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Abstract

:

This paper defines terms such as “recycling rate” that enable the characterization of flows of battery materials and expands the terminology to accommodate the description of complex product recycling. It also estimates the maximum percentage of U.S. demand for critical elements that could be satisfied by recycling as demand continues to grow, and it defines and estimates the recycling rate for lithium-ion batteries. Finally, it clarifies the role of manufacturing scrap as the domestic U.S. supply chain is built up. It concludes that recycling will be important in the long term, but growth still requires that new material be extracted to supply additional material.
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1. Introduction


The rapid growth of demand for electric vehicles (EVs) and energy storage systems (ESS) in the U.S. (shown in Figure 1 by chemistry and by end-use market) has caused a corresponding surge in the need for the key elements contained in the batteries, specifically cobalt, nickel, and lithium. However, domestic supplies of the required minerals are severely limited. Comparing reserves estimated by the U.S. Geological Service to the quantities of materials that would be required to supply EV manufacturing using lithium-ion batteries (LIBs) with NMC622 cathodes (Table 1) reveals that there is insufficient supply of nickel and cobalt for even one year’s domestic auto production (about 10 million units) were it all electric, and there are other uses for the batteries and competing uses for the materials. Additional supplies from domestic resources would only be available at a higher cost. Thus, the U.S. is highly dependent on imports of these elements.



U.S. reserves of lithium are somewhat more promising, and before the discovery of South American Salars, the U.S. was a leading supplier. However, for all these materials, decades of underinvestment in mining and conversion means that it will take many years until the U.S. can take full advantage of the existing resources. Recycling is therefore important as an additional source, as it has the potential to help reduce the need for new materials.



Several studies have been conducted on the global or regional supply potential of critical materials through EV LIB recycling [1,2,3,4,5,6]. However, to the best of our knowledge, there is a lack of consensus on the definition of battery recycling rates and related concepts. This study expands the scope to include the recovery potential of critical materials from all LIB applications in the U.S. Another contribution of this research is the verification of North American recycling capacity through announcements and direct communication with companies. The third unique aspect of this research is the differentiation between materials available from end-of-life (EOL) sources and from production scrap. It emphasizes that scrap does not contribute to the material supply since an increase in scrap will be accompanied by an increase in raw material demand.
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Table 1. Potential for use of U.S. reserves (data from [7,8]).
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	Element
	kg/Car (100 kWh)
	U.S. Reserves (kT)
	World Reserves (kT)
	Number for U.S. (Million)
	Number for World (Billion)





	Cobalt
	15.4
	69
	8300
	4.5
	0.54



	Nickel
	46.3
	370
	>100,000
	8.0
	2.2



	Lithium
	9.4
	1000
	26,000
	107
	2.8
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Figure 1. U.S. LIB demand by chemistry and by end-use market sector [9]. 
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This work begins by providing a framework for a discussion of recycling. It defines the key terms and parameters that we use to characterize material flows and compares lifecycle considerations for simple and complex products. It first discusses EOL materials and broadens the discussion to include manufacturing scrap, which plays a key role in developing a recycling industry but does not contribute to the material supply. Then, it discusses data sources and the analysis framework. This is then used to characterize the flows of battery materials and describe the role that recycling can play in alleviating potential U.S. shortages of battery raw materials. Finally, it compares the material available to existing and planned capacity to process it to enable us to gain a perspective on the role of battery recycling in the U.S. in the near future. A glossary of terms is included for reference.




2. Framework and Definitions


Recycling is often discussed in the media and among diverse groups using terminology that is inexact. Therefore, we start by defining some basic concepts. When a product’s performance is no longer satisfactory for its intended purpose, several options can be employed to extend its use: the product can be repaired or refurbished and returned to its primary use, or it can be relegated to a less demanding use (repurposed). These options should all be explored, but eventually, functionality is lost and the product is available for recycling. Recycling is the capture of a product after use and reprocessing it back into useful materials that can be used in the same or another useful product (not burned to recover energy). What we really want to know is for a given category of products (manufactured at a given time and place), how much of the component material will eventually make it back into productive use when the product is no longer functional? That is the recycling rate—the mass of used material that is actually recycled divided by the mass of used material generated (expressed as a percent). This is difficult to determine for LIBs. The quantity of material generated (i.e., the out-of-service material) is all the material that reaches the end of its usefulness, wherever it is, while the quantity collected is the material gathered and kept out of the waste stream. Some, but not all, of the material collected will actually be processed and recycled. The European Union (EU) Battery Directive (currently in revision) [10] sets collection targets for portable batteries to incentivize ambitious collection activities by stewardships working on behalf of producers and importers of batteries. There are no federal regulations about EOL batteries in the U.S., but California has studied the problem and recommended several potential strategies [11].



2.1. End-of-Life Material


2.1.1. Simple Product Case


Our focus is on LIBs, especially those used for vehicles, but these are complex products with a very branched life cycle, so for clarity we first consider a simple product, say a plastic or glass bottle. The used bottle gets collected, sorted, washed, chopped or crushed, remelted, and reformed. Its lifetime is short, and the production rate is relatively flat, so we can easily compare the quantity recycled to that initially produced. The percentage of recycled material in a new product is called its recycled content. Some material may get made into another product or downcycled into a lower-value product; these also count as recycling. Repurposing (using for another purpose such as a flower vase) competes with recycling for the immediate disposition of material, but the bottles can and should eventually go to recycling. Some material may get stored or exported and eventually recycled; the remainder gets discarded and put in landfill or is otherwise lost. A simple product lifecycle flow is shown in Figure 2. The recycling rate is found by simply comparing the quantity recycled to the quantity generated during the same period. Scrap that may be generated during the production process is important as recycling plant feed, but is not relevant here and will be discussed later.




2.1.2. Complex Product Case (Batteries)


Several characteristics of LIBs make their recycling more complicated to characterize.




	
Long product life: A battery has a long lifetime, and those in any one use will become unusable over a lengthy period (Figure 3), with some expiring much sooner than others. That is, batteries becoming unusable today were produced over an extended past interval.



	
Chemistry is evolving: The chemical composition of cells is changing, so the recovered material is likely to differ from that used at the time of recovery.



	
Product complexity: A battery is a complex product comprising many components, each in a highly processed state. Component parts may have different lifetimes and may be more or less recyclable, by different processes, with varied products.



	
Not a stand-alone product: A battery is generally not used alone but as part of a host product (e.g., cell phone or EV) for which it provides power. It may outlive the host product and then be transferred to another host, or it may fail during the host’s lifetime, complicating collection.



	
May be exported: Both host products and separate batteries may be traded internationally, at any point during the lifecycle, complicating tracking of materials flows.








It is useful to now introduce a flowchart showing the complicated lifecycle of an LIB (Figure 4). When an LIB reaches its end of life depends on a wide range of internal and external factors. The LIB’s host product may be sold to subsequent users and serve different purposes with varying requirements while still being considered to be in its original use. For example, a second car in a family does not need the same range as a commuter car that is also used for weekend trips. Unlike single-use batteries, or automotive starting, lighting, and ignition (SLI) batteries, LIBs are rarely replaceable by the user and require professional service. This increases the likelihood that the battery’s lifetime will equal to that of its host product. So, the first end of life (EOL1)—when the LIB is removed from its first host—happens either because the host product fails, the battery fails and causes the same destiny for the product, or, if it makes economic and practical sense, the battery is replaced.



The end of first life, which may include multiple resales, is defined as when the battery is removed from its original host product and evaluated for possible placement in a second host product (second life). That material will be available for recycling at a later date. These sufficiently functional batteries are deemed available for reuse and may be repurposed until that host product (or the battery itself) is no longer serviceable and the battery has reached its end of final life (EOLf). Batteries then sent for recycling are accounted for as R2R (reuse to recycling). Note that reuse diminishes the quantity available for immediate recycling by diverting some of the material. Batteries not suitable for repurposing are deemed available for recycling, either immediately or at some later time when the recycler judges it more economically beneficial. The quantity at EOLf is the sum of R2R and that available for recycling at EOL1.



By comparing the quantities of used batteries generated at any time to the quantity of material actually being recycled at that time, we can evaluate the effectiveness of recycling. The quantity that can be recovered at the end of life in the U.S. is less than the quantity generated because there are products removed by losses, stored items, and exports. However, estimating flows is not trivial. Each product that is sold (placed on market (POM)) has a distribution of possible lifetimes, with some being broken or crashing immediately after purchase and others remaining in service until they are obsolete (see Figure 3). No public records are available. Exports are significant and may occur at numerous points along the lifecycle. Tested, rejected, and unsold items are not counted in the product POM and there are no data on these; they may end up recycled, discarded, or included in scrap. These categories are believed to be small (a few percent). Thus, the batteries reaching EOL1 are from a mixture of products produced at various times in the past.




2.1.3. Battery Recycling Metrics


These factors all make the definition of a recycling rate for batteries, or any complex products, problematic. The problem is compounded by the lack of good data. However, several measures can be defined to enable us to characterize the effectiveness of battery recycling. The recycling rate for a complex product can be defined on a mass basis in a manner similar to that for a simple product as the mass of used material actually recycled divided by the mass of used material generated that year (expressed as a percentage). The time qualification is important since the products being recycled were produced over a range of times. Note that the quantity of material placed on the U.S. market in 2019 was 181 kT [9], about three times larger than that estimated to go out of service that year (and produced in years with a much lower POM), so if one were mistakenly to compare the quantity recycled to the POM in the same year, the maximum possible “rate” would be 31%, even if every battery was recycled. Additionally, the quantity recycled domestically would apparently but erroneously be cited as only 3% by domestic processing and 18% for the total.



The quantity of used battery material generated in any year can be determined from a detailed history of a product’s POM, such as that compiled by Circular Energy Storage (CES) (Figure 1 right) and the expected lifetimes for those products (Figure 3). It is more difficult to estimate the actual quantity of material recycled. There is no way to estimate the quantity discarded. Recyclers are not always open about the quantities of material processed, and international material shipments are not well documented. Recognizing these limitations, CES used installed capacity data coupled with published information and personal communications to estimate recycled battery material quantities for the U.S., Europe, China, and the rest of the world in 2019 [9,13]. Using those estimates, we find that about 9.2% (by mass) of the 62 kT of used batteries due to go “out of service” in the U.S. in 2019 were recycled domestically. Because of the lack of recovery capacity, these were preprocessed and then shipped abroad for further material recovery. An additional 44.5% of the used batteries generated were sent to China for processing, although some of those are likely to have been reused or stored and not immediately recycled. In total, the 2019 U.S. battery recycling rate is thus estimated to have been about 54%. This estimate is quite uncertain, but it indicates that significant quantities of material are actually being recycled. As U.S. recycling capacity increases (see below), exports for recycling will decrease because transport costs to the growing number of U.S. recyclers will be lower, and there may be regulations or financial incentives to encourage domestic processing.



This estimate of the recycling rate may also significantly underestimate the quantity of U.S. batteries that are recycled because of the large volumes of used batteries and battery-containing devices that are exported for reuse before reaching EOL1. This material is very likely to also get recycled eventually and raise the actual percentage recycled. The global recycling rate in 2019 was about 59% and includes imported materials that were eventually recycled after reuse (R2R) (calculated from [9,12,13]).



Another way to define the U.S. recycling rate would be to look at what happens to batteries that are retained domestically in the possession of a responsible party when they reach their EOL1. The mass of batteries actually reaching EOL1 is considerably less than the total mass generated, not only because of exports but because of discards and losses and because devices may be stored for possible later use. Thus, a recycling rate estimated based on EOL1 material would be higher than one based on generated material. Material actually in hand at EOL is likely to be evaluated for its potential to be reused, possibly abroad (see Figure 3), and only goes to a recycler if not salable for reuse. Compared to portable devices, such as earbuds or old light-up sneakers likely to end up in landfills, electric vehicle batteries and energy storage systems are unlikely to be discarded because of the high mass of valuable materials they contain. There is already a thriving market for used EV batteries [14].



A similar recycling rate definition can be applied to element- or part-specific recycling rates as well. These are useful adjuncts to the overall recycling rate for the battery, as not all components or elements are equally valuable or recyclable. Recycling process efficiency is another useful parameter. It can be defined as (a) the mass of recycled materials exiting the recycling process and returning to the economy divided by (b) the mass of materials entering the recycling process (recycled product/recycling process input) (expressed as a percent). Similarly, we define element-specific recycling process efficiency, which may differ by element for any given process, as the usable quantity of the element exiting the process divided by the quantity entering (expressed as a percent).



For LIBs, there are three basic types of recycling processes: pyrometallurgy (smelting), hydrometallurgy (leaching), and direct recycling. These are discussed elsewhere [15,16,17]. They differ in inputs, outputs, and economics, but the first important difference among them, for the purpose of this discussion, is their process efficiencies and element-specific efficiencies. Smelting can recover a maximum of only 36% of the input mass (see Figure 5), consisting of the transition metals in a mixed alloy with the carbon-containing components and aluminum becoming oxidized and entrained in the slag with the lithium. This results in both a low process efficiency and a low element-specific process efficiency for some of the elements, as can be seen in Table 2. It is possible to process the slag to recover lithium and increase the process efficiency, but this is only economical when lithium prices are high. Leaching can recover most of the mass in the cells (about 73%), but economic considerations may lead to lower process efficiencies in actual practice. The results are similar for direct recycling.



The parameters defined so far enable us to say how much of what type of material was recycled. However, for a complex product, there may be multiple ways to recycle the various components, with different resultant products, and so the quality of the recycling needs to be considered as well.




2.1.4. Recycling Quality Characterization


The quantity of material by type that makes it back into useful commerce is the first metric for recycling, but it does not supply complete information. Recycled material quality and composition vary by process, so it is useful to specify the recycling products and their quality along with the percentage of recoveries. The quality of recycled products may differ by component as well. For instance, hydrometallurgy may recover most of the material in a cell, but the main products are precursors for cathode production, while direct recycling yields cathode powder that can go directly back into cell manufacturing. It would be useful to characterize that difference in the utility of the product.



In fact, there is a whole spectrum of processes that can be considered “recycling”. Figure 6 provides a schematic hierarchy, with the options near the top representing the material utilizations with the highest intrinsic value or those that retain the most embodied energy from the feed batteries. One can see that metals from pyrometallurgy or metal salts from hydrometallurgy are of lower value than cathodes from direct recycling because more processing is required to restore them to a battery-usable condition.



When evaluating battery recycling status and options, one can specify (a) the quantity of material kept out of the waste stream (collected) and (b) fed into or (c) emerging from recycling plants (percentage recycled or process efficiency), and/or (d) the products’ position in the hierarchy. One could also specify where the recycling occurred. Thus, multiple parameters are required to completely characterize the recycling of a complex product such as a battery. For example, portable electronics batteries collected in the U.S. (unknown collection rate) could all be shredded in Ohio (100% recycling rate) and then shipped to Canada, where they are fed into a smelter with nickel ore. The overall process efficiency would be (at most) 36%, and the element-specific process efficiency would be close to 100% for the transition metals but zero for the other elements. Additionally, the transition metals end up in a mixed alloy, requiring separation, so they occupy a relatively low position on the hierarchy. Direct recycling, on the other hand, could achieve close to 100% process efficiency for all of the components (except perhaps the separator), and recover valuable reusable cathodes. Hydrometallurgy would be somewhere between the two.



The general concept is that “better” options are at the top of the hierarchy. However, evaluating options is not easy. One way to think about characterizing recycling options is to use lifecycle analysis (LCA), for instance, using Argonne’s GREET model [18], to identify the options with the lowest impacts (GHG, energy, criteria pollutants). However, real-life decisions are strongly influenced by monetary considerations, so cost can be added into the picture, as in the EverBatt model [19], which is based on GREET. Using the criteria in these models, direct recycling looks very promising, although it is not yet technically mature; technical maturity is another factor for possible consideration. European LCA models such as Gabi [20] and SimaPro [21] add additional impact categories such as toxicity and resource depletion. These are difficult to evaluate, differ by location, plant age, and other characteristics, and data may be difficult to obtain. It is also possible to combine multiple impacts into a single score using a model such as ReCiPe [22]. However, this process depends on the relative weighting of different factors and so is not unique, differing depending on who is performing the analysis/making the decisions. The Ellen MacArthur Foundation widely publicized a circular economy chart with reuse and repair as the smallest circles. The foundation developed a measure of circularity that also includes many inputs, and implicitly includes a relative set of values that might not be universally accepted [23]. Additional criteria such as reduction of reliance on imports can be factored into the evaluation as well. Thus, the evaluation of recycling alternatives is not a trivial problem. Recommending “best” decision criteria is beyond the scope of this work; we merely point out their importance and difficulties.





2.2. Manufacturing Scrap


The other important input into recycling battery materials is manufacturing scrap. Manufacturing processes produce scrap from trimmings, process start-ups, off-spec parts, etc. Cell manufacturing is no exception. The existence of manufacturing scrap increases the total quantity of material that must be processed but does not reduce the quantity of raw material that must be input. Figure 7 shows possible schematic flow charts for a process that ideally uses F units of feedstock to produce P units of product, and operates with a scrap fraction s (there may be other inputs or outputs, so F and P may not be equal).



If there was no scrap produced during the process (Figure 7a), F units of feedstock would produce P units of product. If there is scrap, additional feedstock is required to produce that same quantity of product. Of course, the scrap material can be fed back into the process, perhaps after some treatment to restore quality, but that does not reduce the quantity of new material below F. If there is unrecycled scrap (Figure 7b), there is less product. More feedstock would be needed to produce the same quantity of product (Figure 7c). If there is s (fraction) scrap, and the material is replaced or recycled elsewhere, the input needed to produce P units of product increases to F(1 + s/(1 − s)), and Fs/(1 − s) extra material is needed. The total input required has been increased because there is scrappage. Scrap is not an additional source of material supply. The fraction of product produced from recycled or replaced scrap is simply s. When the scrap is fed back into the process (Figure 7d), a fraction of that scrap stays as scrap, and does not become product, which must be fed back in ad infinitum. So, to obtain 100% yield from the original feedstock F, 1/(1 − s) times as much material must be processed. As an example, if you have a scrappage rate of 75%, then a total of 4 kg of material must be processed to give a full 1 kg of product. For that 1 kg of product, 0.25 comes from virgin material, 0.1875 from once-scrapped material, 0.140625 kg from twice-scrapped material, etc. In sum, 75% of the output will have come via scrap. The simplest answer is that if you need one ton of material to produce your product, then you need (at least) one ton of input material. The existence of scrap can only increase the amount of input needed or the processing required.



However, manufacturing scrap is very important, supplying a major portion of feed for early recycling plants before significant quantities of EV batteries have reached their final end of life. This material, coupled with recalls and returned-to-vendor material, represents a major business opportunity for recyclers, even though it does not replace a single gram of newly mined material. If no scrap was available, the development of the U.S. recycling industry might be significantly delayed.



Figure 8 shows how scrap from the rapidly growing production of a new product with a long lifetime (10 years in the example) competes with EOL material. Scrap material is available as soon as production starts, with start-up scrappage at a higher-than-ideal rate and the quantity exceeding that of EOL material until long after one product lifetime has passed. Therefore, it becomes the main input available to feed early recycling plants. Note that the early dearth of EOL material is consistent with Figure 9 even though the actual U.S. data include a small baseline of EOL material from portable electronics. Eventually, EOL material will exceed manufacturing scrap (which will, we hope, decrease on a percentage basis as production matures). If product demand levels off, EOL material can even meet demand, accomplishing the ideal of a circular economy for the product, with no newly mined material required.



Manufacturing scrap is an ideal feedstock for recycling for several reasons. First, it is of known composition and has not been degraded by use. The cathode material is of the latest design. Second, much of the scrap comprises fewer components than the finished complex product and so requires fewer separations to retrieve. Manufacturing scrap can be recycled back into the process stream with much less processing than would be required for EOL material. Using estimated scrap rates for different process steps (Table 3) enables average production scrap to be characterized. It differs from finished cell composition by having fewer electrolytes and more active materials/current collectors. This makes scrap more valuable overall and easier to process. Figure 10 shows the estimated composition of several types of scrap. As an example, cathode scrap, consisting mainly of cathode powder on aluminum foil, can simply be treated with a green organic solvent to remove the powder from the foil. The powder can then be dried and directly returned to the process [24].





3. Methodology and Results


3.1. Data and Method


3.1.1. Data Sources


Most of the data used in this work were from CES. The data from CES are based on information in two different categories: (1) volume data for the main applications in which LIBs are installed, combined with battery data for the batteries used in these applications, and (2) indicators used to project. The volume data are derived from a wide range of sources and vary in granularity depending on data availability as well as the segment’s relative importance to the overall volume. Currently, CES collects information on 9 different categories of applications and 36 sub-categories. The main categories include batteries for portable devices, personal mobility, EVs, and storage systems. Data are obtained from manufacturer data sheets, open-source information, direct communications with vehicle and battery manufacturers, and pack disassembly. Detailed data sources and the granularity of the information on volume data can be found in the Supporting Information (SI) in Table S11.



CES conducts both continuous and occasional research to find indicators that are used to build models for both historical and future data, as most of the EOL statistics are not official or mandatory. Indicators include growth rates, export, reuse, and recycling ratios, and product lifetimes. The different indicators, their origin, role, and updating frequency are presented in detail in SI Table S12.




3.1.2. Data Reliability


Given the lack of mandatory reporting and the complexity of the whole value chain, there are several uncertainties present in the data, especially when it comes to the destiny of batteries after they are placed on the market. However, given the strong dominance of two segments (portable batteries until 2015 and thereafter EV batteries), the transparency is considered to be fairly good given the established trade flows of these applications.



After technical considerations, CES considers prices of used products that include batteries and the used batteries after removal as the most important indicators of the batteries’ fate. So, for example, the likelihood that a battery whose price far exceeds that of its constituent materials will be disposed of, or even sent for recycling, is considered very small. Although legislation is important for directing the general flow of materials, products or batteries with high reuse values sometimes find their way to new markets even if there are bans on export and/or import. Low-value products, on the other hand, may be sent to recycling as the most profitable option.




3.1.3. Data Availability


CES’s data collection and analysis are exclusively funded by subscribers to the company’s services and the company has not received any public funding. Therefore, the source information and raw data are generally not made available outside of the company but have been discussed among the authors of this paper, who have been granted access to the same data provided to subscribers.




3.1.4. Modifications to CES’s Data


CES used data on products placed on the market and product lifetime information to estimate the quantity of the LIBs generated [9,12]. Additional data were obtained from Benchmark Minerals, the open literature, and our own estimates. In particular, estimates of U.S. recycling plant capacities were based on personal communications with company representatives because of the variance in published information.



This work estimated the quantities generated and made minor adjustments (see Section S1 in the SI) in how CES’s estimates account for some exports, discards, and storage, which resulted in the quantity remaining at EOL1 being less than the original production. These flows are especially difficult to estimate for small, portable device batteries, which dominated the market in the past, so previous EOL1 estimates are uncertain. However, as EV and ESS batteries begin to dominate the market, the large battery packs are not expected to wind up in landfill or storage because they have high value, first for reuse and then for their material content [14]. Tracking EOL1 batteries is thus expected to become easier. A complete list of the input parameters and their data sources are summarized in Table S10 in the SI.




3.1.5. Methodology


Figure 11 is a simple schematic that summarizes the material flows to recycling.



The total material available for recycling is the sum of batteries available for recycling after all uses and material available from production scrap. LIBs are categorized into the primary market sectors defined by CES. Each is further classified based on the specific cathode chemistries used. Representative lifespan probabilities (EOL probabilities) are estimated for each application, as depicted in Figure 3. The quantity of batteries that have gone through their usage phase and reached their EOL (LIBs generated) is calculated using the quantity placed on the market and the lifetime distributions (EOL probabilities). The elements contained were calculated based on detailed data on products sold, their cathode chemistries, and the associated product’s EOL probabilities. LIBs reaching their EOL1 are those generated minus those diverted through storage, loss, or export (which can happen at any stage of the lifecycle). To simplify calculations, the stored, lost, and exported LIBs were determined by multiplying the quantity generated by estimated stored, lost, and exported rates (%). After reaching EOL1, batteries are either available for recycling or available for reuse. It is assumed that those available for reuse will eventually undergo recycling (referred to as R2R). The sum of LIBs available for recycling (from EOL1) and R2R is referred to as LIBs available for recycling from the EOLf. The maximum amounts of Li, Ni, and Co that could be recovered from EOLf were estimated assuming 100% recovery without any reduction due to export, discard, storage, or reuse. The baseline scenario considers the battery storage, loss, export, and reuse, and detailed assumptions can be found in Table 4. The baseline scenario results will be compared to North American recycling capacity in Section 3.3.



Another contribution to the material available for recycling comes from production scrap. Scrap was estimated from U.S. LIB production, scrap rate (%), production maturity time T, and new factory construction and expansion rates (%). In this model, the scrap rate was assumed to decrease from 30% to 5% as experience was gained (defining the production maturity time T). However, factories learn from experience. If LIB demand is supplied by a new factory, it takes T years for a factory to decrease its scrap rate to 5%, but if it is supplied by factory expansion, the scrap rate is assumed to be the average of past scrap rates due to previously gained experience. The split between new factory construction and factory expansion was estimated based on the LIB production increase rate. In 2010, all production was allocated to new factories since the U.S. had just started LIB production. If the LIB production increase rate (production in year i/production in year i-1) is at or over 1.8, it is assumed that 50% of the production increase is from new factories, and the rest is from expansion. If the increase rate is less than 1.8, 80% of the production increase is from factory expansion. This dividing line is set to be 1.8 based on the observed trend of LIB production increasing. Note that the potential supply from recycling is solely from EOLf. because the existence of scrap is accompanied by a corresponding increase in input material demand.




3.1.6. Sensitivity and Scenario Analyses


Sensitivity analyses were conducted to evaluate how input parameter changes affected our baseline results. Separate analyses were conducted for LIBs available from EOLf and materials available from production scrap since LIB POM and production were from different data sources. The input parameters examined for LIBs available from EOLf were stored %, lost %, exported %, reuse %, and reuse time, while the input parameters examined for materials available for production scrap were scrap %, production maturity time T, and new factory construction and factory expansion %. In addition, this study incorporated five different scenarios to assess the variations in LIBs available for recycling from EOLf: alternative lifespan, 30% exported rate for EVs, upper bound without export, loss, and storage, fast LFP penetration, and flattened demand scenarios.





3.2. Demand Compared to Maximum Material Potentially Available from Recycling


We can now compare the maximum quantity of materials that could be recovered from all LIBs generated to the materials required for new battery production. The potential for supplementing primary materials, imported or domestically sourced, through recycling depends on the rate and extent to which batteries reach their end of life and become available for recycling, as well as the growth rate of the battery market. This growth is dominated by light-duty electric vehicles (LEV), which were, until very recently, only a minor presence in the market, resulting in a relatively small stock of material available for recycling compared to the current demand. Both the batteries and the vehicles have very long lifetimes; furthermore, the batteries can find second-life use in applications such as home or charging station storage, backup power, conversion of vehicles and boats to electric propulsion, and utility frequency regulation. These batteries are not available for recycling until a future time when demand has grown significantly. Thus, even if all the batteries could be collected for recycling, their contribution to material supply would be minimal before 2030. Figure 9a compares the mass of used batteries generated from LIBs, with no reuse, no exports, or other losses (the upper bound of material that could possibly be recycled from used batteries), compared to the battery mass placed on the market in the U.S. the same year. In 2030, that upper bound is only about 10%. This could pose a limitation if recycled content standards were imposed (as proposed in the EU [10,25]).



Furthermore, materials from each recycled EV battery will provide battery material for at most one new EV battery to replace it (battery size is growing as well), so freshly produced material is required to supply the batteries for the growing fleet of EVs. While the batteries can be dealt with in a circular flow in which materials go back to the same application, only when the growth eventually slows can the market rely on recycling instead of primary materials. This is because demand is growing, so recovering material from one product lifetime ago, when less was used, cannot satisfy the now-larger demand. There is a lag that can only be made up after growth stops (see Figure 9).



Figure 9b–d compare the projected elemental content of lithium, cobalt, and nickel in LIBs placed on the market in the U.S. to the content of those elements in the generated LIBs (assuming no batteries are diverted), as a function of time. The elemental variation is due to the shifting cathode mix toward higher nickel content. Battery usage rises quickly due to rapid EV penetration, but EVs have long lives and so are not retired during the period. The EOL1 material is dominated by portables, which continue to be available for recycling without much growth. Thus, Figure 12 shows that in the early years, before much EV penetration, material recovered from recycling could have supplied a significant portion of U.S. demand. Of course, that is purely hypothetical since the batteries were almost all produced outside of the U.S. and exported for recycling due to a lack of both domestic production and recycling capacity.



Batteries that are still installed in high-value host products, such as smartphones, tablets, and laptops, are generally exported as part of these products for the reuse market, further limiting the quantity of both electronics and batteries that have been recycled in the U.S. As the much larger EV battery demand takes off, the potential percentage of material available from recycling declines precipitously. It will, of course, rise eventually as demand growth slows.



The differences by market sector can be seen more clearly in Figure 13, which shows the percentage of each element required for that market sector that could theoretically be supplied from generated material. The relatively small and stable portables market could be well supplied by recycling, but the much larger and growing vehicle and energy storage markets could not and will not until after growth slows. Note that these elemental contents are upper bounds, assuming no exported material or other removals. The effect of removing material is discussed later.



We have shown that material obtained by recycling LIBs after they are no longer useful will not make a significant contribution to the overall U.S. battery material supply until well into the 2030s because of the long product lifetime and rapid demand growth for the dominant products. We will still need raw material extraction, imports, and/or substitution of alternative materials. These results compare favorably with those from studies that only considered EV battery recycling. Although we estimate the percent of Li that can be satisfied by recycling to be somewhat lower than the two other studies we found [26,27], there is a consensus that recycling will not make a major contribution to material supply until after 2030.



However, there are several factors that can influence this conclusion and modify the relative impact of different materials. Therefore, we used sensitivity analysis to explore how changing the key parameters modified our conclusions. The initial analysis was based on an upper-bound estimate of recoverable material: the quantity generated. We estimated the maximum quantity of material that could be recovered from batteries going out of service if there was no repurposing, losses or discards, stored products, or exports. Now, we examine how much the quantity of material recoverable would be reduced by these diversions. Of these, the most important is exports, as large quantities of spent batteries and no-longer-useful (by U.S. standards) devices are known to be shipped to Asian countries (note that there are also small quantities of recyclable EV batteries imported into the U.S. [26], partially counteracting the exports). Each of these factors behaves the same way: each removes a fraction of the material generated from circulation so that it is not available for domestic collection and recycling at the end of its life. Removal of 30% of the material generated in 2030 from the stream available for recycling would reduce the overall percentage of demand that could be supplied from used material from 9.9% to 6.9% (SI Section S6).



Sensitivity analysis confirms that the percentage of material demand that could be satisfied by recovered material could be raised if future material demand rose more slowly than projected. Shorter lifetimes for the products would bring material back for recycling sooner, but replacement products would be needed sooner as well, increasing demand and counteracting any benefit. The sensitivity analysis also highlights the importance of additional key factors such as scrap rate, which is expected to decrease. The U.S. lacked significant LIB production capacity until 2015, and during this period, LIBs were predominantly produced in new factories with higher scrap rates than factory expansions. Detailed results of the sensitivity analysis can be found in Section S5 of the SI.



Additionally, scenario analysis reveals that the percentage available from recycling for each element could be changed if the battery chemistry mix was altered. A shift to lithium iron phosphate (LFP) or other low-Co and Ni chemistry would increase the percentage of demand for these elements that could be supplied by recycling. This is consistent with the other studies that also suggest a higher percentage of element satisfaction with the projected decrease in cobalt content in NMC and NCA cathodes. Analysis of these factors is examined in more detail in SI Section S6.




3.3. U.S. Material Availability and Processing Capacity


3.3.1. Material Availability


The actual quantity of material from spent batteries that can be fed into domestic recycling plants will be considerably less than the upper bound (maximum) estimated earlier. Material is exported all along the battery lifecycle, portable electronic devices are thrown away, and devices may be stored for potential later use. Using POM data from CES [9] and assuming the material reductions from exports, storage, and discards shown in Table 4, we estimated the quantity and the composition of EOLf battery material that will be available in the U.S. Exports play a significant role before 2025 due to the high volume of portable devices that are exported to other countries, such as China, for reuse or recycling. As more EV batteries come back from reuse and fewer portable devices are exported, the fraction of reuse and its duration will become more important.



The remaining EOL material can be fed into U.S. recycling facilities, along with manufacturing scrap. Scrap rate plays a key role as domestic production capacity grows, and much of the production is from new factories. Factory expansion is assumed to take advantage of a learning curve and have lower scrap rates than greenfield plants (more detail on sensitivity to plant maturation time can be found in SI Sections S1.2 and S5). Figure 14 shows the different contributions to material available for recycling in the U.S., with manufacturing scrap making a significant contribution as U.S. battery production ramps up. The total quantity of material that can go to recycling plants is greater than the spent batteries generated. The contribution from batteries completing their second/subsequent lives consists mainly of batteries from portable electronics, as few long-lived EV batteries will have completed their second lives by 2030.



The cathode elements contained in the EOL and scrap material streams are compared in Figure 15. The overall feed available will contain a rapidly rising fraction of nickel and a corresponding decrease in cobalt. This implies a decrease in potential revenues available from the production of precursors. Not surprisingly, two U.S. recyclers (Ascend Elements and Redwood Materials) have announced that they will be producing cathode material to maximize product value [27,28].




3.3.2. North American Recycling Capacity


Recycling capacity is expanding rapidly in North America. Companies perform different services and produce products that re-enter the manufacturing process at different stages. Some of the possible recycling operations include the following:



	
Collection/consolidation;



	
Sorting;



	
Size reduction/dismantling;



	
Black mass recovery (but note some recovery processes might not go via black mass);



	
Precursor production;



	
Production of cathode and other products.






Our tabulation of recycling capacities is split into preprocessors, which perform process steps up to and including black mass recovery, and recovery plants, which actually accomplish some additional chemical or physical upgrading of the material to a market commodity. The declared capacities cannot simply be added, since some companies perform only one process step, and material may be processed by several companies on its path. Care must therefore be taken to avoid double counting. On the other hand, some pre-processing capacity exists at recovery plants and adds to total preprocessing capacity, but is not included in lists of preprocessors. Recovery companies that stated they processed batteries were assumed to have preprocessing capabilities. A table of known recyclers in North America is included in the SI (Tables S14 and S15).



Now we can compare recycling capacity to material expected to be available as feedstock for the plants. Figure 14b shows U.S. preprocessing capacity (with and without that inferred at recovery facilities) as well as recovery capacity, both announced and actually confirmed by company contacts. Announcements far exceed confirmed capacity. These are compared to the quantity of material expected to be available for recycling: the sum of manufacturing scrap and EOLf material. In the near term, capacity appears to be in excess. Indeed, one expert has called this a “tsunami of recycling companies” [29], further encouraged by incentives from the U.S. government. However, if processing capacity comes online in modular units or if consolidation occurs, large capacity excesses might not occur. Additionally, towards 2030, the material available could exceed the capacity to process it unless additional capacity that has not been announced yet is built; however, there is still sufficient lead time.






4. Summary and Conclusions


Recycling is an area of broad interest, from consumers dealing with packaging to industries that must cope with thousands of tons of manufacturing scrap, but a careful definition of the terms to describe the processes and flows has been lacking, hindering scholarly and policy discussions. This paper has attempted to define such terms as “recycling” and “recycling rate” while extending the scope to cover complex products such as LIBs. Such products are composed of numerous components that can be recycled separately or together in various ways so that a single number does not adequately characterize the product’s fate. We propose terms such as “element-specific recycling rates” and suggested a hierarchy of recycling processes to better characterize the fate of EOL products.



We estimated the generation rate of battery materials from product lifetime distributions and historical data of products placed on the market. Then, we applied the proposed definitions to LIBs and, in spite of data limitations on quantities actually recycled, estimated that in 2019, approximately 54% of no-longer-usable LIBs generated in the U.S. were recycled, almost 10% domestically and 44% in China. The quantity recycled in the U.S. will increase as an adequate capacity of recycling plants is commissioned. The global LIB recycling rate in 2019 was estimated at 59%. Element-specific recycling process efficiencies for different recovery processes ranged from zero to almost 100%. Recycling rates are expected to increase as large batteries from EVs and ESS, which represent concentrated sources of expensive materials, come out of service, possibly after cascading uses.



We also compared overall and element-specific generation rates—the total quantity coming out of service—to domestic demand and found that even if all that material could be collected, it would only supply about 10% of our requirements in 2030 because of long product life and rapid growth. Recycled material can buffer prices and provide a domestic source, but its short-term potential is limited. Virgin materials will still be needed until after demand growth stops. The percentage varies by element and is sensitive to exports and other losses that significantly reduce what can be collected and recycled. Longer product life also reduces the material available for recycling. Reduced demand for battery materials would increase the contribution from recycling temporarily, and a shift away from NMC could raise the percentages of nickel and cobalt available from recycling.



The battery manufacturing industry is growing rapidly in the U.S., further encouraged by the recent Bipartisan Infrastructure Investment and Jobs Act and the Inflation Reduction Act of 2022 [30,31]. Production growth yields a significant volume of scrap material that serves as feedstock for the nascent recycling industry. This material is available now in large quantities as start-up issues are being resolved, which enables the recycling industry to build up before large volumes of EV batteries come out of service and need recycling. However, the availability of recycled scrap material does not reduce the need for virgin material. Beyond 2035, EOL batteries possess the potential to emerge as a substantial source of battery materials, provided that we make substantial advancements in recycling technologies and systematically expand recycling efforts.



In summary, the recycling of LIBs is both important and necessary as it aids in mitigating supply issues. However, considering the rapid growth in battery demand to fulfill the immediate requirements of transport decarbonization, we still need to find additional ways to supply and use materials more efficiently.
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Glossary


These definitions are excerpted and expanded from those developed for the ReCell Center [51].



	
Cathode-to-Cathode Recycling: Recovery of cathode material for reuse in a battery (see direct recycling).



	
Gross Available for Recycling: Total material that is ready to be recycled in a given year; equal to the sum of the material available for recycling at EOL, reaching the end of its utility in reuse, and production scrap.



	
Closed-Loop Recycling: Recycling of material into the same product from which it was recovered.



	
Collected: The quantity of material gathered and kept out of the waste stream.



	
Direct (Cathode) Recycling: Recovery, regeneration, and reuse of battery components (cathode material) directly without breaking down the chemical structure.



	
Disposal: Final non-productive disposition of a material for which no use is economical, often in a landfill.



	
Element-Specific Recycling Process Efficiency: 100× the usable quantity of the element exiting the process divided by that entering. It may differ by element for any given process.



	
Element-Specific Recycling Rate: The mass of an element actually recycled, divided by the its mass contained in the used material generated that year (expressed as a percent).



	
End-of-(First)-Life (EOL1): Standard designation of a product that has reached the end of its useful life for its primary application (typically falling below 80% of original discharge capacity for EV batteries). It is when a battery is removed from its first host product. It may still be usable for one or more subsequent lives.



	
End of Final Life (EOLf): Designates a battery that has been repurposed until no longer serviceable and is sent for recycling. The additional material is accounted for as “R2R” (reuse to recycling) and gets added to material available for recycling after its first life.



	
Export %: Percentage of used LIBs (in or out of vehicles) that are sold overseas.



	
Generated: All the material that reaches the end of its usefulness, wherever it is.



	
Hydrometallurgy: Process or technique of extracting material at ordinary temperatures by leaching ores (or recovered material) with liquid solvents.



	
Lost %: Mass percentage of LIBs that would have been expected to go out of service at this time but are instead lost or discarded. EOL material is reduced by this material. Expected to be negligible for EV and ESS uses.



	
New Scrap: Scrap generated in manufacturing processes from out-of-specification products or general manufacturing reject material (also known as home scrap or pre-consumer).



	
Old Scrap: Material from end-of-life products that can be recovered (also known as post-consumer scrap).



	
Open-Loop Recycling: Recycling a material into a different product than the one from which it was recovered.



	
Production Maturity Time: Years required for a factory to decrease production scrap (from 30%) to 5%.



	
Percent Recycled: 100× the quantity of EOL material processed (at least to shred stage) in a given year divided by the quantity of material generated in that year. It will differ by type of product, location, and time. Scrap, test, and unsold material are not included.



	
Placed on Market: Made available for sale; equivalent to product demand.



	
Preprocessing: Recycling process steps up to/including black mass recovery.



	
Pyrometallurgy: Process or technique of refining ores (or recovered material) using heat to melt the metallic and burn the non-metallic content.



	
Recovery: Recycling processes that accomplish chemical or physical upgrading of the material to a market commodity such as cathodes or cathode precursors.



	
Recycle: Convert materials that are no longer functional into usable materials or products.



	
RE: The “RE” terms below are widely used with varying connotations. Terms are not mutually exclusive.



	
Recycled Content: The percent of mass post-consumer material contained in a recycled product (this may also differ by element).



	
Recycling Process Efficiency: can be defined as 100× (a) the mass of recycled materials exiting the recycling process and returned to the economy, divided by (b) the mass of materials entering the recycling process. (Recycled product/Recycling process input).



	
Recycling Rate: the mass of used material actually recycled, divided by the mass of used material generated that year (expressed as a percent).



	
Refurbish: Repair or freshen a product to meet original specifications, typically done by the original manufacturer. Generally, does not entail major modification.



	
Rejuvenate: Restore materials or devices to performance similar to their pristine state. Similar to refurbish, but not necessarily done by the original manufacturer.



	
Remanufacture: Return previously sold, worn, or non-functional products to same-as-new condition and performance for original use. Automotive parts are disassembled and re-machined during remanufacture.



	
Repair: Restore to operational condition.



	
Repurpose: Reuse a battery pack or components for a new and often less demanding application. Generally, requires reconfiguration and new BMS.



	
Reuse: Using a product again with or without major modifications. (Generic term).



	
Reuse %: Percentage of EOL LIBs judged available for reuse.



	
Reuse time: Length of service in 2nd and subsequent lives.



	
Scrap: Material that enters production process but does not make it out as usable product. Could define percent as 100 minus yield for a simple process.



	
Second Life: Use of an end-of-life battery for a new purpose. Possibly then suitable for another, even less-demanding use, or unusable, i.e., spent (see below).



	
Secondary Material: Material that has been previously used and is to be used again.



	
Spent Battery: Battery or cell that can no longer supply sufficient storage capacity for use. Suitable for recycling to recover useful components.



	
Stored %: Mass percentage of (portable device) LIBs that would have been expected to go out of service at this time but are instead stored by the user, so still counted as in use.



	
Upcycle: Recycle to a higher-value use. DOE’s ReCell Center is trying to upcycle NMC111 to NMC622.
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Figure 2. Simple product lifecycle flow (POM = placed on market). 
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Figure 3. Lifespan of products containing LIBs in the U.S. (data from [12]). 
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Figure 4. Lifecycle of an LIB. 
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Figure 5. Recycling process efficiency by a process based on a nickel-rich nickel manganese cobalt (NMC622) cathode battery [data from 8]. 
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Figure 6. Material recycling hierarchy. 
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Figure 7. Flowcharts showing influence of scrap on process material flow. 
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Figure 8. Importance of scrap as feed to recycling plants. 
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Figure 9. (a) U.S. LIB POM and LIB materials generated in the U.S., (b–d) Li, Co, and Ni contained in U.S. LIB POM and maximum Li, Co, and Ni contained in generated material. 
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Figure 10. Composition and origin of production scrap (data from [8]). 
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Figure 11. Flow diagram of materials available for recycling. 
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Figure 12. Percentage of Li, Co, and Ni in material generated that could have been satisfied by recycling in the U.S. (based on 100% recovery efficiency, with no reduction from export, discard, storage, or reuse). 
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Figure 13. Potential U.S. supply from recycling, by market sector. 
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Figure 14. (a) Contributions to material available for recycling, and (b) comparison to North American recycling capacity. Adjusted preprocessing capacity = preprocessing capacity + recovery capacity for companies that do not accept black mass as input. 
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Figure 15. Material expected to be available for recycling in the U.S. (EOL (a), scrap (b)). 
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Table 2. Comparison of maximum efficiencies for LIB recycling (upper bound: red = not recovered, green = up to 100%, yellow = possible but generally not economical).
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	Process
	Cathode
	Li
	Co, Ni, Mn
	CU
	Al
	Anode
	Electrolyte
	Separator





	Pyro
	
	
	
	
	
	
	
	



	Hydro
	
	
	
	
	
	
	
	



	Direct
	
	
	N/A
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Table 3. Manufacturing process yield by process step [8].
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	Material
	Default
	Mixing
	Coating
	Electrode Slitting
	Cell Stacking
	Electrolyte Filling





	Active cathode material
	92.2%
	99%
	95%
	99%
	99%
	



	Active anode material
	92.2%
	99%
	95%
	99%
	99%
	



	Aluminum foil
	90.2%
	
	99%
	92%
	99%
	



	Copper foil
	90.2%
	
	99%
	92%
	99%
	



	Separator
	98.0%
	
	
	
	98%
	



	Electrolyte
	99.0%
	
	
	
	
	99%
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Table 4. Parameter assumptions made for baseline scenario.
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Portable Devices

	
LEVs

	
HDEVs






	
Stored %

	
5%

	
--

	
--




	
Lost %

	
0% for first 2 years and 1–10% from year 3 to year 10

	
--

	
--




	
Export %

	
45% (2000–2019); 20% (2020–2024); 10% (2025–2030)

	
5%

	
5%




	
Reuse %

	
20%

	
LFP (2000–2019): 85%; LFP (2019–): 90%; Other chemistries (2000–2019): 60%; Other chemistries (2019–): 70%

	
LFP (2000–2019): 70%; (2019–): 75%;

Other chemistries: 80%




	
Reuse time (years)

	
2

	
6

	
6




	
Scrap %

	
Decreases from 30% to 5% in 4 years




	
Production maturity time (years)

	
4
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