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Abstract

:

The expected large growth in electric mobility presents challenges, such as requiring a very large amount of critical raw materials like nickel, cobalt, and lithium. Due to this expected growth significant amounts of production scrap from cell and battery manufacturing will be generated. Over the next decade, increasingly larger amounts of Li-ion batteries from electric vehicles will also reach their end-of-life. Hence, in order to close the loop, the development and industrialization of sustainable battery recycling flowsheets are key so that both production scrap and end-of-life batteries can be recycled back to their ‘battery grade’ building blocks. Battery recycling flowsheets are typically categorized into two categories: (1) ‘Pyro-Hydro’, a combination of battery smelting in a pyrometallurgical process, followed by the further refining of the alloy via hydrometallurgy; and (2) ‘(Thermo)mechanical-Hydro’, a combination of (thermo)mechanical pretreatment and further hydrometallurgical refining of the resulting black mass. In this paper, a carbon footprint analysis is presented comparing these two battery recycling approaches: ‘Pyro-Hydro’ and ‘Thermomechanical-Hydro’, taking into account the impact of the latest evolutions in process technology and efficiency. To facilitate this comparison, a prospective LCA was carried out for the respective flowsheets. The quantitative analysis shows that ‘Pyro-Hydro’ leads to the lowest overall carbon footprint but also that both ‘Pyro-Hydro’ and ‘Thermomechanical-Hydro’ flowsheets have their challenges and opportunities for decarbonization. The inclusion of the fate of side streams such as graphite and electrolyte in the analysis is shown to be critically important in order to gain an objective and complete view.
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1. Introduction


Due to the global mobility transformation, the electrification of the automotive sector will lead to a significant increase in the demand for battery raw materials, most notably Ni, Co, Li, and Cu [1]. This also necessitates planning for the end-of-life (EOL) stage of electric vehicle (EV) batteries. As the first generation of EVs is reaching their end-of-life, strong growth in EOL EV batteries is expected from the second half of this decade onwards [1]. In addition, the start-up of new facilities in the supply chain (cells/modules) for EV battery production will generate significant amounts of production scrap, from which the same valuable and critical raw materials metals will need to be recycled. This production scrap from battery production will form the bulk of the volumes for recycling in the coming years, but it is expected that by the end of the decade, the volume of EOL EV batteries will be the main contributor to volumes available for recycling.



Hence, in order to close the loop, the development and industrialization of sustainable battery recycling flowsheets are key so that both production scrap and EOL batteries can be recycled back to their ‘battery grade’ building blocks for new cathode materials and reduce the need for additional primary critical raw materials [2]. An additional driver for recycling is the evolving regulatory framework, such as the EU Battery Regulation (BR) [3], which was published in July 2023. This will set the a.o. minimum criteria for the use of recycled content for key metals (Ni, Co, Li, and Cu) in batteries, minimum recovery yields for these metals in the recycling processes, a threshold for the carbon footprint of batteries, and responsible sourcing of battery materials.



Umicore is a materials technology company with a long history of recycling and refining, a.o. of precious metals in its Hoboken precious metals refining plant. Based on this recycling experience, in the mid-2000s, an early process for battery recycling (often referred to as Val’eas) [4] was developed and patented and shortly operated in Sweden. However, this process still required significant amounts of cokes and thus resulted in a relatively high carbon footprint. This early process also found its way into numerous Life Cycle Assessment (LCA) studies on battery recycling processes [5,6,7]. In 2011, an industrial pilot plant for battery recycling (7 kton/yr) was commissioned in Hoboken, Belgium, using Umicore’s proprietary Ultra High Temperature (UHT) technology instead of a shaft furnace technology. Initially, the plant recycled portable and first-generation EV batteries (NiMH, …), but since future market volumes are dominated by the newer generations of EV batteries and production scrap, which are vastly different, both in form factor and chemistry, the process was adapted and optimized to be ready for these upcoming volumes. Due to these optimizations, the process has now become autogenous via embedded chemical energy in the batteries, significantly reducing the carbon footprint. A novel lithium recovery method was also patented and incorporated [8]. This updated industrial pilot will support upscaling towards a larger industrial facility [9], which will use a combination of proprietary pyro- and hydrometallurgical processes to recycle both production scrap and end-of-life batteries. We will refer to this new process in this paper as the ‘Pyro-Hydro’ process.



The sustainability and circularity of battery recycling have been extensively investigated in the recent scientific literature. Velázquez-Martinez et al. [5], Brückner et al. [6], and Doose et al. [7] describe several metallurgical routes and associated advantages and challenges for recycling lithium-ion batteries (LIB), a major technology in EV batteries. Rajaeifar et al. [10] use LCA to compare various pyrometallurgical recycling processes. In all of these papers, reference is made to the outdated Umicore patented Val’éas process [4], which is no longer used. As this patent serves as the basis for energy and carbon footprint calculations in comparison to alternative recycling process routes, the carbon footprint results of pyro (or smelting) processes are often overstated and do not reflect the latest process evolutions.



Hence, the key objective of this paper is to present an updated carbon footprint comparison (from a prospective LCA study) for battery recycling processes on an industrial scale and reflect the current state of the art, both for the ‘Pyro-Hydro’ process and for a ‘Thermomechanical pretreatment-Hydro’ process (i.e., a recycling process combining mechanical treatment, pyrolysis, and hydrometallurgy). A second objective is to illustrate the importance of accurately assessing the fate of the different side streams, such as graphite and electrolyte, in order to gain a complete and objective view.




2. Materials and Methods


We start this chapter with a description of the process technology applied in both flowsheets (Section 2.1). This information is needed to understand the choices on system boundaries and data selection of valuable outputs, described in the methodological approach of the LCA study (Section 2.2).



2.1. Battery Recycling Flowsheets


2.1.1. Casing Removal (Dismantling/Case Removal/Mechanical Shredding)


Before entering a battery recycling flowsheet, EOL battery packs are typically manually or (semi-) automatically dismantled to the module level [11]. Given that this step is not discriminative for the flowsheets under study, it is excluded from the system boundary, and the LCA model starts from modules. Additionally, in order to facilitate recovery of module casing materials (e.g., Al, steel, plastics, etc.), an optional casing removal step to dismantle modules to cell level can be added. This is the base scenario in this LCA study and results in the following side fractions for both flowsheets: copper wires, steel casing, aluminum casing, and a plastic fraction. While case removal is also not discriminative between the 2 flowsheets and technically not needed for the ‘Pyro-Hydro’ flowsheet, it was added to evaluate both flowsheets on a similar basis and to align with most other LCA studies as these side fractions are important for credits to the system.




2.1.2. Pyro-Hydrometallurgical Flowsheet (‘Pyro-Hydro’)


Figure 1 visualizes the ‘Pyro-Hydro flowsheet’. After the casing removal step, the cells are fed into the pyrometallurgical process. This process ensures a robust separation between Ni, Co, Cu (which end up in a pure alloy for further hydrometallurgical refining), Al, Fe, and a fraction of the Mn and impurities (which go to the slag phase). In the smelting process, the remaining Al (~5 wt% of the feed, from the cathode foil) and carbon (mainly graphite from the anode and electrolyte) in the feed serve two purposes: (1) they act as a reducing agent, hence ensuring the separation between Ni, Cu and Co, and Al, Fe, and other impurities (which go to the slag), and (2) they deliver the energy for the pyro process as this reaction is exothermic, hence obviating the need for an external energy source. The gases from the pyrometallurgical step are rich in CO2 (from the graphite and electrolyte). Heat exchangers recover the heat from the flue gas, producing steam sufficient to supply steam to all subsequent steps. Therefore, the entire flowsheet is ‘steam neutral’.



In the pyro process, Li reports to the flue dust using a patented fuming process [8]. Afterward, Li is recovered from the flue dust via reaction with Na2CO3 in order to form technical grade (TG) Li2CO3, which can be refined further to battery grade LiOH. After Li recovery, the remaining flue dust is disposed of as inert waste. For the purpose of the LCA and taking a worst-case approach by assigning a burden to the waste treatment, the slag is modeled as an inert waste. However, higher value-added applications for this clean slag are possible.



The alloy, rich in Ni, Co, and Cu, is atomized and fed to a hydrometallurgical process using sulfuric acid to dissolve all metals. The leaching residue (a.o. containing Fe) is disposed of as hazardous waste. Copper in solution is removed via electrowinning, resulting in high-purity copper cathodes. The remaining solution is sent to a solvent extraction process to remove manganese (as MnCl2). It is possible to convert the MnCl2 to MnCO3, which can then be further purified to a quality suitable for use in batteries. However, currently, this Mn solution is not valorized (reflecting current industry practice), and conversion of this stream to MnCO3 has not been considered in this paper. We have therefore chosen to allow MnCl2 to leave the system without burden or credits. The same reasoning applies to the thermomechanical pretreatment–hydrometallurgical flowsheet presented below. The concentrated solution of nickel and cobalt sulfate is crystallized to form Ni and Co sulfate (hexahydrate for Ni, heptahydrate for Co).




2.1.3. Thermomechanical Pretreatment–Hydrometallurgical Flowsheet


The representative ‘Thermomechanical-Hydro’ flowsheet used in this study is based on Umicore’s market understanding and is largely in line with the findings of Neuman et al. [12].



NMC modules are fed through a mechanical shredding step and coarse fractions are manually removed (Figure 2). Fractions obtained after this step are:




	
Copper wires interconnecting the cells (removal of casing);



	
Steel casing (removal of casing);



	
Plastics (removal of casing);



	
Aluminum casing (removal of casing);



	
The current collectors from the cells result in a Cu-Al fraction (pretreatment);



	
Black mass (pretreatment) comprising most of the anode and cathode materials, which is fed into a hydrometallurgical process.
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Figure 2. Thermomechanical-Hydrometallurgical recycling flowsheet. Legend: black thick line = system boundaries, blue arrows internal flows, green squares = credits connected with dotted lines. 






Figure 2. Thermomechanical-Hydrometallurgical recycling flowsheet. Legend: black thick line = system boundaries, blue arrows internal flows, green squares = credits connected with dotted lines.
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In order to deal with the complex feed mix—predominantly electrolyte-containing EOL batteries—that is expected in the future, thermal treatment step (pyrolysis) is required. It is important to clearly distinguish between pyrolysis and pyrometallurgical processes: pyrolysis refers to thermal processes, typically run at temperatures between 200 and 800 °C, and mainly result in removal (via oxidation) of electrolyte/organics as a gas phase. This contrasts with pyrometallurgy (as part of the pyro-hydro flowsheet as described in Section 2.1.2), which refers to ultra-high temperature smelting processes (well above 1000 °C), meaning all elements enter a liquid state which enables a separation between the noble and less noble elements, which report, respectively to the alloy and slag.



The pyrolysis step also enables improved separation between the cathode materials (Ni, Co, Mn, and Li) and cathode and anode foils (Cu and Al) as it degrades the PVDF binder. Therefore, it is essential to facilitate further hydroprocessing of the produced black mass [6]. Gases and dust from the mechanical separation steps and the pyrolysis are sent to gas cleaning units. They are rich in CO2 from the oxidation of various carbon-containing elements in the cells. Flue dust is collected and disposed of as an inert waste.



The ‘leach & precipitate’ block of the flowsheet consists of 4 steps: leaching, a first hydrolysis step, removal of copper, and final hydrolysis. The black mass coming out of the pretreatment is leached with sulfuric acid and reduced with hydrogen peroxide. The residue from the leaching process is rich in carbon (from the graphite in the cells). This residue, with a high calorific value due to its high carbon level, is modeled to be incinerated following the waste hierarchy in the EU Waste Framework Directive [13]. An alternative route could also be its use as a reducing agent in the steel industry. At present, no other industrially viable recovery method for carbon has been published.



The residue from the first hydrolysis, containing Fe and Al, is landfilled. Copper is removed to increase the efficacy of the subsequent solvent extraction. Copper leaves the system as copper sulfide, which may be used as input into Cu smelting. The quantity of copper sulfide is stoichiometrically calculated based on the total quantity of copper. A second hydrolysis is the last step in the ‘leach & precipitate’ block. Its residue is internally recycled into the leaching step. After the second hydrolysis, the solution is concentrated on Ni, Mn, and Co ions.



In order to produce battery-grade end products, the concentrated Ni, Co, and Mn solution is fed to 3 solvent extraction processes in which first manganese is removed, followed by cobalt and nickel. Manganese is concentrated in the extraction process as MnCl2. Similar to the pyro-hydrometallurgical flowsheet and reflecting the current industry practices, this flow leaves the system without burden or credit.



The nickel and cobalt sulfate concentrated solutions from the respective solvent extractions are crystallized (hexahydrate for NiSO4, heptahydrate for CoSO4).



The eluate from the nickel solvent extraction is rich in lithium. It is reacted with soda, precipitated, and dried, leaving the system as technical-grade lithium carbonate. The remaining sodium sulfate-rich solution is also crystallized.





2.2. LCA Study Approach


An attributional prospective LCA study is performed with the goal of comparing two specific process routes for recycling EOL LIB batteries. This study is a prospective study since the primary data on both flowsheets are from an engineering model based on long-term operational and industrial experience on the individual unit processes (both pyrometallurgical and hydrometallurgical), and its results were used for the investment decision. For confidentiality reasons, the full inventory table cannot be disclosed. The functional unit is the recycling of 100 kton of EOL LIB modules in Europe, and the LCA model follows the cut-off approach, meaning the EOL LIB modules enter the recycling plant free of burden. An average EU electricity grid composition was taken, and transport distances in the supply chain were generically modeled. The LCA model was built in GaBi LCA software (v 10.7, Sphera, Leinfelden-Echterdingen, Germany), using primarily GaBi background datasets for energy and chemicals. Data on Co (production year 2012) and Ni (production year 2017) originated from Cobalt Institute [14] and Nickel Institute [15] and represent industry averages. Ecoinvent 3.4 [16] data were used to close data gaps.



The Environmental Footprint impact assessment methodology [17] was applied, as developed by the EU Joint Research Center (JRC) in the context of the Product Environmental Footprint (PEF) and Organizational Environmental Footprint (OEF) [18]. Only impact categories (9 in total) with robustness levels I and II were taken. In this paper, we only show results on climate change (carbon footprint) to allow for sufficient discussion space. Carbon footprint results are often broken down into scope 1, 2, and 3 contributions, following the greenhouse gas (GHG) protocol [19]. Scope 1 represents a reporting organization’s direct GHG emissions; scope 2 is associated with a reporting organization’s emissions from generation of electricity, heating/cooling, or steam purchased for own consumption; scope 3 covers a reporting organization’s indirect emissions other than those under scope 2.



This study follows the ISO standard for LCA [20] and was critically reviewed by the Öko-Institut (M. Buchert & J. Sutter).



2.2.1. Feed Characterization


The LCA study was performed on a single feed composition (NMC622). This is a simplification of reality since the plant is designed to deal with different LIB compositions. However, this simplification allows us to perform mass balance checks and yield calculations on the key metals (Ni, Co, Li, and Mn). Table 1 provides an overview of the composition of the feed material in the recycling process. The data in Table 1 are from a Umicore study analyzing various representative modules with NMC622 cells and hence represent a hypothetical average feed into a recycling process. Compared to data via the GREET model from Argonne National Laboratory [21], this hypothetical average feed is different on module casing (steel and aluminum), while differences in cell composition are minimal.




2.2.2. System Boundaries: Definition of Burdens and Credits


The selection of the system boundaries in LCA recycling models is of critical importance. On the one hand, there is a burden of the recycling activity, and on the other hand, recycling generates valuable outputs that displace the use of primary materials, here defined as credits. In this study, we report burdens and credits transparently since overall results may strongly depend on the choices made in the system boundaries.



In both recycling flowsheets, EoL LIB modules enter the system boundaries free of burden. Both flowsheets consist of 5 main modules (Figure 3 and Figure 4 show this for the ‘Pyro-Hydro’ and the ‘Thermomechanical—Hydro’ flowsheet, respectively). Each of the main modules generates specific output flows which generate credits to the system (in blue in Figure 3 and Figure 4). Treatment of waste streams (hazardous waste incineration or landfill) is also included in the system boundaries. In the ‘Thermomechanical-Hydro’ flowsheet, the leaching step results in a residue that is high in carbon content (from the graphite in the LIB modules). Due to this high carbon content and associated calorific value, the EU waste hierarchy requires disposing of this waste with energy recovery. Other waste flows are inert in nature and can be landfilled.



Transport of materials and waste is included. Packaging and the end-of-life treatment of used packaging are excluded. This is in line with guidance on cut-off criteria provided in the Global Battery Alliance rulebook [22].






3. Results and Discussion


As explained in the section on system boundaries, battery recycling generates an environmental burden from the use of resources and emissions in the various process steps. However, it also results in valuable products that replace materials produced from primary sources, thereby creating credit. When the balance between the burden and the credits is negative, recycling constitutes an improvement. The results of the burden and credits are discussed separately.



3.1. Climate Change Burden of Recycling


The results are analyzed by breaking down the carbon footprint into their contributions following the greenhouse gas protocol (i.e., scope 1, 2, and 3), as well as into their contributions related to the process steps for both flowsheets (Figure 5 and Figure 6, respectively). The former allows us to understand where in the value chain emissions originate (indicating potential for decarbonization), while the latter helps to clarify how technology differences between both flowsheets result in a different carbon footprint profile. Figure 5 shows that a combination of pyro- and hydrometallurgy results in the lowest overall footprint, at 2.07 kg CO2e/kg module input, vs. 2.64 kg CO2e/kg module input for the combination of thermomechanical pretreatment and further hydrometallurgical refining of the black mass.



The carbon footprint profiles of the different flowsheets are vastly different: ‘Pyro-Hydro’ has larger scope 1 emissions (0.97 kg CO2/kg module input), the carbon (electrolyte, graphite) contained in the battery generates the energy for the process and acts as a reducing agent, and is converted into CO2 scope 1 emissions. The ‘Thermomechanical-Hydro’ flowsheet scope 1 emissions are lower (0.63 kg CO2/kg module input) and are mainly linked to the combustion of natural gas and electrolyte in the pyrolysis pretreatment.



Scope 2 emissions—linked to the carbon footprint of purchased energy—are 0.35 and 0.24 kg CO2e/kg module input for the ‘Pyro-Hydro’ flowsheet and ‘Thermomechanical-Hydro’ flowsheet, respectively. This difference is mainly linked to the electrowinning of Cu in the ‘Pyro-Hydro’ flowsheet to valorize the Cu as copper cathodes. In the ‘Thermomechanical-Hydro’ flowsheet, the copper is valorized as copper sulfide.



The scope 3 emission profile also shows a different picture for the two flowsheet approaches, with 0.76 kg CO2e/kg module input for the ‘Pyro-Hydro’ flowsheet vs. 1.77 kg CO2e/kg module input for the ‘Thermomechanical-Hydro’ flowsheet. This difference can be explained by the different flowsheet designs. First, a high amount of impurities is removed via the slag in the ‘Pyro-Hydro’ flowsheet, leading to a pure alloy and making the subsequent hydro flowsheet less complex. This results in a lower consumption of reagent compared to the ‘Thermomechanical-Hydro’ combination. The latter relies more on reagent-intensive solvent extraction processes. Taking into account the full scope of leaching and neutralizing agents, the net impact on scope 3 emissions is lower for the ’Pyro-Hydro’ flowsheet (0.76 kg CO2e/kg EOL module) than for the ‘Thermomechanical-Hydro’ flowsheet (1.13 kg CO2e/kg EOL module). Second, graphite ends up in the leach residue in the ‘Thermomechanical-Hydro’ flowsheet. Due to the waste hierarchy in Europe, this residue cannot be landfilled and is burned at an external waste incinerator, resulting in CO2 emissions. Hence, the fate of carbon (graphite/electrolyte) embedded in the batteries is similar in both flowsheets: in the ‘Pyro-Hydro’ flowsheet, carbon delivers the energy for the recycling process and acts as a reducing agent, contributing to scope 1 GHG emissions, while in the ‘Thermomechanical-Hydro’ flowsheet, the contribution of this embedded carbon is split between scope 1 GHG emissions (electrolyte oxidation in the pyrolysis process) and scope 3 (graphite in the leach residue is incinerated). This also clearly highlights the importance of graphite recycling in order to make battery recycling more sustainable. However, challenges remain: the technology readiness level of graphite recycling is currently very low, and both the economics and environmental impact of graphite recycling require further analysis [11,23,24], which is outside the scope of this paper. However, our analysis also confirms the importance of looking at the different side streams generated in the recycling processes to understand the fate of the carbon flows beyond the actual recycling processes.



A break-out of the carbon footprint by process step is given in Figure 6. The largest differences are observed with the smelting and pretreatment step (1.13 vs. 0.45 kg CO2e/kg EOL modules). This is largely attributed to the carbon footprint from the oxidation of graphite and electrolyte taking place in different process stages in both flowsheets (smelting for the ‘Pyro-Hydro’ flowsheet, leach & precipitate for the ‘Thermomechanical-Hydro’ flowsheet). The figure also shows that the combined steps in both flowsheets (smelting and leach and precipitate or pretreatment and leach and precipitate) are not very different in terms of absolute carbon footprint (1.34 vs. 1.53 kg CO2e/kg EOL modules for the ‘Pyro-Hydro’ and ‘Thermomechanical-Hydro’ flowsheet, respectively). Due to a simplified hydrometallurgy in the ‘Pyro-Hydro’ flowsheet, the metal recovery contribution is lower as compared to the ‘Thermomechanical-Hydro’ flowsheet (0.25 vs. 0.62 kg CO2e/kg EOL modules for the ‘Pyro-Hydro’ and ‘Thermomechanical-Hydro’ flowsheet, respectively). Contributions from the Li recovery are comparable for both flowsheets.




3.2. Material and Energy Recovery


When looking at recovered materials from the recycling process, it is important to understand their nature and grade to correctly assign displaced materials, resulting in credits. Hence, this section lists some considerations on the Co, Ni, Mn, Li, and Cu flows in both flowsheets.



Generally, yields for the ‘Thermomechanical-Hydro’ flowsheet are 10% lower for Ni and 9% lower for Co due to losses in the mechanical pretreatment [6].



Li recovery is slightly more efficient (2%) in the ‘Pyro-Hydro’ flowsheet compared to the ‘Thermomechanical-Hydro’ flowsheet. For both flowsheets, a technical grade Li carbonate has been considered the endpoint in this LCA, which needs further refining to battery grade Li carbonate or LiOH.



Mn losses in the ‘Pyro-Hydro’ flowsheet are higher since a significant fraction is lost in the slags. Overall Mn recovery is 74% lower for the ‘Pyro-Hydro’ flowsheet compared to the ‘Thermomechanical-Hydro’ flowsheet. Should credits be assigned to Mn, this may create a benefit for the ‘Thermomechanical-Hydro’ flowsheet (see next section). Since Mn now leaves the system without any credit or burden, this difference is not accounted for.



For the ‘Thermomechanical-Hydro’ flowsheet, most (64%) of the Cu is separated in the pretreatment and valorized as a low-quality Cu-Al fraction, which will often be processed further in a Cu smelter. The remaining Cu flows through the ‘Thermomechanical-Hydro’ flowsheet and is separated as CuS during leaching and precipitation. For the ‘Pyro-Hydro’ flowsheet, all Cu is collected in the alloy and valorized as high-quality Cu cathodes. Overall, Cu recovery is 19% more efficient in the ‘Pyro-Hydro’ flowsheet.



Graphite is not recycled in either flowsheet. However, as explained in Section 2.1.2, the energy from the reduction in the ‘Pyro-Hydro’ flowsheet is recovered and makes the overall process steam neutral (i.e., no additional fuels are needed for the production of steam). Graphite in the leaching residue from the ‘Thermomechanical-Hydro’ flowsheet is treated in a waste incinerator. While the waste incinerator may also recover the energy, this is not accounted for in the model.




3.3. Credits from Recycling in Climate Change Terms


We can group the valorized materials from the recycling into two categories. The first category includes materials that displace primary materials in new cathode materials, thereby closing the loop for use in the same application (closed-loop credits). Ni sulfate, Co sulfate, and Li carbonate (as a precursor for battery grade Li carbonate or LiOH) fit into this category. The second category includes materials not recycled back into cathode materials but in other applications (open-loop credits). To this category, the following metals and materials belong Al (from case removal), Cu (wires from case removal, cathodes from the ‘Pyro-Hydro’ flowsheet, Cu-Al fraction and CuS from the ‘Thermomechanical-Hydro’ flowsheet), sodium sulfate (from ‘Thermomechanical-Hydro’ flowsheet), stainless steel (from case removal) and plastics (from case removal). We also discuss two specific cases: Mn and graphite. These two materials have a different fate in both flowsheets (Section 2.1.2 and Section 2.1.3) and are further discussed from a credit accounting point of view.



The baseline scenario assumes the recycling facility will be based in Europe. Therefore, datasets selected for the credit calculation should also follow an EU scenario when it is well known that there are regional differences. This is the case for stainless steel scrap and aluminum (leading to lower credits in Europe as compared to their production in China).



In absolute terms, total credits are largest with the ‘Pyro-Hydro’ flowsheet (Figure 7). Closed-loop credits are larger for the ‘Pyro-Hydro’ flowsheet due to the more efficient recovery of Ni, Co, and Li.



It should be noted that the model did not assign credits to the recovery of Mn, which is significantly higher in the ‘Thermomechanical-Hydro’ flowsheet. As explained in Section 2.1.2, Mn leaves the system as MnCl2, which could be reacted to MnCO3, which may be a precursor for the production of battery-grade MnSO4. The sensitivity of this assumption has been tested. It is assumed that MnCO3 would displace a manganese concentrate (42.4% Mn) produced from mining and beneficiation [16], which has a carbon footprint of 0.019 kg CO2e/kg Mn concentrate. This leads to a total credit of 124-ton CO2e. However, the carbon footprint of the soda to react MnCl2 in solution to MnCO3 (burden of the process) is 7765-ton CO2e. Therefore, the recovery of the Mn does not lead to a net benefit in carbon terms. Current industry practice is that Mn is not recovered.



The energy recovery from graphite incineration in the residue from the ‘Thermomechanical-Hydro’ flowsheet may be another point of discussion. As stated before, due to the European waste hierarchy, the modeling of this waste flow with high calorific value assumes hazardous waste incineration. Energy may be recovered as heat or electricity in those installations. However, since fees need to be paid for its safe waste disposal (no economic value), it is commonly accepted to not account for credits to this energy recovery. In the ‘Pyro-Hydro’ flowsheet, the energy is recovered in the battery recycling process, which is further used in hydrometallurgy and, therefore, an inherent part of the operational design. Additionally, energy balances indicate that there is excess energy that needs to be effectively managed in the smelting operation. We did not assign any credit from displaced fuels for the energy recovery in the smelting operation. For consistency reasons, credits for the displacement of fuels should, therefore, not be assigned when the graphite residue would be used in, e.g., steel making.




3.4. Net Climate Change Results


Table 2 summarizes the net climate change results for both flowsheets when considering the burden and credit impacts.



The net balance between recycling burdens and credits is negative for both flowsheets (Table 2). This indicates that recycling EOL LIB modules is overall a better option in terms of carbon footprint.



Looking into the details of both flowsheets, the net climate change results are significantly lower for the pyro-hydro flowsheet (−0.77 vs. −0.03 kg CO2e/kg EOL modules for ‘Pyro-Hydro’ vs. ‘Thermomechanical-Hydro’). This is due to larger credits and lower burdens for the Pyro-Hydro flowsheet. As discussed in Section 3.3, the higher recovery from Mn in the ‘Thermomechanical-Hydro’ flowsheet compared to the ‘Pyro-Hydro’ flowsheet does not change this conclusion.




3.5. Comparison of Results with Literature Data


As stated in the introduction, the objective of this paper is to compare two state-of-the-art battery recycling processes in industrial practice today: the ‘Pyro-Hydro’ process and the ‘Thermomechanical-Hydro’ process combining mechanical treatment, pyrolysis, and hydrometallurgy. The results are compared with data in the literature. While a detailed comparison would require going into depth into applied study methodologies and data sources, going beyond the scope of this paper, this section aims to shed light on key differences and similarities.



Rajaeifar et al. [10] describe battery recycling processes using pyrometallurgy. The processes are based on direct current plasma technology. However, the benchmark scenario is using the outdated Val’eas process [4]. The cell chemistry in the work by Rajaeifar is NMC111, and the starting material is also EOL LIB modules. On the burden site, the carbon footprint is higher than in our study (Table 3). This is not a surprise since the Val’eas process relies on cokes. The total scope 1 carbon footprint (combustion of graphite, electrolyte, and cokes) is, hence, 2.17 kg CO2e/kg. The pyrometallurgical process in our study is autogenous in energy terms, and the combustion of graphite and electrolyte leads to 0.64 kg CO2e/kg. On the credit side, higher credits are observed with Rafaeijar. This can be explained by the choices of avoided products where, in the closed-loop model, data for Ni(OH)2 and LiCoO2 from GREET [21] are used. In addition, metal recovery yields are different, and credits for Fe and slag as aggregate are used. While Mohr et al. [25] also refer to the Val’eas data [4] for pyrometallurgical processes, the actual LCI data are from 2007, which is why we conducted no further comparison.



For the ‘Thermomechanical-Hydro’ flowsheet, we compare the results from this study with those from Buchert and Sutter [26]. This study includes the burdens of inbound transport of materials and the dismantling step. With the exception of these two steps, there is a good consistency between both studies in terms of system boundary choices. The Buchert and Sutter results in Table 3, therefore, do not include the inbound transport and dismantling. On the burden side, results in the present study are higher (2.64 vs. 1.93 kg CO2e/kg). The geographical boundary differences (Germany vs. average EU) may have some impact on electricity grids, even though electricity is not the main driver. Scope 3 carbon footprint contributions (including emissions from reagents and chemicals) in the ‘Thermomechanical-Hydro’ flowsheet are significant, which is why we hypothesize that the use of a different background database [27] in the Buchert & Sutter study [26]) is the main reason for the observed difference. Credits are also lower in the study by Buchert and Sutter despite strong comparability in terms of valorized fractions. The choice of the Co dataset may partly explain the lower value: the Co data source in the study from Buchert and Sutter is from ecoinvent 3.1, which is a factor 3 lower than the value reported by Cobalt Institute. The importance of recycled fractions of aluminum and plastic in the open-loop credits for climate change is consistent with observations in the study by Buchert and Sutter.





4. Conclusions/Summary


In this paper, carbon footprint results from a life cycle assessment study are compared for a Pyro-Hydrometallurgical and a Thermomechanical-Hydrometallurgical flowsheet to recycle end-of-life modules from lithium-ion batteries in a European geographical context. These processes have been chosen as they represent the industrial practice today. In both cases, the impact of the latest evolutions in process technology and efficiency has been taken into account.



The quantitative analysis highlights that ‘Pyro-Hydro’, a combination of pyro and hydrometallurgical battery recycling, leads to the lowest overall carbon footprint. Both flowsheets enable the valorization of different materials. When taking the associated credits from this valorization into account, both flowsheets have a net negative carbon footprint result, though significantly more negative for the ‘Pyro-Hydro’ flowsheet. This net negative impact indicates the environmental benefit from battery recycling. Both flowsheets differ significantly in the source of GHG emissions associated with the recycling operation. The ‘Pyro-Hydro’ flowsheet has a higher scope 1 (direct) carbon footprint, linked to the combustion of carbon (graphite/electrolyte) embedded in the batteries, which provides the energy for the autogenous smelting process and acts as a reducing agent. The scope 3 (indirect up-stream) carbon footprint, on the other hand, is higher for the ‘Thermomechanical-Hydro’ flowsheet, mainly caused by the more extensive hydrometallurgical processing required to produce battery-grade end products and the external processing of the graphite containing leach residue, in a waste incinerator, also resulting in CO2 emissions.



The analysis of the main drivers in this study enables us to identify the critical choices that need to be carefully defined when looking at the impact of end-of-life lithium-ion module recycling: First, a clear description of each output stream and its fate, taking into account waste legislations; second, the choice of the avoided products datasets, ensuring the geographical representativeness matches the scope of the study; third, a clear reporting of the burden and credits to facilitate comparison of different studies.



This study also clearly highlights that both ‘Pyro-Hydro’ and ‘Thermomechanical-Hydro’ flowsheets have their challenges but also opportunities for decarbonization and show that improvements in graphite and electrolyte recycling are essential to make battery recycling more sustainable.
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Figure 1. Pyro-hydrometallurgical recycling flowsheet (‘Pyro-Hydro’). Legend: black thick line = system boundaries, blue arrows internal flows, green squares = credits connected with dotted lines. 
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Figure 3. System boundaries Pyro-Hydro flowsheet. Credits from avoided products in blue. 
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Figure 4. System boundaries Thermomechanical-Hydro flowsheet. Credits from avoided products in blue. 
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Figure 5. Carbon footprint from the recycling operation (excluding credits) for the ‘Pyro-Hydro’ and ‘Thermomechanical-Hydro’ battery recycling broken down by their contribution to the GHG Protocol scopes. 
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Figure 6. Carbon footprint from the recycling operation (excluding credits) for the ‘Pyro-Hydro’ and ‘Thermomechanical-Hydro’ battery recycling: breakout by process step for both flowsheets. 
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Figure 7. Carbon footprint credits for the various types of materials valorized in both flowsheets. 
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Table 1. Composition of the NMC models entering the recycling process.
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NMC Modules

	
NMC Cells

	
Quantity for 100

kton NMC

Modules




	
Composition (wt%)

	
Composition (wt%)

	
Carbon (wt%)

	
ton






	
Cells (75%)

	

	

	




	

	
Copper foil (7.1%)

	
-

	
5310




	

	
Aluminum foil (5.0%)

	
-

	
3150




	

	
Active cathode material (43.0%)

	
-

	
32,273




	

	
Graphite (19.1%)

	
100%

	
14,347




	

	
Carbon black (2.3%)

	
100%

	
1723




	

	
Binder: PVDF (2.7%)

	
37.52%

	
2037




	

	
LiPF6 (2.1%)

	
-

	
1546




	

	
Electrolyte (14.3%)

	
45.66%

	
10,763




	

	
Separator (2.2%)

	
92.26%

	
1641




	

	
Pouch casing (1.4%)

	
-

	
1040




	
Cu wires (0.1%)

	

	
-

	
62




	
Stainless steel (7.2%)

	

	
-

	
7191




	
Aluminum casing (10.8%)

	

	
-

	
10,804




	
Plastics (6.9%)

	

	
65.48%

	
6882











 





Table 2. Summary of the carbon footprint results for both flowsheets.
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	kg CO2e/kg EOL Modules
	‘Pyro-Hydro’
	‘Thermomechanical-Hydro’





	Burdens
	2.07
	2.64



	Credits
	−2.84.
	−2.68



	Net result
	−0.77
	−0.03










 





Table 3. Carbon footprint results for the 2 recycling flowsheets compared with data in the literature.
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Burden

kg CO2e/kg

	
Credit

kg CO2e/kg






	
Pyro-Hydro flowsheet

	
Rafaeijar et al. [10]

	
2.84

	
−3.61




	
This study

	
2.07

	
−2.84




	
Thermomechanical-

Hydro flowsheet

	
Buchert and Sutter [26]

	
1.93 a

	
−2.33 a




	
This study

	
2.64

	
−2.68








a Excluding the values of inbound transport and dismantling for consistency reasons in system boundaries.
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