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[bookmark: _Toc234250516]Model Overview & Design Principles
The transition towards a circular battery economy requires robust modeling approaches that capture the increasing complexity of lithium-ion battery recycling systems. This complexity arises from heterogeneous end-of-life (EoL) feedstocks, varying battery chemistries and formats, and the rapid emergence of novel, chemistry-specific recycling technologies. To address these challenges, we introduce LIBRA (Lithium-Ion Battery Recycling Assessment), a modular modeling framework that integrates techno-economic analysis (TEA) with life cycle-based environmental assessment. Environmental impacts are quantified as global warming potential (GWP100) following the IPCC 2021 characterization method.
LIBRA is designed to evaluate lithium-ion battery recycling systems across a range of process configurations, feedstock compositions, and regional contexts. A central feature of the framework is its explicit representation of heterogeneous EoL feedstocks: input streams are defined by battery chemistry (e.g., NMC, LFP), cell format (e.g., pouch, prismatic, cylindrical), and system level (cell, module, or pack), enabling the systematic analysis of realistic recycling scenarios including mixed-feed conditions. In contrast to models that apply uniform process assumptions across chemistries, LIBRA differentiates between process routes tailored to specific battery types, capturing both established pyrometallurgical–hydrometallurgical routes and emerging mechanical-hydrometallurgical pathways for NMC and LFP batteries, as well as mixed-feed treatment strategies.
[bookmark: _Toc234250517]Model Architecture
LIBRA represents lithium-ion battery recycling systems as sequences of interconnected unit operations. The model captures two principal recycling pathways: pyrometallurgical-hydrometallurgical and mechanical-hydrometallurgical processing, while allowing process chains to adapt dynamically depending on the treated battery chemistry. Individual process steps are shared across routes wherever physically applicable, and pathways diverge only where chemistry-specific treatment is required. This avoids redundant modeling structures and enables consistent comparison of alternative processing strategies.
Each unit operation is represented as a discrete process step associated with a defined technical function. Material flows are tracked on a component-resolved basis throughout the entire process chain. Within each step, incoming streams are transformed into one or more output streams according to parameterized partitioning rules and process efficiencies, grounded in physical separation principles and, where applicable, stoichiometric reaction relationships. Auxiliary material inputs such as reagents and water are explicitly incorporated. Energy consumption is linked directly to the technical characteristics of the respective process unit, ensuring consistency between process design, material throughput, and energy demand. Mass balance consistency is enforced across all process steps: the total mass of all output streams – recovered products, intermediate fractions, and losses – is constrained by the input mass and defined process efficiencies, ensuring that all material transformations are fully traceable. The overall model structure is illustrated in Figure 1. Common front-end operations are applied to all input streams, followed by chemistry-dependent pretreatment via mechanical or pyrometallurgical processing, and subsequent hydrometallurgical refining. The selection of downstream hydrometallurgical routes is determined by the composition of the input feedstock, distinguishing between NMC-only, LFP-only, and mixed NMC–LFP scenarios.
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Figure 1: | Overview of the LIBRA framework. The model integrates heterogeneous battery input streams, defined by chemistry, format, and processing level, into a modular recycling pipeline. Common front-end operations are followed by pretreatment via mechanical or pyrometallurgical processing and hydrometallurgical refining.
[bookmark: _Toc234250518]Model Details
[bookmark: _Toc234250519]General process modeling approach
Material flow modeling in LIBRA is based on a component-resolved, stepwise representation of mass streams across the entire recycling process chain. Each material stream is characterized by its total mass and detailed composition, enabling consistent tracking of individual material fractions throughout all processing stages.
Within each unit operation, material flows are transformed using two types of parameters: partition coefficients and yield values. Partition coefficients define the distribution of individual material components across output streams, such as recovered product fractions, intermediate streams, or residual outputs. Components not explicitly assigned to a specific output stream are routed to a predefined default stream. Yield values describe process-related losses: they define the fraction of material retained within a given stream, while the remaining fraction is assigned to a designated loss stream. Yield values are applied to the partitioned output streams, such that losses are calculated after the distribution of components across streams. This two-step approach – partitioning followed by yield correction – ensures explicit representation of both separation selectivity and process inefficiencies and guarantees mass balance closure across all process steps.
The modeling approach is based on several simplifying assumptions to ensure general applicability. These include the use of representative reaction pathways for complex material systems, the assumption of homogeneous mixing within process steps, and the use of average process parameters where detailed data are not available. Despite these simplifications, the combination of component-resolved tracking, stoichiometric modeling, and explicit representation of auxiliary inputs provides a physically grounded description of material flows in lithium-ion battery recycling systems.
[bookmark: _Toc234250520]Recycling Feedstock 
The input feedstock is defined as a mixture of end-of-life battery systems characterized by chemistry, cell format, and system level (cell, module, or pack). Individual feed components are combined using defined mass fractions, enabling the representation of heterogeneous recycling streams that reflect real-world collection conditions. The model supports lithium iron phosphate (LFP) and nickel–manganese–cobalt (NMC) chemistries in various compositions, as well as pouch, prismatic, and cylindrical cell formats.
The material composition of battery systems is derived from a structured bill-of-materials (BOM) database covering three hierarchical levels: cell, module, and pack. Cell-level compositions are based on the CellEst 3.0 model reported by Ruppert et al.[1]. Module- and pack-level compositions, covering structural components such as housing, electronics, and auxiliary materials, are derived from the EverBatt 2023 model[2]. All material quantities are normalized to a reference pack capacity of 100 kWh and scaled proportionally for other pack sizes.
The system-level material composition is constructed through hierarchical aggregation: the required number of cells per pack is determined from the pack energy and cell energy, and the number of modules is derived from format-specific configuration rules. Cell-level material quantities are scaled accordingly and combined with module- and pack-level contributions to obtain a complete, internally consistent mass representation at cell, module, and system level. This representation serves as the starting point for all downstream process calculations.


[bookmark: _Toc234250521]Mass Flow
[bookmark: _Toc234250522]Front-end processing
The front-end processing steps in the LIBRA framework are applied independently of the selected downstream recycling route and serve to prepare heterogeneous end-of-life battery feedstocks for subsequent pretreatment processes. These steps include analytics and sorting, discharge, and pack dismantling, and are consistently represented within the material flow modeling framework. At this stage, the primary objective is not chemical transformation but the structuring and conditioning of the input stream. Accordingly, front-end processes are modeled as mass-conserving transformations, with no material losses and no changes in chemical composition. 
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Figure 2: Schematic representation of the frontend processing pathway in LIBRA.

[bookmark: _Toc234250523]Analytics and sorting
In the analytics and sorting step, incoming battery systems are classified according to their chemistry, system level (cell, module, or pack), and physical condition. In addition, coarse sorting based on size and system configuration is assumed as an initial stage of the recycling process to enable appropriate handling and processing of the feedstock.
This classification determines the subsequent routing of material flows within the model. From a modeling perspective, this step is represented as a pass-through operation, where the material composition remains unchanged. However, it defines key metadata attributes that influence downstream process selection, particularly the assignment of chemistry-dependent hydrometallurgical pathways.
[bookmark: _Toc234250524]Discharge
The discharge step ensures the safe handling of battery systems by removing residual electrical energy prior to further processing. In the LIBRA framework, a deep discharge is assumed, based on reported industrial practices (No Canary[3]) and patent literature (Duesenfeld[4]), to ensure safe downstream processing and minimize risks associated with residual charge. 
Within the model, discharge is implemented as a pass-through step without altering material composition or mass flow. While the removal of electrical energy does not affect the material balance, the recovered energy is explicitly considered within the energy modeling framework and accounted for in the energy calculations described in Section 5.2.1. Following discharge, material streams are routed depending on their system level. Battery packs are directed to the dismantling step for further disassembly into modules and components, whereas cells and modules are forwarded directly to pretreatment processes.
This abstraction reflects the operational relevance of the step while maintaining consistency in the material flow representation.
[bookmark: _Toc234250525]Pack dismantling
In the pack dismantling step, battery systems are disassembled into modules. This enables the separation of structural and non-active materials from the pack level, including aluminum, steel, copper, plastics, and electronic components. In the LIBRA framework, dismantling from pack to module level is assumed to be performed manually, based on reported practices in research studies and industrial assessments, including the LithoRec project[5] and work by Lander et al[6]. This assumption reflects current technological limitations and safety considerations associated with dismantling of heterogeneous battery systems. In the model, dismantling is represented as a partitioning process in which specific material categories are separated into dedicated output streams. Component-specific partition coefficients define the distribution of materials between the forwarded stream modules and separated pack fractions.

Table 1: Component-specific partitioning assumptions for the pack dismantling step.
	Process Step
	Output Stream
	Partitioned materials

	Pack dismantling
	Aluminum
	Pack:Al

	Pack dismantling
	Copper
	Pack:Cu

	Pack dismantling
	Steel
	Pack:Steel

	Pack dismantling
	Iron
	Pack:Fe

	Pack dismantling
	Electronics
	Pack:Electronics

	Pack dismantling
	Waste 
	Pack:Other



[bookmark: _Toc234250526]Pretreatment processes
Following front-end processing, the prepared battery feedstock is subjected to pretreatment processes, which define the primary transformation of the material prior to hydrometallurgical refinement. In the LIBRA framework, two alternative pretreatment pathways are considered: mechanical pretreatment and pyrometallurgical pretreatment. These pathways differ in their processing principles and intermediate products, but both aim to concentrate valuable components and generate suitable feed streams for downstream recovery processes.

[bookmark: _Toc234250527]Pyrometallurgical pretreatment

In the pyrometallurgical pretreatment pathway, modules and cells are subjected to high-temperature processing to thermally decompose organic components and separate metallic elements into distinct product phases. This pathway is particularly suitable for mixed or single chemistry feedstocks and provides a robust route for the initial concentration of valuable metals (Figure 3).
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[bookmark: _Ref230725399]Figure 3: Schematic representation of the pyrometallurgical pretreatment pathway.

Within the LIBRA framework, pyrometallurgical processing is modelled based on the Umicore Patent US 8,840,702 B2 from Verscheure et al[7]. During pyrometallurgical treatment, organic components such as electrolytes, binders, and plastics are decomposed and removed as gaseous emissions, while inorganic constituents are separated into two primary product phases:
i. a metallic alloy phase containing transition metals such as nickel, cobalt, and copper
ii. a slag phase containing lithium, aluminum, and manganese
In addition, output streams such as flue dust and cleaned off-gas are considered. 

The separation into alloy and slag phases forms the basis for subsequent hydrometallurgical treatment, which is applied to each fraction individually. In the model, pyrometallurgical treatment is implemented using a component-specific partitioning approach. Each component of the incoming material stream is distributed across the output streams (alloy, slag, off-gas, and flue dust) according to predefined partition coefficients derived from the patent process description[7].
Organic components are primarily assigned to gaseous outputs, while metallic and mineral components are distributed between alloy and slag phases depending on their thermochemical behavior.
This abstraction enables a consistent and computationally efficient representation of the smelting process while maintaining a physically meaningful distribution of materials across output streams. Auxiliary inputs such as oxygen and slag-forming agents are introduced as process-specific operating materials. 
In particular, the oxygen input is derived from the reference operating conditions described in the patent, where a volumetric flow rate of 422 Nm³ h⁻¹ is reported for a defined furnace throughput of 1.2 t h⁻¹ of LIB feedstock. Within the model, this value is implemented as a throughput-dependent parameter and scaled proportionally with the mass flow rate of the processed battery material. This approach ensures consistency with industrial operating conditions while allowing flexible adaptation to different plant capacities within the modeling framework. Limestone and silica are added as slag-forming agents to control melt properties and phase separation. All auxiliary inputs are incorporated into the incoming material stream prior to the transformation step and are subsequently distributed across output streams through the same partitioning logic.
 
[bookmark: _Ref231912343]Table 2: Input composition for pyrometallurgical smelting.
	Material
	Share

	LIB Feedstock
	61.0 %

	Limestone
	25.7 %

	Silica sand
	13.3 %

	Oxygen
	422 Nm³ h⁻¹



Partitioning coefficients for the pyrometallurgical smelting step were primarily derived from the process description reported in the Umicore patent by Verscheure et al[7]. For manganese and phosphorus, no explicit values were reported; therefore, author assumptions were introduced based on their expected behavior under oxidizing smelting conditions. Manganese was assumed to predominantly report to the slag phase, while phosphorus was assumed to remain almost entirely in the slag as stable phosphate-containing compounds. During smelting, limestone introduced as CaCO₃ is assumed to undergo complete thermal decomposition prior to phase separation according to:

Product masses are calculated stoichiometrically and incorporated into the subsequent partitioning procedure, where CaO contributes to the slag phase and CO₂ is assigned to the off-gas stream. Residual fractions were assigned to the loss stream to ensure mass balance closure.

Table 3: Component-specific partitioning assumptions for the pyrometallurgical smelting step. Author assumptions were applied for manganese and phosphorus; all remaining values were derived from the patent[7]. 
	Output Stream
	Partitioned materials

	Alloy
	cathode nickel (98%), cathode cobalt (96%), cathode iron (95%), anode copper (95%), module steel (95%), module copper (95%), packing container: nickel-plated steel (95%)

	Slag 
	cathode lithium (86%), cathode manganese (95%*), cathode iron (5%), cathode phosphorus (99%*), cathode aluminum (97.5%), module aluminum (97.5%), calcium oxide (98%), sand (99.9%), packing container: aluminum (97.5%)

	Flue dust
	cathode lithium (14%)

	Off-gas 
	graphite, anode binder, cathode binder, anode carbon black, cathode carbon black, electrolyte, cathode oxygen, packing container: polyethylene-laminated aluminum foil, separator, module plastic, module electronics, carbon dioxide

	Loss 
		



	residual fractions assigned to close the mass balance to 100%





* Author assumption

Process-specific yield values were applied to account for material losses occurring during downstream processing of the pyrometallurgical products. Yield values represent the fraction of material retained in the target output stream, while unrecovered material is assigned to the corresponding residue or wastewater stream. The yield assumptions used for the pyrometallurgical pretreatment route are summarized in Table 4.
	
[bookmark: _Ref231914677]Table 4: Default yield values applied to the pyrometallurgical pretreatment route.
	Process Step
	Target Material
	Yield (%)
	Assumption

	Smelting
	Alloy, slag
	100
	Material distribution fully represented by component-specific partition coefficients; no additional process losses considered

	Gas Scrubbing
	Off gas
	99
	Gas scrubbing efficiency

	Alloy Milling
	Alloy powder
	99
	Mechanical processing losses assigned to residue stream

	Slag Milling
	Slag powder
	99
	Mechanical processing losses assigned to residue stream

	Waste Handling
	Residual streams
	100
	No additional material losses considered



[bookmark: _Toc234250528]Mechanical pretreatment 
In the mechanical pretreatment pathway, battery materials are processed through a sequence of comminution and physical separation steps to liberate and concentrate material fractions for subsequent hydrometallurgical treatment. Separation is achieved based on physical properties such as particle size, density, and magnetic susceptibility. A variety of mechanical pretreatment configurations have been proposed in literature, differing in process sequence, separation technologies, and degree of material liberation. In this work, the process chain implemented in LIBRA is based on the LithoRec approach[8], which represents a well-documented and experimentally validated pathway developed within a dedicated research project, and is modeled consistently with the mechanical route described by Blömeke et al. (2022)[9]. This configuration provides a transparent and consistent basis for component-resolved modeling of mechanical pretreatment.
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[bookmark: _Ref231909707]Figure 4: Schematic representation of the mechanical pretreatment pathway.
The process begins with the crushing of modules and cells under an inert atmosphere to ensure safe operation and prevent thermal or chemical reactions (Figure 4). This is followed by a drying step, in which electrolyte components are removed and transferred to an off-gas stream. Subsequently, magnetic separation is applied to recover ferrous materials, primarily originating from cell casings and module components. In a first air classification step, light and non-ferrous fractions, including aluminum, plastics, and electronics from the module, are separated from the remaining material stream. A second crushing step is introduced to enhance material liberation and increase the recovery efficiency of active material components. The resulting material is then sieved to isolate the fine fraction, which is defined as black mass and serves as the feedstock for hydrometallurgical treatment. In a subsequent air classification step, current collector materials such as copper and aluminum foils are separated from lighter components, including separator materials. The recovered material fractions are collected individually and forwarded to established recycling processes, while the black mass fraction is directed to downstream hydrometallurgical refining. 

[bookmark: _Ref231914340]Table 5: Component-specific partitioning assumptions for the mechanical pretreatment process. Author assumptions were applied for magnetic separation and the electrolyte; all remaining values were derived from LithoRec II Final Report p.46.
	Process Step
	Output Stream
	Partitioned materials

	Drying 
	Electrolyte
	Electrolyte (100 %)

	Magnetic Separation
	Steel
	Module steel (97.5%), packing container: nickel-plated steel (97.5%)

	Air-Classification 1
	Heavy Fraction
	Module Aluminum (95%), Module Copper (98%), Module Plastics (90%), Module Electronics (90%), Packing container: Aluminum (95%)

	Sieving 
	Black Mass
	Cathode materials (100%): Li, Ni, Co, Mn, Fe, P, O, Graphite (100%), Binders and Carbon black (100%); Impurities: Anode Copper (1.8%), Cathode Aluminum (0.6%)

	Air-Classification 2
	Light Fraction
		


Packing container: polyethylene-laminated aluminum foil (95%), Separator


	Air-Classification 2
	Heavy Fraction
	cathode aluminum (95%), anode copper (98%)



Process-specific yield values were applied to account for material losses during mechanical pretreatment operations. Material not recovered in the target stream was transferred to the corresponding residue stream. The yield assumptions used for the mechanical pretreatment route are summarized in Table 6.

[bookmark: _Ref231914823]Table 6: Default yield values applied to the mechanical pretreatment route.
	Process Step
	Target Material
	Yield (%)
	Assumption

	Shredding
	All material fractions
	99
	Mechanical processing losses assigned to residue stream

	Drying
	Solid battery materials
	100
	Negligible solid material losses during electrolyte removal

	Magnetic Separation
	Ferrous materials
	98
	Separation efficiency of magnetic separator

	Air Classification
	Target material fraction
	99
	Classification efficiency

	Crushing
	All material fractions
	99
	Mechanical processing losses assigned to residue stream

	Sieving
	Target particle-size fraction
	95
	Screening efficiency

	Air Classification 2
	Target material fraction
	99
	Classification efficiency

	Waste Handling
	Residual streams
	100
	No additional material losses considered



[bookmark: _Toc234250529]Hydrometallurgical Refining
Depending on the feedstock composition, different hydrometallurgical process routes are applied, as described below (Table 7). These processes require various operating materials.
[bookmark: _Ref230726073]Table 7: Hydrometallurgical process routes applied based on pretreatment route.
	Pretreatment Route
	Intermediate Stream
	Hydrometallurgical process
	Patent

	Pyrometallurgical pretreatment
	Alloy
	Alloy hydrometallurgical refining
	Hanisch et al.(2019)[10]

	Pyrometallurgical pretreatment
	Slag
	Slag hydrometallurgical refining
	Hanisch et al.(2019)[10]

	Mechanical pretreatment 
	NMC Black Mass
	NMC hydrometallurgical refining
	Wang et al.(2023)[11] 

	Mechanical pretreatment 
	LFP Black Mass
	LFP hydrometallurgical refining
	Duan et al.(2024)[12] 

	Mechanical pretreatment 
	Mixed NMC/LFP Black Mass
	Mixed hydrometallurgical refining
	Duan et al.(2023)[13]


The hydrometallurgical treatment of alloy and slag streams is based on the process described by Hanisch et al. (2019), representing an industrially relevant state-of-the-art route that has also been implemented in previous modelling work by Blömeke et al.[9,10]. In the LIBRA framework, the approach is extended to account for different cell formats and battery chemistries.
For the hydrometallurgical processes following the mechanical recycling route, more recent patent-based processes were selected that focus on the recovery of battery precursor materials rather than the production of metal salts[11–13]. As these processes are primarily described at laboratory scale and do not provide a complete process chain, key downstream steps, particularly impurity removal, were aligned with the assumptions applied in the Hanisch patent to ensure consistency and scalability.
Copper impurities are removed via cementation. In the NMC, Alloy and Slag process routes, iron and aluminium impurities are separated through an oxidation and precipitation step using hydrogen peroxide and sodium hydroxide. In contrast, for mixed NMC-LFP and pure LFP feedstock routes, aluminium is removed via a pre-treatment step based on alkaline leaching with sodium hydroxide. This pre-treatment step is commonly applied in LFP recycling processes, as aluminium is highly reactive in acidic environments and would otherwise significantly increase reagent consumption and complicate downstream purification of FePO4[14,15].
The following section outlines the assumptions and process sequences underlying the calculations.
Digestion and Leaching 
In all hydrometallurgical patents considered in the LIBRA model, sulfuric acid is employed as the leaching agent. The process consists of an initial digestion step, in which the feedstock is treated with sulfuric acid, followed by a leaching step, where water is added to dissolve the formed metal sulfates. To account for different battery feed compositions, the required amount of sulfuric acid for digestion is estimated in a simplified manner based on the stoichiometric conversion of the relevant metal-bearing components. The following reaction equations are used as idealized references to derive the corresponding stoichiometric coefficients. The actual calculation is performed on an elemental basis, using the total mass of the respective metals in the feedstock.









Accordingly, the sulfuric acid demand is calculated based on the molar ratios between the relevant metals and sulfuric acid using simplified stoichiometric coefficients. A safety factor of 1.1 is applied to account for process inefficiencies and non-ideal conversion. The calculated demand refers to pure H₂SO₄ and is subsequently converted to a 95 wt.% sulfuric acid solution. The digestion step is assumed to be carried out at elevated temperatures of approximately 140 °C. The resulting solution is strongly acidic, with a pH of approximately 1. Although water is formed in several of the above reactions, it is assumed to be evaporated and exhausted during digestion and is therefore neglected in the model.
Leaching 
The water demand for the subsequent leaching step is estimated based on the solubility limits of the relevant metal sulfates in water, using literature data from IFA (2026[16]). For each sulfate species present in the stream, the minimum water volume required for complete dissolution is calculated as the ratio of the sulfate mass to its respective solubility. Since all sulfate species are dissolved within the same aqueous phase, the overall water demand is defined as the highest of these individual minimum volumes, ensuring that each component remains below its solubility limit. A safety factor of 1.1 is applied to account for non-ideal mixing conditions and process uncertainties.

The solubility values used correspond to a reference temperature of 25 °C. As the actual leaching process is conducted at elevated temperatures, the effective solubility is expected to be higher. However, as this cannot be quantified reliably within the scope of this study, the reference values are retained, resulting in a conservative estimate of the required water input.

Graphite, carbon black, calcium sulfate, and silicon dioxide are considered insoluble under the applied conditions and are therefore excluded from the leaching calculation.

Table 8: Solubility limits of metal sulfates in water, IFA 2026[16].
	Material
	Solubility
	Unit

	Cobalt sulfate
	383
	kg/m3

	Nickel sulfate
	625
	kg/m3

	Manganese sulfate
	762
	kg/m3

	Lithium sulfate
	342
	kg/m3

	Copper sulfate
	203
	kg/m3

	Iron sulfate
	400
	kg/m3

	Aluminum sulfate
	1000
	kg/m3

	Calcium sulfate
	2,4
	kg/m3



Impurity removal
After leaching, impurity removal steps are carried out depending on the process route and input chemistry.
Copper removal by cementation
Copper impurities are removed from the leachate by cementation. In this step, iron powder is added, leading to the formation of iron sulfate and the precipitation of elemental copper (Dib and Makhloufi, 2004[17]). The amount of iron powder is calculated stoichiometrically using the following equation:



Under ideal conditions, one mole of iron is required per mole of dissolved copper. In the model, this amount is multiplied by a safety factor of 1.1.

Oxidation and impurity precipitation of Iron and Aluminium in NMC, Alloy and Slag processes routes
To enable selective impurity removal, an oxidation step is introduced to convert dissolved iron from Fe²⁺ to Fe³⁺. Hydrogen peroxide is applied as a 30 wt.% aqueous solution, with a dosage of 4 vol% relative to the leachate volume, based on Nayl et al. (2017)[18].
Following oxidation, iron and aluminium impurities can be precipitated as iron hydroxide and aluminium hydroxide by increasing the pH through the addition of sodium hydroxide (50%) (Wei et al., 2005[19]).



The amount of sodium hydroxide is calculated stoichiometrically. The calculated demand refers to pure NaOH and is subsequently converted to a 50 wt.% sodium hydroxide solution. With this process step all impurities of the active materials are separated and the remaining materials can be subsequent extracted individually.

Pre-alkaline aluminium leaching in LFP-based & mixed process routes
For LFP-based recycling routes, an alkaline pretreatment step is included prior to black mass digestion to reduce aluminium impurities before the subsequent sulfuric acid-based digestion and leaching sequence. Sodium hydroxide is used for this purpose, as alkaline treatment has been widely reported to facilitate the selective removal of aluminium-containing components in LFP recycling and related hydrometallurgical processes. The underlying reaction is represented in simplified form as:

The water demand for the alkaline pretreatment is estimated using a fixed solid-to-liquid ratio of 5:1. The required amount of NaOH is calculated stoichiometrically based on the aluminium content of the feed. The calculated NaOH demand is subsequently converted to a 50 wt.% sodium hydroxide solution.


[bookmark: _Toc234250530]Hydrometallurgical Alloy Refining
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Figure 5: Hydrometallurgical alloy refining route including impurity removal, solvent extraction, stripping, crystallization, and wastewater treatment to produce cobalt sulfate and nickel sulfate products[10].
Prior to cobalt recovery, the alloy was subjected to digestion and leaching, followed by sequential impurity removal steps for copper and iron. Copper was recovered by cementation and filtration, while dissolved iron was oxidized, precipitated as iron hydroxide, and removed by filtration. The resulting purified leachate was subsequently processed for cobalt and nickel recovery. Cobalt recovery from the purified leachate was modelled using a solvent extraction sequence consisting of extraction, scrubbing, and stripping. Cobalt was extracted using Cyanex 272 according to:

The required amount of Cyanex 272 was calculated stoichiometrically from the transferred cobalt amount, applying an excess factor of 1.3. Sodium hydroxide demand for pH adjustment was also calculated stoichiometrically based on proton generation during extraction and reported as a 50 wt-% sodium hydroxide solution. The loaded organic phase was subsequently scrubbed prior to stripping. Scrubbing was represented as a circulation step of the loaded organic phase, and no additional reagents were considered. 
Cobalt was subsequently stripped using sulfuric acid according to:

Sulfuric acid demand was calculated stoichiometrically assuming one mole of sulfuric acid per mole of stripped cobalt. An excess factor of 1.2 was applied to account for additional reagent consumption. Sulfuric acid consumption was reported as a 95 wt-% sulfuric acid solution. Cyanex 272 and kerosene, used as diluent in a 30:70 wt-% mixture, were assumed to remain within the circulating organic phase and were therefore not consumed during stripping. Only solvent make-up losses of Cyanex 272, assumed to be 10% per year, were considered during the extraction stage.
The cobalt sulfate solution obtained after stripping and the aqueous solution remaining after cobalt extraction were concentrated by water evaporation to recover cobalt sulfate and nickel sulfate product streams, respectively. All non-product mass was assumed to be removed as evaporated water. No additional reagents were considered during either crystallization step. All liquid streams removed during crystallization operations were combined and routed to wastewater treatment. The wastewater volume was reduced by a concentration factor of 10 through water removal. The allocation of individual materials to the corresponding product streams is summarized in Table 9.
[bookmark: _Ref231912352]Table 9: Product streams and corresponding material allocation in the hydrometallurgical alloy refining route.
	Process Step
	Output Stream
	Partitioned materials

	Cu Filtration
	Copper
	anode copper, module copper 

	Fe Filtration
	Iron hydroxide
	cathode iron, packing container: nickel-plated steel, module steel, iron from cementation

	Co Crystallization
	Cobalt sulfate·7 H2O 
	cathode cobalt

	Ni Crystallization
	Nickel sulfate·6 H2O
	cathode nickel



Process-specific recycling efficiencies were applied to account for material losses during precipitation, filtration, solvent extraction, stripping, and crystallization operations. The yield assumptions used in the model are summarized in Table 10. Unrecovered material was assigned to the corresponding wastewater or residue stream.

[bookmark: _Ref231912434]Table 10: Default yield values applied to the hydrometallurgical alloy refining route.
	Process Step
	Target Material
	Yield (100%)
	Assumption

	Digestion
	All dissolved metals
	100
	Complete transfer to digestion slurry

	Leaching
	Dissolved metals
	100
	Complete metal dissolution according to mass balance

	Cu Cementation
	Copper
	100
	Complete copper precipitation

	Cu Filtration
	Copper
	95
	Filtration losses assigned to wastewater

	Fe Oxidation
	Iron
	100
	Complete oxidation of dissolved iron

	Fe Precipitation
	Iron hydroxide
	100
	Complete precipitation

	Fe Filtration
	Iron hydroxide
	95
	Filtration losses assigned to wastewater

	Co Extraction
	Cobalt
	99
	Solvent extraction efficiency

	Co Scrubbing
	Cobalt
	100
	No losses assumed

	Co Stripping
	Cobalt
	99
	Stripping efficiency

	Co Crystallization
	Cobalt sulfate·7H₂O
	98
	Crystallization yield

	Ni Crystallization
	Nickel sulfate·6H₂O
	98
	Crystallization yield

	Wastewater Treatment
	Residual streams
	100
	No material losses considered






[bookmark: _Toc234250531]Hydrometallurgical Slag Refining
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Figure 6: Hydrometallurgical slag refining route including impurity removal, solvent extraction, stripping, crystallization, lithium carbonate precipitation, and wastewater treatment for the recovery of manganese sulfate and lithium carbonate[10].
Prior to manganese recovery, the slag was subjected to digestion and leaching, followed by sequential impurity removal steps for slag residues, aluminum, and iron. Slag formers were removed by filtration, while dissolved iron and aluminum were oxidized, precipitated, and subsequently separated by filtration. The resulting purified leachate was then processed for manganese and lithium recovery.
Manganese recovery from the purified leachate was modelled using a solvent extraction sequence consisting of extraction, scrubbing, and stripping. Manganese was extracted using D2EHPA according to:

The required amount of D2EHPA was calculated stoichiometrically from the transferred manganese amount, applying an excess factor of 1.3. Sodium hydroxide demand for pH adjustment was also calculated stoichiometrically based on proton generation during extraction and reported as a 50 wt-% sodium hydroxide solution. The loaded organic phase was subsequently scrubbed prior to stripping. Scrubbing was represented as a circulation step of the loaded organic phase, and no additional reagents were considered.
Manganese was subsequently stripped using sulfuric acid according to:

Sulfuric acid demand was calculated stoichiometrically assuming one mole of sulfuric acid per mole of stripped manganese. An excess factor of 1.2 was applied to account for additional reagent consumption. Sulfuric acid consumption was reported as a 95 wt-% sulfuric acid solution.
D2EHPA and kerosene, used as diluent in a 30:70 wt-% mixture, were assumed to remain within the circulating organic phase and were therefore not consumed during stripping. Only solvent make-up losses of D2EHPA, assumed to be 10% per year, were considered during the extraction stage.
The manganese sulfate solution obtained after stripping was concentrated by water evaporation to recover manganese sulfate. All non-product mass was assumed to be removed as evaporated water. No additional reagents were considered during the crystallization step.
Lithium recovery was modelled by concentration, precipitation, filtration, washing, and drying. To ensure efficient precipitation, the lithium-containing aqueous solution was first concentrated by water evaporation until a lithium concentration of 20 g L⁻¹ was reached. The required evaporation was calculated from the lithium concentration in the feed solution and the target lithium concentration.
Lithium carbonate precipitation was subsequently carried out using sodium carbonate according to:

The required amount of sodium carbonate was calculated stoichiometrically from the lithium content of the concentrated solution. Following precipitation, lithium carbonate was separated by filtration.
The resulting lithium carbonate filter cake was washed using a washing ratio of 5 kg water per kg solid. No additional reactions were considered during washing. Finally, the washed lithium carbonate was dried by water evaporation. All remaining moisture was assumed to be removed as evaporated water, while lithium carbonate was retained in the product stream. No additional reagents were considered during the drying step. 
All liquid streams removed during concentration, crystallization, and drying operations were combined and routed to wastewater treatment. The wastewater volume was reduced by a concentration factor of 10 through water removal. Sodium sulfate generated during precipitation reactions was accumulated in the wastewater stream and recovered as a sodium sulfate residue.
Table 11: Product streams and corresponding material allocation in the hydrometallurgical slag refining route.
	Process Step
	Output Stream
	Partitioned materials

	SiO2, CaSO4 Filtration
	Sand, calcium sulfate
	slag formers (sand, calcium oxide) 

	Fe, Al Filtration
	Iron hydroxide,
Aluminum hydroxide
	cathode iron, cathode aluminium, packing container: aluminium, module aluminium

	Mn Crystallization
	Manganese sulfate 
	cathode manganese

	[bookmark: _Hlk227834389]Li Drying
	Lithium carbonate 
	cathode lithium



Process-specific yield values were applied to account for material losses during filtration, solvent extraction, stripping, crystallization, precipitation, washing, and drying operations. Yield values represent the fraction of material retained in the target product or intermediate stream. Unrecovered material was assigned to the corresponding wastewater or residue stream. The yield assumptions used for the hydrometallurgical slag refining route are summarized in Table 12.

[bookmark: _Ref231916969]Table 12: Default yield values applied to the hydrometallurgical slag refining route.
	Process step
	Target Material
	Yield (%)
	Assumption

	Digestion
	All dissolved materials
	100
	Complete transfer to digestion slurry

	Leaching
	Dissolved metals
	100
	Complete dissolution according to mass balance

	SiO₂, CaSO₄ Filtration
	Sand and calcium sulfate
	100
	Complete solid-liquid separation assumed

	Fe, Al Oxidation
	Iron and aluminum
	100
	Complete oxidation assumed

	Fe, Al Precipitation
	Iron hydroxide and aluminum hydroxide
	100
	Complete precipitation assumed

	Fe, Al Filtration
	Iron hydroxide and aluminum hydroxide
	95
	Filtration losses assigned to wastewater

	Mn Extraction
	Manganese
	99
	Solvent extraction efficiency

	Mn Scrubbing
	Manganese
	100
	No losses assumed

	Mn Stripping
	Manganese
	99
	Stripping efficiency

	Mn Crystallization
	Manganese sulfate
	99
	Crystallization yield

	Li Concentration
	Lithium
	100
	No lithium losses assumed during water evaporation

	Li Precipitation
	Lithium carbonate
	90
	Lithium carbonate precipitation yield

	Li Filtration
	Lithium carbonate
	95
	Filtration losses assigned to wastewater

	Li Washing
	Lithium carbonate
	99
	Minor product losses during washing assigned to wastewater

	Li Drying
	Lithium carbonate
	100
	No product losses assumed during water evaporation

	Wastewater Treatment
	Residual streams
	100
	No additional material losses considered



[bookmark: _Toc234250532]Hydrometallurgical NMC Refining
Prior to precursor synthesis, the black mass was subjected to digestion and leaching, followed by sequential impurity removal steps for graphite, copper, iron, and aluminum. Graphite was recovered by filtration, copper was recovered by cementation and filtration, and dissolved iron and aluminum were removed through oxidation, precipitation, and filtration. The resulting purified leachate was subsequently processed for NMC precursor and lithium carbonate recovery.
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Figure 7: Hydrometallurgical NMC refining route including impurity removal, precursor precipitation, lithium carbonate recovery, and wastewater treatment[11].
For NMC-based black mass, the purified leachate was processed to recover a mixed nickel–manganese–cobalt hydroxide precursor with a defined target composition . Within LIBRA, the target precursor composition can be selected as NMC111, NMC532, NMC622, or NMC811. If the available Ni, Mn, and Co contents did not match the selected target stoichiometry, additional nickel, manganese, or cobalt sulfate was added stoichiometrically to adjust the metal ratio. Precursor precipitation was represented according to:

The required amount of sodium hydroxide was calculated stoichiometrically based on the total amount of precipitated transition metals and reported as a 50 wt-% sodium hydroxide solution. Sodium sulfate formed as a by-product of hydroxide precipitation was calculated stoichiometrically and assigned to the wastewater treatment stream.

Ammonia was included as a complexing agent and calculated stoichiometrically assuming a coordination number of six for dissolved transition metal ions. An annual ammonia make-up rate of 5% was assumed. Following precipitation, the NMC precursor was separated by filtration. The resulting filter cake was washed using a washing ratio of 5 kg water per kg solid and subsequently dried by water evaporation to obtain the final NMC precursor product. No additional reagents were considered during washing and drying.
Lithium remaining in the aqueous solution after precursor recovery was recovered by precipitation with sodium carbonate according to:

The precipitated lithium carbonate is subsequently separated by filtration and dried to obtain anhydrous lithium carbonate as the final product.
The required amount of sodium carbonate was calculated stoichiometrically from the dissolved lithium content. The precipitated lithium carbonate was subsequently separated by filtration, washed using a washing ratio of 5 kg water per kg solid, and dried by water evaporation to obtain anhydrous lithium carbonate.
All liquid streams removed during concentration, crystallization, and drying operations were combined and routed to wastewater treatment. The wastewater volume was reduced by a concentration factor of 10 through water removal. Sodium sulfate generated during precipitation reactions was accumulated in the wastewater stream and reported as a sodium sulfate residue.
Table 13: Product streams and corresponding material allocation in the hydrometallurgical NMC refining route.
	Process Step
	Output Stream
	Partitioned materials

	Graphite Filtration
	Graphite
	anode graphite, carbon black anode and cathode 

	Cu Filtration
	Copper
	anode copper

	Fe, Al Filtration
	Iron hydroxide,
Aluminum hydroxide
	cathode aluminium, iron from cementation

	Precursor Drying
	NMC Precursor
	cathode cobalt, cathode nickel, cathode manganese

	Li Drying
	Lithium carbonate 
	cathode lithium



Process-specific yield values were applied to account for material losses during filtration, precipitation, washing, drying, and precursor synthesis operations. Unrecovered material was assigned to the corresponding wastewater or residue stream. The default yield values used for the hydrometallurgical NMC refining route are summarized in Table 14.

[bookmark: _Ref231917927]Table 14: Default yield values applied to the hydrometallurgical NMC refining route. 
	Process Step
	Target Material
	Yield (%)
	Assumption

	Digestion
	All dissolved materials
	100
	Complete transfer to digestion slurry

	Leaching
	Dissolved metals
	100
	Complete dissolution according to mass balance

	Graphite Filtration
	Graphite
	99
	Filtration losses assigned to wastewater

	Cu Cementation
	Copper
	100
	Complete copper precipitation

	Cu Filtration
	Copper
	95
	Filtration losses assigned to wastewater

	Fe, Al Oxidation
	Iron and aluminum
	100
	Complete oxidation assumed

	Fe, Al Precipitation
	Iron hydroxide and aluminum hydroxide
	100
	Complete precipitation assumed

	Fe, Al Filtration
	Iron hydroxide and aluminum hydroxide
	95
	Filtration losses assigned to wastewater

	NMC Precursor Precipitation
	NMC precursor
	99
	Precursor precipitation yield

	NMC Precursor Filtration
	NMC precursor
	95
	Filtration losses assigned to wastewater

	NMC Precursor Washing
	NMC precursor
	99
	Minor product losses during washing

	NMC Precursor Drying
	NMC precursor
	100
	No product losses assumed during drying

	Li Precipitation
	Lithium carbonate
	90
	Lithium carbonate precipitation yield

	Li Filtration
	Lithium carbonate
	95
	Filtration losses assigned to wastewater

	Li Washing
	Lithium carbonate
	99
	Minor product losses during washing

	Li Drying
	Lithium carbonate
	100
	No product losses assumed during drying

	Wastewater Treatment
	Residual streams
	100
	No additional material losses considered



[bookmark: _Toc234250533]Hydrometallurgical LFP Refining

For LFP-based black mass, the purified leachate was processed to recover iron oxalate and lithium dihydrogen phosphate as the main products. Prior to product recovery, impurity removal steps were performed to separate graphite, copper, and aluminum-containing residues from the process stream.
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Figure 8: Hydrometallurgical LFP refining route including impurity removal, iron oxalate precipitation, lithium dihydrogen phosphate recovery, and wastewater treatment[12].
Following impurity removal, iron was recovered by oxalate precipitation according to:

Oxalic acid demand was calculated stoichiometrically from the dissolved iron content, applying an excess factor of 1.3. Oxalic acid was supplied as a 10 wt-% oxalic acid solution. In addition, ethanol was added at 10 wt-% relative to the oxalic acid solution. The precipitated iron oxalate was subsequently separated by filtration, washed using a washing ratio of 5 kg water per kg solid, and dried by water evaporation to obtain the final iron oxalate product.
The remaining lithium-containing solution was passed through an ion exchange resin to remove residual iron. This step was represented as a simplified pass-through purification step, in which residual iron was retained by the resin and all other components were forwarded without additional reagent consumption. The purified solution was then concentrated by water evaporation until a lithium concentration of 20 g L⁻¹ was reached. Lithium dihydrogen phosphate recovery was represented according to:

The amount of lithium dihydrogen phosphate produced was determined stoichiometrically based on the limiting reactant, either dissolved lithium or available phosphate. 
All liquid streams removed during concentration and drying operations were combined and routed to wastewater treatment. The wastewater volume was reduced by a concentration factor of 10 through water removal.
Table 15: Product streams and corresponding material allocation in the hydrometallurgical LFP refining route.
	Process Step
	Output Stream
	Partitioned materials

	BM Filtration
	Lye residue
	Cathode aluminum, Binder anode and cathode

	Graphite Filtration
	Graphite
	anode graphite, carbon black anode and cathode 

	Cu Filtration
	Copper
	anode copper

	Oxalate Drying
	Iron oxalate 
	cathode iron, iron from cementation

	Li Crystallization	
	Lithium dihydrogen phosphate
	cathode lithium, cathode phosphate



Process-specific yield values were applied to account for material losses during filtration, precipitation, ion exchange, washing, drying, and crystallization operations. Default yield values represent the fraction of material retained in the target product or intermediate stream. Unrecovered material was assigned to the corresponding wastewater or residue stream. The default yield values used for the hydrometallurgical LFP refining route are summarized in Table 16.

[bookmark: _Ref231918609]Table 16: Default yield values applied to the hydrometallurgical LFP refining route based on Duan et al.[12].
	Process step
	Target material / stream
	Yield (%)
	Assumption

	Digestion
	Digestion slurry
	100
	Complete transfer of black mass into the aqueous slurry.

	Al leaching
	Aluminum-containing residue
	100
	Aluminum-containing residue is separated completely

	LFP filtration
	Lye residue
	100
	No residual aluminum and binder are retained in the black mass.

	Digestion
	Leaching feed slurry
	100
	Complete transfer to the acid leaching step.

	Leaching
	Dissolved LFP components
	100
	Complete dissolution according to the elemental mass balance.

	Graphite filtration
	Graphite/carbon residue
	99
	Graphite and carbon black are recovered with minor filtration losses.

	Cu cementation
	Copper
	100
	Complete copper precipitation by iron addition.

	Cu filtration
	Copper
	95
	Copper solids are separated; unrecovered copper is assigned to wastewater.

	Oxalate mixing
	Iron-containing solution
	100
	Reagent addition only; no material loss assumed.

	Oxalate precipitation
	Iron
	99.02
	Patent-reported iron recovery assigned to the iron oxalate recovery step.

	Oxalate filtration
	Iron oxalate
	100
	Solid-liquid separation represented without additional product loss to avoid double counting.

	Oxalate washing
	Iron oxalate
	100
	Product conditioning step; no additional material loss assumed.

	Oxalate drying
	Iron oxalate
	100
	Water removal only; no product loss assumed.

	Ion exchange resin
	Residual iron
	99
	Residual iron is retained by the resin; other components pass through unchanged.

	Li concentration
	Lithium and phosphate solution
	100
	Water evaporation only; lithium and phosphate are retained in solution.

	Li crystallization
	Lithium
	96.92
	Patent-reported lithium recovery assigned to LiH₂PO₄ crystallization.

	Li crystallization
	Phosphorus
	96.73
	Patent-reported phosphorus recovery assigned to LiH₂PO₄ crystallization.

	Wastewater treatment
	Residual liquid streams
	100
	Wastewater concentration only; no additional material losses considered.



[bookmark: _Toc234250534]Hydrometallurgical NMC/LFP Mixed Refining
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Figure 9: Hydrometallurgical LFP refining route including impurity removal, precursor precipitation, lithium carbonate recovery, carbon coated iron phosphate recovery, and wastewater treatment.
For mixed NMC/LFP black mass, the purified leachate is processed to recover an NMC hydroxide precursor, lithium carbonate, and carbon coated iron phosphate cathode material. Following impurity removal, nickel, manganese, and cobalt are separated from the solution using an ion exchange resin. The required amount of resin is calculated based on the dissolved transition metal content. During this step, nickel, manganese, and cobalt are retained by the resin, while the remaining solution is forwarded for lithium recovery.
The loaded resin is subsequently washed with sulfuric acid to recover the adsorbed transition metals. Sulfuric acid demand is calculated stoichiometrically based on the amount of recovered nickel, manganese, and cobalt. The resulting transition metal sulfate solution is further processed to produce an NMC precursor.
NMC precursor precipitation is represented according to:

The required amount of sodium hydroxide was calculated stoichiometrically based on the total amount of precipitated transition metals and reported as a 50 wt-% sodium hydroxide solution. Sodium sulfate formed as a by-product of hydroxide precipitation was calculated stoichiometrically and assigned to the wastewater treatment stream.

Ammonia was included as a complexing agent and calculated stoichiometrically assuming a coordination number of six for dissolved transition metal ions. An annual ammonia make-up rate of 5% was assumed. Following precipitation, the NMC precursor was separated by filtration. The resulting filter cake was washed using a washing ratio of 5 kg water per kg solid and subsequently dried by water evaporation to obtain the final NMC precursor product. No additional reagents were considered during washing and drying.
Lithium remaining in the aqueous solution after ion exchange is recovered by precipitation with sodium carbonate according to:

The precipitated lithium carbonate is subsequently separated by filtration and dried to obtain anhydrous lithium carbonate as the final product. The required amount of sodium carbonate was calculated stoichiometrically from the dissolved lithium content. The precipitated lithium carbonate was subsequently separated by filtration, washed using a washing ratio of 5 kg water per kg solid, and dried by water evaporation to obtain anhydrous lithium carbonate. 
The remaining solution is concentrated by water evaporation until an iron concentration of 75 g L⁻¹ is reached. Polyvinylpyrrolidone (PVP) dissolved in dimethylformamide (DMF) is subsequently added to prepare the electrospinning suspension. Following electrospinning, the obtained precursor fibers are roasted under an oxygen atmosphere to recover carbon coated iron phosphate cathode material.
All liquid streams removed during concentration and drying operations are combined and routed to wastewater treatment. The wastewater volume is reduced by a concentration factor of 10 through water removal. Sodium sulfate generated during precipitation reactions is accumulated in the wastewater stream and reported as a sodium sulfate residue.
Table 17: Product streams and corresponding material allocation in the hydrometallurgical mixed NMC/LFP refining route.
	Process step
	Output stream
	Partitioned materials

	Graphite Filtration
	Graphite
	Anode graphite, carbon black (anode and cathode)

	Cu Filtration
	Copper
	Anode copper

	Fe, Al Filtration
	Iron hydroxide, Aluminum hydroxide
	Cathode aluminum, iron from cementation

	NMC Precursor Drying
	NMC precursor
	Cathode nickel, cobalt and manganese

	Li Drying
	Lithium carbonate
	Cathode lithium

	FePO₄-C Roasting
	Carbon-coated iron phosphate
	Cathode iron, cathode phosphate


Process-specific yield values were applied to account for material losses during filtration, precipitation, ion exchange, washing, drying, and crystallization operations. Default yield values represent the fraction of material retained in the target product or intermediate stream. Unrecovered material was assigned to the corresponding wastewater or residue stream. The default yield values used for the hydrometallurgical mixed NMC/LFP refining route are summarized in Table 18.

[bookmark: _Ref234244300]Table 18: Default yield values applied to the hydrometallurgical mixed NMC/LFP refining route based on Duan et al.[13]. 
	Process step
	Target material / stream
	Yield (%)
	Assumption

	Digestion
	BM suspension
	100
	Complete transfer to slurry.

	Alkaline leaching
	Aluminum-containing residue
	100
	Complete dissolution of aluminum-containing components.

	BM filtration
	Lye residue
	100
	Complete separation of aluminum and binder residues.

	Digestion
	Digestion slurry
	100
	Complete transfer to digestion.

	Leaching
	Dissolved metals
	100
	Complete dissolution according to elemental mass balance.

	Graphite filtration
	Graphite
	99
	Graphite recovered with minor filtration losses assigned to wastewater.

	Cu cementation
	Copper
	100
	Complete copper precipitation.

	Cu filtration
	Copper
	95
	Copper solids are separated; unrecovered copper is assigned to wastewater.

	Ion exchange
	Ni, Mn, Co
	99
	Transition metals are retained by the ion exchange resin; remaining losses are assigned to the raffinate.

	Resin stripping
	Ni, Mn, Co solution
	100
	Complete recovery of adsorbed transition metals from the resin.

	NMC precipitation
	NMC precursor slurry
	100
	Complete precipitation assumed.

	NMC filtration
	NMC precursor
	95
	Filtration losses assigned to wastewater.

	NMC washing
	NMC precursor
	99
	Minor product losses during washing.

	NMC drying
	NMC precursor
	100
	Water removal only; no product losses assumed.

	Li precipitation
	Lithium carbonate
	95
	Lithium carbonate precipitation according to stoichiometric conversion.

	Li filtration
	Lithium carbonate
	95
	Filtration losses assigned to wastewater.

	Li washing
	Lithium carbonate
	99
	Minor product losses during washing.

	Li drying
	Lithium carbonate
	100
	Water removal only; no product losses assumed.

	Fe concentration
	Iron/phosphate solution
	100
	Water removal only; dissolved species retained.

	Carbon dispersion
	Electrospinning suspension
	100
	Mixing step; no material losses assumed.

	Electrospinning precursor formation
	FePO4 precursor
	100
	Fiber formation without material losses.

	Roasting
	Carbon-coated iron phosphate
	99
	Minor losses during thermal treatment.

	Wastewater treatment
	Residual streams
	100
	No additional material losses considered.



[bookmark: _Toc234250535]Recovery Metrics
To evaluate the performance of recycling routes, LIBRA calculates a set of recovery and yield indicators based on the material flow results. These indicators quantify the amount of saleable products generated as well as the recovery of individual materials from the battery feed.
[bookmark: _Toc234250536]Material Recovery
Material recovery describes the fraction of a target material recovered in saleable product streams relative to its initial content in the battery feed and is calculated as:

	Variable
	Description
	Unit

	
	Recovery rate of target material i
	%

	
	Annual mass of recovered target material i
	kg a⁻¹

	
	Annual mass of target material i in the battery feed
	kg a⁻¹


Recoveries are calculated on an elemental basis and therefore account for the elemental composition of recovered products. For example, lithium recovery from lithium carbonate is calculated based on the lithium content of the recovered lithium carbonate product rather than the total product mass.
[bookmark: _Toc234250537]Active Material Recovery
The active material recovery is calculated as:

	Variable
	Description
	Unit

	AMR
	Active material recovery
	%

	
	Total recovered active material mass
	kg a⁻¹

	
	Total active material mass in battery feed
	kg a⁻¹



where active materials comprise lithium, nickel, cobalt, manganese, iron, phosphorus, and graphite depending on the selected recycling route.
[bookmark: _Toc234250538]Overall Metal Recovery
The overall metal recovery is calculated as:

	Variable
	Description
	Unit

	OMR
		



	Overall metal recovery



	%

	
	Total recovered metal mass
	kg a⁻¹

	
	Total metal mass in battery feed
	kg a⁻¹



where metals include lithium, nickel, cobalt, manganese, iron, copper, and aluminum.
[bookmark: _Toc234250539]Component Recovery
The component recovery is calculated as:

	Variable
	Description
	Unit

	CR
		



Component recovery
	%

	
	Total recovered component mass
	kg a⁻¹

	
	Total componment mass in battery feed
	kg a⁻¹



where component materials include copper, aluminum, steel, iron, electronics, and other structural battery components.


[bookmark: _Toc234250540]Equipment Assignment, Capacity Scaling and Energy Demand
[bookmark: _Ref231905416][bookmark: _Toc234250541]Equipment Sizing and Assignment
For each process step, LIBRA determines the required equipment configuration based on the process throughput and the technical capacity limits stored in the machine database. The required throughput is calculated from the annual process mass flow and the annual operating time:

	Variable
	Description
	Unit

	


	Required throughput
Annual process throughput
Annual operating time
	t h-1 
t a-1
h a-1



For each process step, LIBRA evaluates alternative equipment configurations consisting of one or more parallel equipment lines. The required capacity of an individual machine is calculated from the required process throughput, the number of installed machines, and the design load factor:



	Variable
	Description
	Unit

	
	Required machine capacity
	t h⁻¹

	

	Required process throughput
	t h⁻¹

	
	Number of installed machines
	–

	
	Design load factor
	–



The calculated machine capacity is constrained by the minimum and maximum technical capacity limits defined for the respective equipment type. Only equipment configurations that satisfy the required throughput within these limits are considered feasible.


The installed process capacity is then calculated as:




	Variable
	Description
	Unit

	
	Installed process capacity
	t h⁻¹

	
	Number of installed machines
	–

	

	Capacity of a single machine
	t h⁻¹



Among all feasible equipment configurations, LIBRA selects the configuration with the lowest total equipment investment cost. The selected equipment configuration is subsequently used for capital cost estimation and energy demand calculations.
Table 19 summarizes the equipment assigned to each process step. For thermal operations is the energy demand calculated from heat balances, see Section 5.3. 
[bookmark: _Ref231815296]Table 19: Equipment assigned to each process step
	Stage
	Process Step
	Equipment
	Capacity (t/h)
	Power (kW)
	Source

	Front-end
	Analytics & Sorting 
	Analytics & Sorting stack
	1.2
	—
	LithoRec 

	Front-end
	Discharge
	Discharge tool
	1.2
	—
	LithoRec 

	Front-end
	Pack Dismantle
	Dismantle area
	1.2
	—
	LithoRec 

	Pretreatment 
	Smelting
	Smelter
	1.2
	—
	EverBatt

	Pretreatment
	Gas scrubbing
	Gas scrubbing
	2.4
	1000
	EverBatt

	Pretreatment
	Granulation 
	Granulator
	1.2
	2.1
	EverBatt

	Pretreatment
	Shredding
	Crusher
	1.2
	149.1
	EverBatt

	Pretreatment
	Drying
	Dryer
	1.0
	—
	EverBatt

	Pretreatment
	Magnetic Separation
	Magnetic separator
	0.6
	9.2
	Reference offer

	Pretreatment
	Air-Classification
	Air Classification
	0.4
	149.1
	EverBatt

	Pretreatment
	Crushing
	Crusher
	1.2
	149.1
	EverBatt

	Pretreatment
	Sieving
	Vibrating screen
	1.2
	35.8
	EverBatt

	Hydro
	Digestion
	Reactor
	0.4
	—
	EverBatt

	Hydro
	Leaching
	Reactor
	0.4
	11.9
	EverBatt

	Hydro
	Precipitation
	Reactor
	0.4
	11.9
	EverBatt

	Hydro
	Filtration
	Filter press
	0.6
	14.9
	EverBatt

	Hydro
	Washing
	Reactor
	0.4
	11.9
	EverBatt

	Hydro
	Drying
	Dryer
	0.5
	—
	EverBatt

	Hydro
	Crystallization
	Crystallizer
	0.5
	—
	EverBatt

	Hydro
	Mixing
	Reactor
	0.4
	11.9
	EverBatt

	Hydro
	Ion exchange 
	Ion exchange unit
	0.4
	3.0
	Micronicsinc

	Hydro
	Concentration
	Evaporator
	0.6
	—
	EverBatt

	Hydro
	Extraction
	Solvent extraction unit
	0.6
	17.9
	EverBatt

	Hydro
	Scrubbing
	Solvent extraction unit
	0.6
	17.9
	EverBatt

	Hydro
	Stripping
	Solvent extraction unit
	0.6
	17.9
	EverBatt

	Hydro
	Oxidation
	Reactor
	0.4
	11.9
	EverBatt

	Hydro
	Cementation
	Reactor
	0.4
	11.9
	EverBatt

	Hydro
	Roasting
	Roaster
	2.4
		



—
	EverBatt

	Hydro
	Wastewater treatment 
	Wastewater treatment
	2.4
	1000
	EverBatt





[bookmark: _Toc234250542]Electrical Energy Demand
Electrical energy demand is calculated for all non-thermal unit operations. This includes discharge, mechanical processing, filtration, mixing, precipitation, solvent extraction, ion exchange and other electrically driven process steps. Energy consumption is determined from the installed equipment power, annual operating hours, and equipment utilization.
[bookmark: _Ref231903430][bookmark: _Toc234250543]Discharge (electrical recovery):

During the discharge step, residual electrical energy stored in the cells is recovered prior to further processing. For safety reasons, complete discharge is assumed before mechanical treatment to reduce the risk of short circuits, thermal runaway, and fire during subsequent dismantling and comminution steps. Cells are assumed to enter the process with a remaining state of charge (SOC) of 30 %, which is reduced to 0 % during discharge. The total stored electrical energy is calculated based on the number and type of processed cells. The recoverable electrical energy is then determined by the discharged SOC fraction and the discharge efficiency.



	Variable
	Description
	Unit

	
	Total nominal energy content of processed cells
	kWh a-1

	
	Number of processed cells of type (i)
	cells a-1

	
	Nominal energy content of one cell of type (i)
	kWh cell-1

	
	State-of-charge reduction (0.30)
	–

	
	Discharge efficiency (0.9)
	–

	
	Recovered electrical energy
	kWh a-1



[bookmark: _Toc234250544]Mechanical energy consumption
For electrically driven unit operations, electricity demand is calculated from the installed equipment power, annual operating hours, and equipment utilization. The number of equipment lines and the corresponding line capacity are determined based on the required process throughput and the equipment capacities stored in the machine database. A linear relationship between equipment throughput capacity and electrical power demand is assumed. The utilization of the installed equipment is represented by a load factor (), which accounts for part-load operation when the installed equipment capacity exceeds the required process throughput:

where  is the required process throughput and  is the installed process capacity.
If the selected equipment capacity differs from the reference equipment capacity stored in the machine database, the installed electrical power is scaled proportionally:

A linear relationship between equipment throughput capacity and electrical power demand is assumed. This simplification is considered appropriate given the uncertainty in equipment-specific data and the modular nature of the assessed process steps.
The annual electricity demand of a process step is then calculated as:

	Variable
	Description
	Unit

	
	Equipment load factor
	–

	
	Required process throughput
	t h-1

	
	Installed process capacity
	t h-1

	
	Electrical power per equipment line
	kW

	
	Electrical power of reference equipment
	kW

	
	Capacity of selected equipment line
	t h-1

	
	Capacity of reference equipment
	t h-1

	
	Number of installed equipment lines
	–

	
	Annual operating time
	h a-1

	
	Annual electricity demand
	kWh a-1



[bookmark: _Ref231904459][bookmark: _Toc234250545]Thermal Energy Consumption
For thermal unit operations, including digestion, smelting, drying, evaporation, concentration, and crystallization, no reliable industrial energy consumption data were available. Therefore, thermal energy demand is estimated using simplified physical energy balances. The annual thermal energy demand is obtained by multiplying the calculated thermal power demand by the annual operating time:

[bookmark: _Toc234250546]Smelting
For pyrometallurgical smelting, thermal energy demand is calculated from the sensible heating of the battery feedstock, limestone, and silica sand from ambient temperature to the operating temperature of 1450 °C. In addition, the calcination enthalpy of limestone decomposition is considered:




	Variable
	Value
	Unit
	Source

	cp,LIB
	1.0
	kJ kg-1 K-1
	Authors assumption

	cp,limestone
	0.8
	kJ kg-1 K-1
	Cermak & Rybach[20]

	cp,sand
	0.7
	kJ kg-1 K-1
	Cermak & Rybach [20]

	T
	1430
	K
	Verscheure et al[7]

	hcalcination
	1780
	kJ kg-1
	Koring[21]

	
	0.6
	̶
	Authors assumption



The resulting heat demand is corrected using an overall furnace efficiency factor to account for thermal losses. Reaction enthalpies associated with metal oxide reduction and phase separation are not explicitly accounted for and are implicitly captured by the furnace efficiency factor η. 
[bookmark: _Toc234250547]Mechanical Drying 

The thermal energy demand of the mechanical drying step is estimated from the amount of electrolyte removed during drying. The drying process is assumed to operate at 105 °C, which is sufficient to evaporate residual electrolyte components[8]. Energy demand is calculated using the latent heat of vaporization of the electrolyte. The electrolyte is approximated as a 3:7 mixture of ethylene carbonate (EC) and ethyl methyl carbonate (EMC), resulting in a weighted average evaporation enthalpy of 424 kJ kg⁻¹ based on literature values[22]. The resulting heat demand is corrected using an overall dryer efficiency factor to account for thermal losses.



	Variable 
	Value
	Unit
	Source

	
	424 
	kJ kg-1
	Calculated from EC/EMC mixture (3:7)

	
	0.8
	̶
	Authors assumption




[bookmark: _Toc234250548]Digestion 

The thermal energy demand of the digestion step is calculated from the sensible heating of the battery feedstock and sulfuric acid solution from ambient temperature to the operating temperature of 140 °C[10]. The resulting heat demand is corrected using an overall process efficiency factor to account for thermal losses.



	Variable 
	Value
	Unit
	Source

	cp,LIB
	1.0 
	kJ kg-1 K-1
	Authors assumption

	cp,sulfuric acid 
	1.41 
	kJ kg-1 K-1
	Schweizer[23]

	T
	120 
	K
	Hanisch et al.[10]

	
	0.8
	̶
	Authors assumption


[bookmark: _Toc234250549]Drying, Evaporation, Concentration and Crystallization

For drying, evaporation, concentration, and crystallization operations, thermal energy demand is estimated from the amount of water removed using the latent heat of vaporization of water. The resulting heat demand is corrected using an overall process efficiency factor to account for thermal losses.



	Variable 
	Value
	Unit
	Source

	hH2O
	2257
	kJ kg-1
	Standard latent heat of vaporization of water

	
	0.8
	̶
	
	Authors assumption






[bookmark: _Toc234250550]Roasting

The thermal energy demand of the roasting step is calculated from the sensible heating of the carbon-coated iron phosphate product from ambient temperature to the operating temperature of 500 °C[13]. The resulting heat demand is corrected using an overall process efficiency factor to account for thermal losses.



	Variable 
	Value
	Unit
	Source

	cp,FePO4-C
	1.0
	kJ kg-1 K-1
	Authors assumption

	T
	480 
	K
	Duan et al.[13]

	
	0.6
	̶
	Authors assumption



[bookmark: _Toc234250551]Infrastructure Configuration
Industrial battery recycling is frequently organized across multiple locations, with decentralized collection and pretreatment facilities supplying centralized refining plants. To represent such infrastructure concepts, LIBRA supports both integrated-site and Hub–Spoke recycling configurations. In the Integrated Site configuration, all recycling process steps are assumed to be located within a single facility. In contrast, the Hub–Spoke System assumes decentralized front-end processing and pretreatment (spokes) combined with centralized hydrometallurgical refining (hubs). Users can independently define the locations and capacities of both facility types, enabling the assessment of regional cost differences, electricity mixes, and transportation impacts.
The number of required spoke and hub facilities is determined based on the annual recycling throughput and the user-defined processing capacities of pretreatment spokes and hydrometallurgical hubs:



where is the annual recycling feed throughput, is the annual hydrometallurgical feed, is the pretreatment capacity per spoke facility, and is the hydrometallurgical capacity per hub facility.
Material transported between spokes and hubs incurs transportation costs and greenhouse gas emissions. These are calculated using user-defined transport cost and emission factors:

where  is the transported mass (t),  is the transport distance (km), is the transportation cost factor (USD··), and is the transportation emission factor (kg -eq··).
The default transport cost factor was set to 0.144 $·t⁻¹·km⁻¹ based on freight transport cost data reported by Panteia. This value represents road-based freight transport and can be modified by the user to reflect alternative transportation scenarios.
The default transport emission factor was derived from the ecoinvent 3.11 dataset market for transport, freight, lorry, >32 metric ton, diesel, EURO 4 – RoW. This parameter can also be modified by the user to represent alternative transport modes, vehicle technologies, or regional conditions. Transportation is represented using a simplified tonne-kilometre approach with constant cost and emission factors. The objective is to account for the primary economic and environmental impacts of material transport between facilities while maintaining computational simplicity.

[bookmark: _Toc234250552]Economic assessment 
The techno-economic assessment in LIBRA combines process-level material and energy flows with regional cost data and equipment investment costs. All economic results are calculated on an annual basis and normalized to the annual mixed battery feed mass processed by the plant. Direct operating costs are calculated at the process-step level and subsequently aggregated with capital-related charges and plant overhead to obtain the total recycling cost. Product revenues and disposal costs are assigned to recovered output streams based on regional price data. The functional unit for specific cost results is one kilogram of mixed battery feed processed by the recycling plant. The reference plant is assumed to operate 8,400 h per year. All monetary values are reported in USD. Regional economic parameters, including electricity prices, labor costs, reagent prices, product prices, disposal costs, and building costs, are provided through the regional cost database. Equipment investment costs, equipment lifetime, required labor, and equipment footprint are stored in the machine database.
[bookmark: _Toc234250553]Data Sources and Price Assumptions
Economic calculations in LIBRA are based on an Excel-based input database consisting of two worksheets. The machine worksheet contains equipment-specific information, including reference capacities, investment costs, scaling exponents, equipment lifetimes, labour requirements, and equipment footprints. The regional cost worksheet contains location-specific economic parameters, including electricity prices, labour costs, water prices, reagent costs, product prices, disposal costs, and building costs. All material inputs, utilities, products, and waste streams are assigned a unit price and an economic role. Economic roles are classified as either cost items (e.g., reagents, utilities, and disposal costs) or revenue-generating products (e.g., recovered metals, precursor materials, graphite). 
All equipment parameters, cost assumptions, regional price data, and economic input parameters used within LIBRA are provided in the supplementary Excel database accompanying the model and are adjustable by the user.
[bookmark: _Toc234250554]Equipment Cost Data
Reference equipment costs and technical parameters, including reference capacities, scaling exponents, equipment lifetimes, labor requirements, and equipment footprints, are primarily derived from the EverBatt 2023 model for the U.S. region. Additional equipment data were obtained from literature sources and documented in the machine database. To account for regional differences in equipment costs, location factors are applied to convert US-based reference costs to European and Chinese market conditions. Location factors were taken from Towler and Sinnott and are applied to purchased equipment costs and building costs[24]. Germany is not treated as a separate equipment cost region and uses the same location factor as the broader European context.

Table 20: Regional equipment cost location factors used for capital cost estimation based on Towler and Sinnott (2021)[24].
	Region
	Location factor 

	United States
	1.0

	Europe
	1.13

	China 
	0.61



[bookmark: _Toc234250555]Regional Price Data
All regional cost parameters used in LIBRA, including electricity prices, labor costs, reagent prices, product prices, and disposal costs, are provided as default values in the supplementary Excel database. Where region-specific data were available, individual default values were assigned to each region (US, EU, CN, and DE). For parameters where no region-specific data could be identified, a common representative default value was applied across all regions.
Product, reagent, and disposal prices were compiled from publicly available market sources and represent typical market conditions at the time of model development. 

[bookmark: _Toc234250556]Default plant parameters 
The techno-economic analysis implemented in LIBRA is based on a set of global plant parameters that are applied consistently across all recycling routes and scenarios. These parameters define the assumed plant utilization, operating schedule, and depreciation periods used for equipment sizing, energy calculations, and capital cost estimation. The values applied in the model are summarized in Table 21.
[bookmark: _Ref231990721]Table 21: Default plant parameters.
	Parameter
	Value
	Unit

	Operating hours
	8,400 
	h/a

	Number of shifts 
	3 
	-

	Equipment lifetime
	10
	a

	Building lifetime
	25 
	a



[bookmark: _Toc234250557]Capital Cost Estimation
Equipment sizing follows the procedure described in Section 5.1. The resulting equipment configuration, including the number of machines and their installed capacities, is subsequently used for capital cost estimation. Purchased equipment costs are calculated using capacity-scaling relationships based on reference equipment data stored in the machine database. The investment cost of an individual machine is estimated by scaling the reference equipment cost to the selected machine capacity:



	Variable
	Description
	Unit

	
	Investment cost of selected machine
	USD

	
	Reference equipment cost
	USD

	
	Selected machine capacity
	t h⁻¹

	
	Reference equipment capacity
	t h⁻¹

	
	Equipment scaling exponent
	–

	
	Cost index adjustment factor
	–



The total purchased equipment cost of a process step is calculated as:


	Variable
	Description
	Unit

	
	Total purchased equipment cost of process step
	USD

	
	Number of installed machines
	–

	
	Investment cost per machine
	USD


Equipment costs reported in the literature were adjusted to a common reference date using the Chemical Engineering Plant Cost Index (CEPCI). All values were first updated to June 2024, which is the last freely available CEPCI data point. For years beyond June 2024, the Eurostat Industrial Producer Price Index (IPPI, NACE C28: Manufacture of machinery and equipment) was applied. All equipment costs reported in LIBRA were normalized to April 2026.



	Variable
	Description
	Unit

	
	Cost escalation factor
	–

	
	CEPCI at reference year
	–

	
	CEPCI value for June 2024
	–

	
	IPPI at target year
	–

	
	IPPI value for June 2024
	–



Building investment costs are estimated from the equipment footprint, the number of installed machines, and the regional building cost:


	Variable
	Description
	Unit

	
	Building investment cost of process step
	USD

	
	Equipment footprint
	m²

	
	Number of installed machines
	–

	
	Building cost
	USD m⁻²

	
	
	


The purchased equipment and building costs are subsequently aggregated to determine the total plant capital investment.

[bookmark: _Toc234250558]Plant Capital Cost Structure
The capital cost structure implemented in LIBRA is based on established factorial cost estimation methodologies commonly applied in techno-economic assessments of process industries, following the general framework proposed by Towler and Sinnott[24]. Equipment and building costs are first estimated individually for each process step based on equipment sizing results and regional cost parameters. Purchased equipment costs are obtained from the machine database using capacity scaling relationships, while building costs are estimated from the required equipment footprint and regional building cost factors.
The resulting step-specific capital costs are subsequently aggregated into a plant-wide capital cost structure comprising direct costs, indirect costs, fixed capital investment, working capital, and total capital investment, as summarized in Table 22. Additional capital cost categories, including service facilities, land, engineering, construction expenses, contingency, and working capital, are estimated using standard percentage factors. The resulting total capital investment serves as the basis for the calculation of annual depreciation and fixed charges in the subsequent operating cost assessment.












[bookmark: _Ref231894193]Table 22: Capital cost estimation methodology and cost factors used in LIBRA.
	Cost Item
	Estimated as 

	I. Direct Costs
	I.A + I.B + I.C +I.D

	A. Equipment 
	I.A.1+I.A.2+I.A.3+I.A.4+I.A.5

	1. Purchased equipment
	Sum of equipment costs

	2. Installation, including insulation and painting
	15 % of I.A.1

	3. Instrumentation and controls, installed
	10 % of I.A.1

	4. Piping, installed
	10 % of I.A.1

	5. Electrical, installed
	Included in equipment costs

	B. Buildings, process and auxiliary
	Sum of building costs 

	C. Service facilities and yard improvements
	40 % of I.A.1

	D. Land
	1 % of I.A.1

	II. Indirect Costs
	II.A + II.B +II.C

	A. Engineering and supervision
	10 % of I

	B. Construction expenses
	10% of I

	C. Contingency
	5 % of I

	III. Fixed Capital Investment
	I + II

	IV. Working Capital
	0.1*III

	V. Total Capital Investment 
	III+IV



[bookmark: _Toc234250559]Direct Operating Costs
Direct operating costs comprise energy, labor, material, and water costs. Energy costs are calculated from the annual electricity demand of each process step and the regional electricity price:

where  is the annual energy demand and  is the regional electricity price.
The annual labor requirement per process step is determined from the number of machines installed, the labor hours specified per machine, the annual operating days and the equipment load factor:

The corresponding annual labor costs are calculated as:

where is the regional hourly wage.
Material costs are calculated from the annual consumption of reagents, water, consumables, and auxiliary materials multiplied by their respective regional prices:

[bookmark: _Toc234250560]Total Recycling Cost 
Manufacturing costs are calculated according to the cost structure summarized in Table 23. Direct manufacturing costs comprise raw materials, utilities, operating labor, maintenance, operating supplies, and laboratory expenses. Fixed charges include depreciation, taxes, and insurance, while plant overhead and administrative expenses are estimated using standard percentage factors. The annual total recycling cost (TRC) is calculated as the sum of manufacturing costs and general expenses and is reported per kilogram of battery feed processed.

[bookmark: _Ref234239754]Table 23: Total Recycling cost estimation methodology used in LIBRA.
	Cost Item
	Estimated as 

	VI. Manufacturing Costs
	Sum of VI.A + Sum of VI.B + VI.C

	A. Direct product costs 
	

	1. Raw materials
	Sum of material costs 

	2. Utilities
	Sum of energy costs 

	3. Operating labor
	Sum of labor costs

	4. Direct supervisory and clerical labor
	15 % of VI.A.3

	5. Maintenance and repairs
		



	Sum of maintenance costs


(5 % of I.A)

	6. Operating supplies
	15 % of VI.A.5

	7. Laboratory charges
	10 % of VI.A.3

	8. Patents and royalties
	0

	B. Fixed charges
	

	1. Depreciation
	I.A/life time + I.B/plant life

	2. Local taxes
	2 % of III

	3. Insurance 
	1 % of III

	4. Rent
	0

	5. Financing
	0

	C. Plant overhead costs
	50% of (VI.A.3+ VI.A.4+VI.A.5)

	VII. General Expenses
	VII.A +VII.B+ VII.C

	A. Administrative costs 
	15% of (VI.A.3+ VI.A.4+VI.A.5)

	B. Distribution and selling costs
	0

	C. R &D costs
	0

	VIII. Total Recycling Cost
	VI+VII








[bookmark: _Toc234250561]Revenue
Revenue is calculated from the annual production of marketable output streams and their corresponding market prices. Disposal costs are calculated analogously for output streams classified as residual streams.
The annual net output value is calculated as:

	Variable
	Description
	Unit

	
	Annual net output value 
	USD a⁻¹

	
	Annual revenue from recovered products
	USD a⁻¹

	
	Annual residual costs
	USD a⁻¹


where product revenue is calculated as:

	Variable
	Description
	Unit

	
	Annual revenue
	USD a⁻¹

	
	Annual production of product 
	kg a⁻¹

	
	Product price of product 
	USD kg⁻¹


where disposal costs are calculated as:

	Variable
	Description
	Unit

	
	Annual residual costs
	USD a⁻¹

	
	Annual mass of waste stream 
	kg a⁻¹

	
	Disposal cost of waste stream 
	USD kg⁻¹



[bookmark: _Toc234250562]Profitability Assessment
The annual profitability of a recycling route is evaluated by comparing the annual net output value with the annual total recycling cost. The annual profit represents the difference between revenues generated from recovered products and the total costs associated with recycling operations, including operating expenses, depreciation, and overhead costs.
The annual profit is calculated as:

	Variable
	Description
	Unit

	
	Annual profit
	USD a⁻¹

	
	Annual net output value
	USD a⁻¹

	
	Annual total recycling cost
	USD a⁻¹


To enable comparison between recycling routes and plant capacities, the annual profit is additionally normalized to the annual battery feed processed. The resulting net recycling profit represents the economic value generated per kilogram of battery feed.
The net recycling profit is calculated as:

	Variable
	Description
	Unit

	
	Net recycling profit
	USD kg-1 feed

	
	Annual profit
	USD a⁻¹

	
	Annual battery feed processed
	kg a⁻¹



Positive NRP values indicate profitable operation, whereas negative values indicate that recycling costs exceed the value recovered through product sales.

[bookmark: _Toc234250563]Environmental assessment
[bookmark: _Toc234250564]Goal and Scope
The functional unit is the treatment of 1 kg of spent lithium-ion battery feed processed by the recycling system. Depending on the selected scenario, the battery feed may consist of cells, modules, or battery packs. The environmental assessment is conducted using a gate-to-gate system boundary covering all recycling process steps within the recycling facility. Feedstock collection, pre-plant transportation, sorting prior to plant entry, and the construction of recycling infrastructure are excluded from the system boundary; inter-facility transport within hub-spoke configurations is accounted for separately (see Section 6). Environmental impacts are calculated based on the consumption of energy, chemicals, water, and auxiliary materials required during the recycling process. The environmental performance of the recycling routes is evaluated in terms of global warming potential (GWP), calculated using the IPCC 2021 GWP100 characterization method and the avoided burden approach. Ecoinvent 3.11 was used as the LCI database.
All material and energy inputs to the recycling system are considered environmental burdens. Waste streams requiring further treatment or disposal are additionally accounted for as environmental burdens. Recovered products are credited by assuming that they substitute the production of equivalent virgin materials on a mass basis. A substitution ratio of 100% is applied throughout, representing the assumption that recovered materials fully substitute equivalent virgin battery-grade materials. This constitutes an upper bound for environmental credits, as market uptake and material quality may limit effective substitution in practice.
The net environmental impact is calculated as:

	Variable
	Description
	Unit

	
	Net climate change impact
	kg CO₂-eq

	
	Climate change impacts associated with recycling operations and waste treatment
	kg CO₂-eq

	
	Avoided climate change impacts from substituted virgin materials
	kg CO₂-eq



[bookmark: _Toc234250565]Life Cycle Inventory 
Material and energy flows calculated within LIBRA are directly linked to life cycle inventory datasets from the ecoinvent 3.11 database. All process inputs, including chemicals, water, electricity, thermal energy, and auxiliary materials, are assigned to corresponding ecoinvent datasets. Where no directly matching dataset is available, a proxy dataset is selected based on chemical composition, production route, and intended application. The ecoinvent datasets assigned to all relevant input and output streams are documented in the supplementary dataset table. Electricity demand is linked to regional market electricity datasets according to the selected plant location, covering the United States, Europe, China, and Germany as distinct regional contexts.  
Recovered products are assigned ecoinvent datasets representing the production of equivalent virgin battery-grade materials. 
Table 24: Overview of process inputs and recovered outputs considered in the environmental assessment, with the ecoinvent 3.11 datasets and regional context used in LIBRA.
	Item
	Ecoinvent 3.11 dataset
	Region

	Electricity
	market group for electricity, medium voltage
	DE / EU / US / CN

	Nitrogen
	market for nitrogen, liquid
	Europe

	Limestone
	market for limestone, crushed, washed
	RoW

	Sand
	market for silica sand
	GLO

	Oxygen
	market for oxygen, liquid
	Europe

	Sulfuric acid (95%)
	market for sulfuric acid
	Europe

	Sodium hydroxide (50%)
	market for sodium hydroxide, without water, in 50% solution state
	Europe

	Iron powder
	market for pig iron
	Europe

	Oxalic acid
	market for oxalic acid
	GLO

	Water
	market for tap water
	Europe without Switzerland

	Ethanol
	market for ethanol, without water, in 99.7% solution state, from ethylene
	Europe

	Ammonia (25%)
	market for ammonia, anhydrous, liquid
	Europe

	PVP
	market for polyvinylidenchloride, granulate
	Europe

	DMF
	market for N,N-dimethylformamide
	GLO

	CH-90 Na resin
	market for cationic resin
	RoW

	Sodium carbonate
	soda ash, dense, to generic market for neutralising agent
	GLO

	Hydrogen peroxide
	market for hydrogen peroxide, without water, in 50% solution state
	Europe

	Cyanex 272
	market for solvent, organic
	GLO

	Cyanex 301GN
	market for solvent, organic
	GLO

	D2EHPA
	market for solvent, organic
	GLO

	Manganese sulfate
	market for manganese sulfate
	GLO

	Nickel sulfate
	market for nickel sulfate
	GLO

	Cobalt sulfate
	market for cobalt sulfate
	RoW

	Aluminium scrap
	aluminium production, primary, ingot
	RoW

	Copper scrap
	copper production, cathode, solvent extraction and electrowinning process
	GLO

	Steel scrap
	steel production, converter, unalloyed
	RoW

	Iron scrap
	pig iron production
	RoW

	Electronic scrap
	treatment of electronics scrap from control units
	Europe

	Waste
	treatment of hazardous waste, hazardous waste incineration
	Europe

	Plastics
	treatment of waste polyethylene, recycling
	Europe

	Manganese sulfate
	manganese sulfate production
	GLO

	Nickel sulfate
	nickel sulfate production
	RoW

	Cobalt sulfate
	cobalt sulfate production
	RoW

	Lithium carbonate
	lithium carbonate production, from spodumene
	RoW

	Lithium dihydrogen phosphate
	Calculated analogous to sodium dihydrogen phosphate production, from sodium hydroxide and phosphoric acid
	–

	Calcium sulfate
	market for waste gypsum
	Europe without Switzerland

	Iron hydroxide
	market for magnetite (used as proxy product; substitution factor based on equivalent iron content)
	GLO

	Aluminium hydroxide
	aluminium hydroxide production
	RoW

	Sodium sulfate
	sodium sulfate production, from natural sources
	Europe

	Wastewater
	treatment of wastewater, average, wastewater treatment
	Europe without Switzerland

	Graphite
	anode production, graphite, for Li-ion battery
	RoW

	NMC 622 precursor
	NMC622 hydroxide production, for Li-ion battery
	RoW

	NMC 811 precursor
	NMC811 hydroxide production, for Li-ion battery
	RoW

	NMC 532 precursor
	NMC532 hydroxide production, for Li-ion battery
	RoW

	NMC 111 precursor
	NMC111 hydroxide production, for Li-ion battery
	RoW

	Fly ash
	market for process-specific burdens, municipal waste incineration
	RoW

	Ferrous oxalate
	Approximated via stoichiometric conversion of iron sulfate and oxalic acid; utility demands not considered due to lack of publicly available process data.
	–

	Carbon-coated iron phosphate (FePO4-C)
	Assumed to substitute conventionally produced battery-grade FePO4; environmental credits based on the FePO4 production inventory reported by Voß et al. [25]
	–



Table 25: LCI data for LiH2PO4.
	Item
	Dataset
	Amount
	Unit

	Input
	
	
	

	LiOH
	lithium hydroxide production

	0.243
	kg

	H3PO4
	market for phosphoric acid, industrial grade, without water, 85% solution state - GLO
	0.967
	kg

	Electricity
	market group for electricity, medium voltage - GLO
	0.399
	kWh

	Natural Gas
	heat, district or industrial, natural gas
	1.89
	MJ

	Steam
	heat, from steam in chemical industry
	0.208
	MJ

	Output
	
	
	

	LiH2PO4
	
	1
	kg



Table 26: LCI data for FeC2O4. 
	Item
	Dataset
	Amount
	Unit

	Input
	
	
	

	FeSO4
	market for iron sulfate - RoW
	1.056
	kg

	H2C2O4
	market for oxalic acid GLO

	0.626
	kg

	Output
	
	
	

	FeC2O4
	
	1
	kg



Table 27: LCI data for FePO4 [25].
	Item
	Dataset
	Amount
	Unit

	Input
	
	
	

	FeSO4
	market for iron sulfate - RoW
	1,099
	kg

	H3PO4
	market for phosphoric acid, industrial grade, without water, 85% solution state - GLO
	0,714
	kg

	H2O2
	market for hydrogen peroxide, without water, in 50% solution state - RoW
	0,121
	kg

	NaOH
	market for sodium hydroxide, without water, in 50% solution state - RoW
	0,297
	kg

	Water
	market for water, completely softened - RoW
	54,95
	kg

	Electricity
	market group for electricity, medium voltage - GLO
	1,068
	kWh

	Natural Gas
	market for heat, central or small-scale, natural gas - RoW
	8,9
	MJ

	Output
	
	
	

	FePO4
	
	1
	kg



[bookmark: _Toc234250566]Impact assessment 
Environmental impacts are calculated by multiplying all inventory flows with the corresponding characterization factors according to:

	Variable
	Description
	Unit

	
	Climate change impact of category i
	kg CO₂-eq

	
	Mass or energy flow of inventory item j
	kg, kWh

	
	Characterization factor of inventory item j
	kg CO₂-eq unit⁻¹




Within LIBRA, climate change impacts are quantified using the IPCC 2021 GWP100 characterization method and reported as kg CO₂-equivalents per kilogram of battery feed processed. 
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