging fees for battery processing and improving scaling-up capacities. These findings reflect current industry practice. Additionally, a difference in economics depending on the cathode chemistry input is determined. Comparing LFP and NMC cells indicates higher profitability for recycling NMC cathodes due to higher material value despite needing more process steps. The higher balance of over EUR 500 per processed battery pack seems narrow but can accelerate when throughput is scaled up in the future. It should be noted that, in general, the material value correlates with material availability and need. If the need declines due to a technology change, this could relativize the described observations.



In sum, explicit boundaries for the investigated downstream regarding profitability were determined and showed the resilience areas for each application. Currently, there is a clear ecological and economic rationale for pursuing reuse and repurpose operations for retired traction batteries. The benefits of expanding battery lifetime compared to the modest rededication efforts prevail in the current market environment. However, the authors consider that recycling will likely benefit from future economic and legal frameworks, especially in the EU. Supported by lower investment and processing costs, this could lead to a change in our economic recommendations for Re-X pathways.
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Appendix A


The time consumption for a single performance of an activity is calculated by the multiplication of the time consumption of the measure expression and the form of the measure expression.


   T   single ,   i       = T     m i         ×   A     m i     ,   i    ∈      I ,   m   i    ∈      M   i   



(A1)







   T   single ,   i     : time for a single performance of i



   T   m i     : time consumption of    m i   



   A   m i     : form of    m i   



   i   : activity



   m i   : measure expression of activity



The annual time consumption per activity is calculated by multiplication of the annual sub-process set and the time consumption for a single performance of an activity.


   T   annual ,   i     =         T     annual ,   i      3600        ×   m   j   ,   j    ∈    J ,   i    ∈    I   



(A2)







   T   annual ,   i     : annual time consumption of  j 



   m j   : sub-process set of  j 



   m i   : measure expression of activity



The overall time consumption is calculated by summing over the time consumption for a single performance of an activity, and the time consumption of the annually performed activities, respectively.


   T   single ,   j      =   ∑  i I     T     single ,   i      3600    ,   i    ∈    I   



(A3)







   T   single ,   j       : time consumption of j


   T   annual ,   j     =    ∑  i I   T   annual ,   i     ,   i    ∈    I   











   T   annual ,   j     : time consumption of annual performance of j



To calculate the annual depreciation costs of a sub-process, the sum over all work equipment is formed.


   K   a ,   j     =    ∑  a A     I   a ,   j         −   R   a     C a       ,   with   R   a   = 0 ,   a    ∈    A ,   j    ∈    J   



(A4)







   K   a ,   j     : annual depreciation costs of j



   I   a ,   j     : investment cost of j used in a



   R   a       : residual value of j used in a



   C a   : operating life of j used in a



   a   : work equipment



Calculation of the annual energy costs by multiplication of the energy consumption, the annual time consumption, and the costs of the energy form. The product is then summed over all activities, work equipment, and used types of energy.


   K   E ,   j     =    ∑  a A    ∑  i I    ∑  e E   V   E ,   a ,   e ,   j       × T     annual ,   i         ×   K     E ,   e     ,   e    ∈    E ,   a    ∈    A ,   j    ∈    J   



(A5)







   K   E ,   j     : annual energy costs of j



   V   E ,   a ,   e ,   j     : energy consumption of e of j used in a



   K   E ,   e     : costs for energy form



   e   : energy form



The annual service costs are calculated using maintenance rates multiplied by the investment costs of the respective work equipment and summing the product over all work equipment.


   K   W ,   j     =    ∑  a A   I   a ,   j         ×   S     W ,   a     ,   a    ∈    A ,   j    ∈    J   



(A6)







   K   W ,   j     : annual maintenance costs of j



   S   W ,   a     : maintenance rate of j



The setup costs are calculated by the sum of the multiplication of the annual equipment demand and the costs of the equipment over all work equipment.


   K   R ,   j     =    ∑  a A   V   R ,   a ,   b ,   j         ×   K     R ,   b     ,   b    ∈    B ,   a    ∈    A ,   j    ∈    J   



(A7)







   K   R ,   j     : annual setup costs of j



   V   R ,   a ,   b ,   j     : annual equipment demand



   K   R ,   b     : costs of equipment b



   b   : equipment



The calculation of the annual personnel costs is performed by summing the product of the personnel costs for a qualification and the personnel demand for a qualification’s overall qualifications.


   K   P ,   j     =    ∑  q Q       V     P ,   q ,   j         ×   K     P ,   q     ,   q    ∈    Q ,   j    ∈    J   



(A8)







   K   P ,   j     : annual personnel costs of j



   V   P ,   q ,   j     : personnel demand of q in j



   K   P ,   q     : personnel costs of q



   q   : qualification



Personnel requirements for a sub-process are calculated as the quotient of the sum of the time consumption of the annual performance (counter) and the annual time allocation of an employee with the respective qualification (denominator).


    ∑  j   V   P ,   q ,   j    =     ∑  j   T     annual ,   j       T q       ,   q    ∈    Q ,   j    ∈    J   



(A9)







   T q   : annual time allocation of an employee with q



The annual interest costs are calculated using an average value method for imputed interest.


   K   Z , j     =      ∑  a A   I   a ,   j     2     × S   Z   ,   a    ∈    A ,   j    ∈    J   



(A10)







   K   Z ,   j     : annual interest costs of j



   S Z   : imputed interest rate



Calculation of the monetary benefit of the main processes “classification” and “disassembly” by multiplication of the share of valuable material in a battery component.


   N  PD    =    ∑  j    ∑  l   S   l ,   w         ×   P   j       ×   E   w   ,   w    ∈    W ,   l    ∈    L ,   j    ∈    J   



(A11)







   N  PD    : monetary benefit of main processes “classification” and “disassembly”



   S   l ,   w     : share of w in battery component l



   E w   : sales proceeds of w



   l   : battery component



   w   : valuable material



The monetary benefit of the main application process “reuse” is calculated using the new price of the battery pack and a factor to consider the depreciation in used condition.


   N  RU      = K     p , new       ×   ( 1   −   S   V     )   ×   P   j   ,   p    ∈    P ,   j    ∈    J   



(A12)







   N  RU    : monetary benefit of main process “reuse”



   K   p ,   new     : new price of p



   S V   : depreciation in used condition



   p   : LIB type



The main application process “repurpose” generates a monetary benefit over the sold capacity and the sales proceed.


   N  RM      = C    kWh        ×   E    kWh        ×   P   j   ,   j    ∈    J   



(A13)







   N  RM    : monetary benefit of main process “repurpose”



   E  kWh    : sales proceed per kWh



   C  kWh    : capacity of energy storage



The monetary benefit of the main application process “recycling” is calculated analogously to “classification” and “disassembly” under further consideration of recovering rates.


   N  RC    =    ∑  j    ∑  i    ∑  l   S   l ,   w         ×   S     i ,   w         ×   P   j       ×   E   w   ,   w    ∈    W ,   l    ∈    L ,   i    ∈    I ,   j    ∈    J   



(A14)







   N  RC    : monetary benefit of main process “recycling”



   S   i ,   w     : recovery rate of w in i




Appendix B
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Table A1. Activities of the main process “preparation”: receiving.






Table A1. Activities of the main process “preparation”: receiving.





	Number
	Process





	1a
	receive: vehicle



	1b
	receive: battery module/pack



	2b
	receive: other
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Table A2. Activities of the main application process “repurpose”: dispatch.






Table A2. Activities of the main application process “repurpose”: dispatch.





	Number
	Process





	1
	dispatch: energy storage
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Table A3. Activities of the main processes “classification” and “disassembly”: capacity determination, if battery system is still in vehicle.






Table A3. Activities of the main processes “classification” and “disassembly”: capacity determination, if battery system is still in vehicle.





	Number
	Process





	1
	read data (SoH): traction battery
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Table A4. Activities of the main processes “classification” and “disassembly”: removal of battery pack.






Table A4. Activities of the main processes “classification” and “disassembly”: removal of battery pack.





	Number
	Process





	1
	remove: cooling system and fluid



	2
	remove: connector plug motor



	3
	lift and lower: vehicle



	4
	loosen: bolting car body



	5
	loosen: central bolting



	6
	lay on table: battery system
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Table A5. Activities of the main processes “classification” and “disassembly”: status report.






Table A5. Activities of the main processes “classification” and “disassembly”: status report.





	Number
	Process





	1
	checking: battery pack exterior



	2a
	read data (SoH): battery pack



	2b
	voltage measurement (SoC): battery pack
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Table A6. Activities of the main processes “classification” and “disassembly”: disassembly periphery (outside).






Table A6. Activities of the main processes “classification” and “disassembly”: disassembly periphery (outside).





	Number
	Process





	1
	disassemble: other periphery



	2
	disassemble: battery junction box



	3
	remove: communication system



	4
	disassemble: BMS-Master
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Table A7. Activities of the main processes “classification” and “disassembly”: discharge battery.






Table A7. Activities of the main processes “classification” and “disassembly”: discharge battery.





	Number
	Process





	1
	disconnect from power supply: battery










[image: Table] 





Table A8. Activities of the main processes “classification” and “disassembly”: disassembly lid.






Table A8. Activities of the main processes “classification” and “disassembly”: disassembly lid.





	Number
	Process





	1
	loosen: screw connections



	2a
	pry open: battery pack lid



	2b
	unravel: battery pack lid



	3
	disassemble: BMS-Master
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Table A9. Activities of the main processes “classification” and “disassembly”: disassembly periphery (inside).






Table A9. Activities of the main processes “classification” and “disassembly”: disassembly periphery (inside).





	Number
	Process





	1
	remove: plug-in connection module



	2
	remove: plug-in connection BMS-Slave



	3
	loosen: BMS-Slave holder



	4
	disassemble: wiring harness



	5
	loosen: screw connections busbars
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Table A10. Activities of the main processes “classification” and “disassembly”: remove battery modules.






Table A10. Activities of the main processes “classification” and “disassembly”: remove battery modules.





	Number
	Process





	1
	loosen: screw connections busbars



	2
	excavate: glued modules
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Table A11. Activities of the main processes “classification” and “disassembly”: status report battery modules.






Table A11. Activities of the main processes “classification” and “disassembly”: status report battery modules.





	Number
	Process





	1
	checking: battery module



	2a
	impedance spectroscopy (SoH): battery pack



	2b
	voltage measurement (SoC): battery pack
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Table A12. Activities of the main application process “repurpose”: assembly energy storage.






Table A12. Activities of the main application process “repurpose”: assembly energy storage.





	Number
	Process





	1
	cover: cabinet



	2
	installation: rails



	3
	installation: buzz-bar



	4
	installation: busbars



	5
	installation: module
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Table A13. Activities of the main application process “repurpose”: checking (EoL).






Table A13. Activities of the main application process “repurpose”: checking (EoL).





	Number
	Process





	1
	checking: battery modules



	2
	tightness test: module housing



	3
	tightness test: cooling system



	4
	isolation test + DSM: battery modules



	5
	functional test: BMS



	6
	Status report: BMS



	7
	pulse-power test: battery system



	8
	peak-power test: battery system



	9
	safety test: battery system
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Table A14. Activities of the main application process “reuse”: reuse test (approval of suitability).






Table A14. Activities of the main application process “reuse”: reuse test (approval of suitability).





	Number
	Process





	1
	checking: battery pack



	2
	tightness test: battery housing



	3
	tightness test: cooling system



	4
	isolation test + DSM: battery pack



	5
	functional test: BMS



	6
	status report: BMS



	7
	pulse-power test: battery system



	8
	peak-power test: battery system



	9
	safety test: battery system
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Table A15. Activities of the main application process “recycling”: electrolyte.






Table A15. Activities of the main application process “recycling”: electrolyte.





	Number
	Process





	1
	pyrolysis: battery modules
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Table A16. Activities of the main application process “recycling”: aluminum and steel.






Table A16. Activities of the main application process “recycling”: aluminum and steel.





	Number
	Process





	1
	shredder: deactivated modules



	2
	zig-zag-view: shredding material



	3
	separate: steel and aluminum
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Table A17. Activities of the main application process “recycling”: recovery of aluminum and copper foil.






Table A17. Activities of the main application process “recycling”: recovery of aluminum and copper foil.





	Number
	Process





	1
	sieve: black mass, aluminum and copper foil
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Table A18. Activities of the main application process “recycling”: recovery of graphite.






Table A18. Activities of the main application process “recycling”: recovery of graphite.





	Number
	Process





	1
	leaching: black mass
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Table A19. Activities of the main application process “recycling”: remove contaminants.






Table A19. Activities of the main application process “recycling”: remove contaminants.





	Number
	Process





	1
	precipitate: leached black mass
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Table A20. Activities of the main application process “recycling”: recovery of nickel, cobalt, and manganese.






Table A20. Activities of the main application process “recycling”: recovery of nickel, cobalt, and manganese.





	Number
	Process





	1
	extract: nickel



	2
	crystallize: nickel



	3
	extract: cobalt



	4
	crystallize: cobalt



	5
	extract: manganese



	6
	crystallize: manganese
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Table A21. Activities of the main application process “recycling”: recover lithium.






Table A21. Activities of the main application process “recycling”: recover lithium.





	Number
	Process





	1
	precipitate: lithium (and FePO4)
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Figure 1. The ideal battery lifecycle with the four pathways for an efficient circular economy approach based on [5]. 
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Figure 2. The process of second-life determination [5]. 
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Figure 3. Downstream process map for used traction battery systems. 
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Figure 4. Visualization of recycling technologies. 
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Figure 5. Cost model for CBA with in- and output variables. 
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Figure 6. Cost distribution for the reuse scenario under standard cost assumptions. 
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Figure 7. Cost distribution for the repurpose scenario under standard cost assumptions. 
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Figure 8. Cost distribution for the recycling (NMC) scenario under standard cost assumptions. 
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Figure 9. Cost distribution for the recycling (LFP) scenario under standard cost assumptions. 
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Figure 10. Cost–benefit analysis of the business case related to a processed battery pack for (a) reuse and (b) repurpose (non-scaled state-of-the-art process design). 
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Figure 11. Cost–benefit analysis for the recycling business case related to a processed battery pack using (a) NMC cathodes and (b) LFP cathodes (non-scaled state-of-the-art process design). 
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Figure 12. Sensitivity analysis: influence of the value loss in relation to the purchase price on the cost–benefit balance. 
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Figure 13. Sensitivity analysis: influence of the sales price in relation to the purchase price on the cost–benefit balance. 
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Figure 14. Sensitivity analysis: influence of the battery purchase cost under standard assumptions on the cost–benefit balance. 
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Figure 15. Sensitivity analysis: influence of throughput per year of retired EVs on the cost–benefit-balance for (a) LFP cathodes and (b) NMC cathodes. 
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Table 1. Decision criteria and application results embedded in the process model.
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Received Goods

	
Classification

	
Application




	
Processed State

	
Architecture

	
Method

	
SOC

	
SOH




	
EV

	
Pack

	
Module
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CTP
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Table 2. General assumptions for the standard cost base approach.
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Area of Assumption

	
Assumption






	
Overall

	

	
One worker operation in the disassembly line



	
The disassembly line has a pilot character and relies on manual labor









	

	
One-shift operation









	

	
Process capacities dependent on the process with the lowest capacity



	
The estimated purchase cost of a retired traction battery: 75 EUR/kWh









	
Reuse

	

	
Classification by BMS read-out without pack removal from the car









	

	
SOH-value: >80%



	
Value loss of reused pack: 50%









	
Repurpose

	

	
Cell-to-module architecture









	

	
SOH value: >80% for every module









	

	
Energy storage cabinets capacity: 50 kWh



	
Sales price: 500 EUR/kWh









	
Recycling

	

	
Detection of recycling suitability at the first possible occasion (detection of depth discharge)



	
No initial purchase costs for retired batteries









	

	
Cathode chemistry:




	∘

	
NMC-811




	∘

	
LFP









	
Cell housing: steel



	
Cell format: prismatic
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