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A B S T R A C T

The increasing diversity of lithium-ion batteries (LIBs) has introduced a range of cathode active materials 
(CAMs), with at least five major types currently in use. Regarding current recycling practices, end-of-life LIB cells 
are typically processed without any presorting, which results in a mixed CAM black mass input for hydromet
allurgical treatment. This study evaluates the performance of a standard hydrometallurgical process under mixed 
CAM conditions and compares it with two hypothetical presorting scenarios by using a total cost of ownership 
(TCO) approach. Technically, the presence of lithium iron phosphate (LFP) black mass causes impurities that 
negatively affect process efficiency. Economically, the usage of partial presorting alone to recover cobalt-rich 
fractions results in a lower overall value compared to the mixed CAM baseline, due to the reduced market
ability of the remaining material. However, further removal of LFP and lithium manganese oxide (LMO) im
proves both process quality and economic profitability, as most of the black mass can then be treated without 
major contaminants. The results also indicate that the hydrometallurgical process evaluated is not suitable for 
LFP recycling, thus highlighting the need for specific treatment strategies for phosphate-based chemistries.

1. Introduction

Lithium-ion batteries (LIBs) are a cornerstone technology for the 
decarbonization of modern society, in particular through the electrifi
cation of transport and mobility. With the expected growth in demand 
for LIBs, Europe is facing two key challenges: The supply of critical raw 
materials for LIB production, such as lithium, cobalt, and nickel, and the 
efficient management of increasing return volumes of spent LIBs 
(Schmaltz 2023). Several studies, such as Bobba et al. (2020), point out 
supply risks for key battery materials, such as cobalt, lithium, and 
graphite. New regulations, such as the EU Battery Regulation (EU 2023) 
and the EU Critical Raw Materials Act (EU 2024), are promoting the 
recycling of spent LIBs in the EU. These regulations set high recycling 

targets for critical metals to encourage investment in recycling infra
structure. To date, no standard recycling process has been established, 
although several approaches have been tested in laboratory and pilot- 
scale recycling facilities (Petzold and Flamme 2024). The general goal 
is to recover as much as possible of the valuable materials from the 
cathode active materials (CAMs). To this end, spent LIBs are typically 
crushed in rotary shear shredders, followed by sorting into different 
material fractions (Diekmann et al. 2017). The recovered black mass 
(BM), which accounts for approximately 50 % of the mass of an LIB cell 
(Arnberger et al. 2018), is then processed either pyrometallurgically or 
hydrometallurgically with an optional thermal pretreatment step to 
remove organic residues such as binders (Pinegar and Smith 2019). Due 
to high energy consumption, stand-alone pyrometallurgical recycling 
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processes are no longer widely used, with the scale-up of recycling 
plants tending towards the hydrometallurgical route, which may include 
thermal pretreatment of the BM (Chen et al. 2022). Although a lot of 
research has been done on BM recycling, most of it has involved a single 
CAM type. In the processes, the BM (CAM types; LCO, NMC, LMO, NCA) 
is first leached with sulfuric acid and a reducing agent. The resulting 
leaching solution is then purified of copper, iron, and aluminum using 
various precipitation processes. Finally, the valuable metals cobalt, 
nickel, and also manganese are recovered from the leaching solution 
either by selective precipitation, co-precipitation, or solvent extraction, 
and in a final step, lithium is recovered by precipitation (Jung et al. 
2021). There are various recycling approaches for the recovery of LFP- 
BM. (Müller and Obuz, 2024) have developed a hydrometallurgical 
process in which the BM is first thermally pretreated and then leached 
with phosphoric acid. Subsequently, the leaching solution is tempera
ture adjusted to precipitate the dissolved iron and phosphate as iron 
phosphate (FePO4), and the acid is returned to the leaching step. As a 
final step, lithium is precipitated as lithium phosphate (Li3PO4) (Müller 
and Obuz, 2024). Another option is to leach the thermally pretreated 
black mass using sulfuric acid, followed by precipitation of FePO4 by 
adjusting the pH and lithium recovery using sodium carbonate (Na2CO3) 
as lithium carbonate (Li2CO3) ((Zheng et al. 2016). In addition, there are 
approaches such as selective leaching, salt leaching, electrochemical 
processes, and direct regeneration of LFP, e.g., using a molten salt pro
cess (Wen et al. 2024).The updated EU battery regulation aims to in
crease transparency, especially for the material composition of LIB. 
Through the battery passport, all batteries from electric vehicle, light 
means of transport and industrial batteries with a capacity of more than 
2 kWh must provide information on material composition from the 1st of 
January 2026 onwards (EU 2023). However, this does not include all 
batteries produced before 2026 or even all portable batteries, which 
currently account for roughly half of the returning batteries (Schmaltz 
2023). The missing information on CAM composition of spent LIB will 
result in a heterogeneous battery mix and needs to be addressed through 
presorting. This can be implemented by using different strategies. A 
distinction is made between manual, mechanical, and automated sorting 
(Sziegoleit 2013). In manual (or optical) sorting, spent batteries are 
sorted by humans on the basis of optical characteristics such as type 
designation or manufacturer. This is the current state in most European 
battery sorting facilities (Petzold and Flamme 2024). Mechanical sorting 
is carried out e.g., by sieve classification, where used batteries are sorted 
according to their size (Sziegoleit 2013). Automated sorting of batteries 
can be realized by using sensor-based sorting (SBS) systems. These can 
utilize several technologies, including optical, X-ray transmission, and 
X-ray fluorescence (Petzold and Flamme 2024).

Currently, such technologies are being used to sort spent batteries by 
electrochemical systems, such as LIB, NiMH, NiCd, etc. (Sterkens et al. 
2021; Petzold and Flamme, 2025). In some research concepts, for 
example, LIB cells have been sorted into cobalt-rich and cobalt-poor 
fractions by using prompt gamma neutron activation analysis 
(PGNAA) (Sletsgaard and Pedersen 2014). Other literature demonstrates 
optical sorting based on character recognition to automate the sorting 
process and further sorting according to the CAM of spent LIB, and 
proposes X-ray sorting to exploit the different atomic densities of 
different CAMs (Bettersize Instruments Ltd. 2021). Research has also 
been published on the use of discharge data from spent LIBs to differ
entiate between lithium iron phosphate (LFP) and lithium nickel man
ganese cobalt oxide (NMC) cells (Wett et al. 2025). For spent LIB pouch 
cells, XRF characterization and sorting between LCO and NMC cathode 
also looks promising (Petzold et al. 2024). In the present paper, a total 
cost of ownership (TCO) approach is used to evaluate the need for CAM 
sorting through different sorting strategies.

The research questions to be answered are: 

(1) What factors influence the technical and economic advanta
geousness of the hydrometallurgical recycling of LIB cells at the 
end of their lifecycle?

(2) How can a presorting step improve the hydrometallurgical 
recycling of spent LIB cells?

This paper is structured as follows. Section 2 provides a brief over
view of the different CAMs used in LIBs and potential hydrometallur
gical recycling processes for spent LIBs. Market prices for materials and 
process auxiliaries, possible presorting scenarios, and the TCO model for 
further calculations are described in Section 3. TCO results for the 
different presorting scenarios as well as sensitivity analyses assessing the 
potential influence of each CAM in the processed BM mix are presented 
in Section 4. The paper concludes with a discussion of the results and 
limitations of this work as well as an outlook on future developments in 
hydrometallurgical recycling processes.

2. Material and methods

In this section, different presorting strategies and the hydrometal
lurgical recycling process to be evaluated are described from a technical 
point of view. In addition, the TCO method is briefly explained.

2.1. Lithium-ion batteries and cathode active materials

LIB cells typically consist of two electrodes (anode and cathode), an 
electrolyte, and a separator membrane. All commercially available LIBs 
use aluminum (cathode) and copper (anode) as current conductors. The 
most commonly used anode active material in commercial applications 
is graphite, although lithium metal can also be used (Zhang et al. 2021; 
Wurm et al. 2013; Wu 2002). During the last 30 years of LIB develop
ment, several CAMs have been developed and are being used in 
commercially available LIB cells. Most of them use either transition 
metal oxides or polyanion compounds, due to their high operating 
voltages and the resulting high storage capacity (Nitta et al. 2015). The 
five dominant CAMs used in commercial applications are lithium cobalt 
oxide (LiCoO2, LCO), lithium manganese oxide (LiMn2O4, LMO), lithium 
nickel manganese cobalt oxide (LiNixMnyCozO2, NMC), lithium nickel 
cobalt aluminum oxide (LiNiXCoYAlZO2, NCA), and lithium iron phos
phate (LiFePO4, LFP). While LCO is mostly used in consumer applica
tions for cell phones, tablets, and laptops, LFP, NCA and NMC are 
primarily used in electric vehicles. LFP is also applied in battery storage 
systems. NCA is the most common CAM used in US electric vehicles, 
such as Tesla (Zhao et al. 2022); NMC is mainly used in European cars, 
while LFP is predominantly used in China and other Asian countries 
(Zhao et al. 2022).

2.2. Hydrometallurgical recycling

An exemplary hydrometallurgical recovery process for BM recycling 
(see Fig. 1) was used as a reference for analyzing the effects of these 
presorting scenarios in order to determine whether the presorting of LIB 
cells into fractions of different CAMs is necessary and how it affects 
further processing.

To evaluate the effects on the hydrometallurgical recycling process, 
the individual battery types were first pretreated mechanically and then 
thermally. The first step was wet shredding in an adapted cutting mill 
(type SM 300, Retsch GmbH, Haan, Germany), which was equipped with 
a 6-disc rotor (stainless steel with reversible tungsten carbide cutting 
tips) and a bottom sieve with 8 mm square holes. Using a small pump 
(Syncra Silent 3.0, Sicce S.r.l., Pozzoleone, Italy) the entire shredding 
mill was continuously purged with process water to ensure safe condi
tions for the opening and the comminution of the LIB cells. After 
completion, core particles > 0.5 mm were separated using a laboratory 
sieve. The resulting BMs were then dried in a drying oven at 105 ◦C for 
24 h to ensure easier handling through pyrolysis. Pyrolysis is a crucial 
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step in the pretreatment of BM, not only to volatilize organic matter (e. 
g., binder, separator, electrolyte) but also to transform lithium oxide 
into water-soluble lithium carbonate (Qiu et al. 2024; Tao et al. 2021). 
For this purpose, the BMs were placed in a crucible inside a resistance- 
heated furnace (Thermo-Star Experimental Furnace, Thermo-Star 
GmbH, Aachen, Germany) and heated under continuous nitrogen flow 
(5 l/min) at a heating rate of 300 ◦C/h to a target temperature of 600 ◦C. 
Upon reaching the target temperature, a holding time of 60 min was 
maintained. The process parameters were selected based on several 
studies that had already been performed and that had identified these 
parameters as optimal (Stallmeister and Friedrich 2023; Babanejad et al. 
2022; Yang et al. 2016). This can be explained by the required tem
perature of at least 500 ◦C for the decomposition of the binder and at 
least 600 ◦C for the reduction of the lithium metal oxides (Babanejad 
et al. 2022). After the holding time, the furnace was turned off, and the 
BMs remained inside the furnace until room temperature was reached. 
The pyrolyzed black masses were then combined into different mixed 
fractions according to the presorting scenarios derived in Section 3.2, 
and they were further processed in the hydrometallurgical treatment.

In the first step of the hydrometallurgical treatment, the conversion 
of lithium into water-soluble lithium carbonate during pyrolysis plays a 
crucial role. Although lithium carbonate has a limited solubility in water 
(13.4 g/L), this property can be utilized to selectively dissolve lithium 
and separate it from other metals (Qiu et al. 2024). For better differ
entiation of the process steps and because there is no physical change in 
the lithium carbonate, the process step investigated here is called 
“dissolution”. The dissolution parameters were as follows: 1:30 solid to 
liquid ratio (s/l), 25 ◦C, 300 rpm. In the following leaching step, a 

mixture of sulfuric acid (2 M) and hydrogen peroxide (4 vol%) was used 
to dissolve nickel, cobalt, and manganese. The lithium-free black mass 
was leached at 60 ◦C for 2 h at 250 rpm with an s/l of 1:10. Several 
studies have been conducted using similar parameters and showing high 
leaching efficiencies (> 95 %) of cobalt, nickel, and manganese (Saleem 
et al. 2023; Zheng et al. 2017; Zhu et al. 2012; Sun and Qiu 2011). 
Residual copper in the BM was also dissolved by adding hydrogen 
peroxide. To selectively recover copper, cementation can be conducted. 
During this step, sodium hydroxide was added to raise the pH to above 1 
(here: to exactly 1.15) at 60 ◦C. Iron is usually added in proportion to the 
amount of copper in solution. Due to the heterogeneity of the input BM 
mixtures, the same amount of iron was added to each solution, so 10 g/L 
of the initial leaching solution volume was added to each solution. The 
added iron was removed in the subsequent precipitation step, which 
serves as purification of the loaded solution. The process parameters of 
the purification precipitation to remove aluminum and iron as hydrox
ides were as follows: a pH of 3.8, a temperature of 60 ◦C, and the 
addition of hydrogen peroxide at 1 vol%. The final precipitation to 
recover nickel, manganese, and cobalt as hydroxides was carried out at 
room temperature and at pH 11. For the sample, 50 mg of black mass 
was dissolved in reversed aqua regia using a Multiwave 7000 (Anton 
Paar, Graz, Austria) microwave digestion system prior to analysis. The 
stoichiometry and the chemical composition of the samples were 
determined by ICP-OES using an ARCOS (Spectro Analytical Instruments 
GmbH, Kleve, Germany) equipped with a Scott spray chamber, a cross- 
flow nebulizer, and an axially positioned plasma torch (Gnutzmann et al. 
2024). The method and further parameters were adapted from Evertz 
et al. (2019) and Vortmann-Westhoven et al. (2017).

Fig. 1. Investigated hydrometallurgical process route (own figure).
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2.3. Net present value and total cost of ownership

The TCO method allows the evaluation of all costs incurred during 
the life cycle of a product or, as in the paper at hand, the execution of a 
process (Ellram and Siferd 1993). A TCO model takes into account all 
cash-effective capital expenditures (Capex) as well as all operating ex
penditures (Opex) associated with the process (Ferrin and Plank 2002; 
Degraeve et al. 2000; Degraeve and Roodhooft 1999; Ellram 1995, 
1994). The method therefore takes a holistic approach to the asset under 
consideration (Degraeve et al. 2000; Ellram 1995). Since the cost 
structure is specific to the individual asset under consideration, the TCO 
model is not universal for every product or process, but must always be 
adapted to the specific application (Bhutta and Huq 2002; Ferrin and 
Plank 2002). Accordingly, the calculation presented in the current paper 
also considers, for example, the revenues generated from recycled 
product sales. The main challenge of the TCO method is the need for 
detailed data and the uncertainty in estimating cost drivers to obtain 
reliable results (Geissdörfer et al. 2009; Degraeve et al. 2000; Ellram 
1995). Accordingly, the results should be subjected to sensitivity 
analysis.

The annual TCO is the annuity of the net present value (NPV) as 
shown in Eq. (1), where T is the total time horizon and i is the discount 
rate: 

TCO = NPV
(1 + i)Ti

(1 + i)T
− 1

(1) 

The NPV includes the initial capital expenditure CCapex in t = 0 as well as 
annual operating expenditures COpex,t and revenues Rt . In Eq. (2), again 
T is the total time horizon and i is the discount rate: 

NPV = − CCapex +
∑T

t=1

Rt − COpex,t

(1 + i)t (2) 

It is assumed that no assets require replacement during the period under 
review and that they possess no residual value at the conclusion of this 
period. Consequently, Capex are exclusively incurred as initial costs and 
not on a recurring basis.

3. Theory and calculation

After discussing the material and auxiliary material prices in Section 
3.1 and defining the price development scenarios, the presorting sce
narios for further calculations are derived in Section 3.2. Finally, in 
Section 3.3, the TCO model is set up to evaluate the previously defined 
process scenarios.

3.1. Material and auxiliary prices

LIB recycling processes have inherently high Opex, as the main 
process stream is a mixture of high-value materials. In addition, espe
cially for hydrometallurgical processes, a variety of process auxiliaries 
are required as described in Section 2.2. Therefore, accurate estimates of 
the respective material prices are necessary to obtain well-fitting overall 
results for the economic analysis of the process. Considering the long 
period of 25 years, four different price scenarios are defined to reflect 
different future developments and to facilitate decision making under 
this uncertainty. All of them start from the same value pj within the first 
year and, depending on the price development scenario, different price 
growth rates gj are applied. Specifically, the four scenarios are: a fixed 
scenario with no price changes over time (gj = 0), and a lower, a base, 
and an upper scenario, each scenario with increasing values of gj for 
each material j, respectively.

Consistent with our previous works on the evaluation of LIB recy
cling processes (Woeste et al. 2024; Reinhart et al. 2023), a log-linear 
ordinary least squares (OLS) regression was used to obtain the price 

growth rates for the lower price development scenario based on his
torical price data sets. In cases where no data on price history data were 
available, the price growth rate in the lower scenario was set to zero. For 
the base and the upper price development scenarios, 0.01635 and 
0.02811 were added, respectively, to the values in the lower scenario. 
These values were chosen because they reflect overall price increases of 
150 % and 200 %, respectively, over the 25-year period considered. 
Potential causalities or correlations between the development of indi
vidual materials may be inherent in the data but are not explicitly 
considered in the calculations. The price growth rates have been con
strained to zero as a lower bound and safe estimate, and to 0.07189, 
0.08824, and 0.1 as upper bounds in the lower, base, and upper sce
narios, respectively. The differences between the upper bounds of the 
scenarios reflect the differences of 0.01635 and 0.02811 mentioned 
above. For the materials considered in this paper, the limits were only 
relevant for Li2CO3, Co(OH)2, H2O2, and solid waste in the lower sce
nario (0.10042, –0.00752, –0.00072, and –0.00130) and for Li2CO3 in 
the base and upper price development scenarios (0.11677 and 0.12853).

In general, price data are derived from the German balance of foreign 
trade from 01/2006 to 11/2024, for which prices are reported monthly 
(Destatis 2025a). The respective starting price for the initial year is the 
average price for each material in 2024, which is the last year available 
in the price data set. Eurostat data from 2007 to 2024 resulted in esti
mates for electricity prices (Eurostat 2025). The range between 2 GWh 
and 20 GWh per year was used, as it best reflects the power consumption 
of the considered processes. Water costs are taken from utility data 
assuming a consumption of between 30,001 m3 and 100,000 m3 per year 
based on process data (Stawag 2025). Prices for electrolyte disposal, 
carried out by waste incineration, Al/Fe hydroxide disposal, which in
cludes immobilization of Al/Fe hydroxide sludge and the subsequent 
disposal via a specialized waste management company (other possibil
ities for recycling Al/Fe hydroxide include thermal treatment and 
further use, e.g., in road construction (Hoeber and Steinlechner, 2021)), 
and wastewater treatment, including heavy metal precipitation and 
Glauber’s salt crystallization followed by discharge into a local waste
water treatment plant, are based on own experience. Appendix B pro
vides an overview of the initial prices for each material and of the 
respective price growth rates for the scenarios other than the fixed price 
scenario.

For mixed output fractions, the prices are calculated using a 
weighted average price according to the proportion of the mixture. As all 
price data refer to pure substances, a mixed value factor MVFj was 
applied to the sales prices of each process output j depending on the 
mass fraction wj of the desired product within the output, as shown in 
Eq. (3). This approach resulted from discussions with experts in the field. 

MVFj
(
wj
)
= 0.25 • 4wj ,∀wj ∈ [0, 1] (3) 

3.2. Presorting scenarios

To discuss the effect of presorting LIB cells according to their CAM, 
different presorting scenarios (LIBZ) were evaluated. Various methods 
have been tested for sorting battery cells (TOMRA 2021; Sziegoleit 
2013), with X-ray transmission (XRT) being one of the most promising 
approaches (Petzold and Flamme 2024). For the paper at hand, different 
presorting scenarios were derived based on a conceptual analysis of XRT 
presorting. Each scenario represents a theoretically plausible approach 
that could be implemented depending on the available sensor systems, 
the level of automation, and the intended downstream application. The 
evaluation of the scenarios was aimed at exploring the impact of 
different presorting depths on the hydrometallurgical processing routes 
for mixed BM. The economic value of CAMs is mainly based on the 
amount of cobalt and nickel they contain, the value of which is 8 to 12 
times higher than that of aluminum and manganese (LME 2025a, 
2025b). Therefore, the removal of LCO in the first step is reasonable 
(LIBZ2.1), while LFP, LMO, NCA, and NMC make up the residual 
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(LIBZ2.2).
LFP and NMC should be separated, as a hydrometallurgical pro

cessing of the two of them together results in high losses (Krüger et al. 
2014). Therefore, the second step is the removal of LFP and LMO 
(LIBZ3.1) from the high quality NMC/NCA fraction (LIBZ3.2). Pre
liminary tests have shown that the separation of these CAMs is quite 
difficult, with some NCA remaining in the LFP/LMO residue. Further 
presorting into individual CAMs is not considered, as the atomic den
sities of both LFP/LMO and NMC/NCA are quite similar, and presorting 
would be hardly possible. There have been various market analyses 
looking at the market shares of the most common CAMs, e.g., Melin 
(2018). For the present paper, the market shares from Melin (2018) for 
2025 are used (see LIBZ1 in Table 1), which form the basis for the 
composition of the three examined presorting scenarios shown in Fig. 2.

3.3. TCO model

The economic evaluation of the proposed LIB presorting and recy
cling processes is based on a comprehensive TCO model, which has the 
same structure for the different presorting scenarios. This structure is 
shown in Fig. 3 and includes capital expenditures, operating costs, as 
well as revenues from the sale of output fractions.

The initial investment consists of buildings and various technical 
equipment, including shipping and installation costs. The relevant data 
regarding technical equipment are taken from previous studies and of
fers, and have been updated where necessary and adjusted for inflation 
to 2024 using data from Destatis (2025b). Based on own experience, a 
useful life of 25 years without the need for replacement of the technical 
equipment is a valid assumption. The calculation of capital expenditures 
for the buildings is based on BKI (2024) cost estimates for institute and 
laboratory buildings. As hydrometallurgy has been identified as the 
bottleneck in the overall process route, all other upstream process steps 
have been designed based on the capacity of 500 kg/h of the hydro
metallurgical process step equipment to achieve full utilization there. 
This results in a capacity of the entire considered process route of 1,000 
kg LIB cells per hour. Only buildings and technical equipment directly 
related to the process route considered are included in the TCO calcu
lation. However, general equipment for the directly required buildings, 
such as cranes, workplace equipment and furniture, safety equipment 
including off-gas and wastewater treatment, if required in the individual 
process steps, are not excluded from the further calculations. This 
amounts to an initial investment of approximately 34.3 million € (33.6 
million € without presorting). The technical equipment accounts for 
53.28 % of this (52.91 % without presorting). The main components of 
the technical equipment for each process step and an overview of the 
distribution of the initial investments in each process step are presented 
in Appendix C.

Operating costs include both variable and fixed costs. The latter 
include labor, maintenance, and insurance costs. The calculation of 
wage costs is based on an average wage from wage groups EG8/9 (IG 
Metall 2024a). In Germany, social security contributions are due in 

addition to wages and must be included in the employer’s wage cost. The 
social security contributions include 18.6 % for pension insurance,1

14.6 %2 plus an additional 2.5 % for health insurance (BMG - Bundes
ministerium für Gesundheit, 2024), 3.6 % for long-term care insurance,3

and 2.6 % for unemployment insurance.4 Depending on the respective 
activities,5 the employer must also contribute to accident insurance, 
which is assumed to be 1 % at this point. Social security contributions 
are largely borne equally by the employer and the employee. In detail, 
this results in a surcharge of 21.95 % on the gross wage for the em
ployer’s social security contributions. Other surcharges to be considered 
are 15 % for late shifts and 25 % for night shifts (IG Metall 2024b), as 
three-shift operation is planned, and 70 % of a gross monthly salary as 
vacation pay (IG Metall 2011). Overall, the employer’s wage costs for an 
average position in the process considered here add up to 57,221.70 € 
per year. Wages are kept constant over time in all scenarios.6 A total of 
20 employees are required. See Appendix C for details of each process 
step. Maintenance and insurance costs for buildings and technical 
equipment are annual payments and are calculated as a percentage of 
the respective initial investment. The markups (buildings: 1.5 % for 
maintenance and 1 % for insurance; technical equipment: 3 % for 
maintenance and 1 % for insurance) are taken from Bärwaldt and Kwade 
(2012) and adjusted based on expert knowledge.

Variable costs include material costs, energy costs, and the cost of 
disposal of waste streams and wastewater treatment. The price data on 
which the calculations are based are described in Section 3.1. These are 
multiplied by the corresponding material and energy flows to obtain the 
absolute values per year. Since no costs are considered for the purchase 
of end-of-life LIB cells, the TCO per ton of LIB cells shown later in the 
results can be understood as the break-even price per ton of LIB cells to 
be recycled. If the price is higher than the respective value, the process 
would not be considered financially profitable. Appendix C provides an 
overview of the variable costs and revenues associated with each step. 
The variable costs as well as the revenues from output fractions depend 
directly on the production times per year. In the scale assumed here, 250 
working days per year and thus 6,000 h per year are assumed. The actual 
production time is 5,700 h per year, since 5 % of the time is scheduled 
for maintenance and set-up time.

The annual cash flows resulting from the costs and revenues are 
discounted at a rate of 8.4 %. This rate is derived from the weighted 
average cost of capital (WACC) for the materials industry in February 
2025 (PwC 2025).

4. Results and discussion

In the following section the results of the TCO calculation are pre
sented and discussed. The focus is on the impact of the different pre
sorting and price development scenarios. The results are further 
evaluated in sensitivity analyses, where the influence of variations in the 
MFV is analyzed.

4.1. TCO results

Assuming an observation period of 25 years and a throughput of 
5,700 t of LIB cells per year, a mixed picture emerges regarding the 

Table 1 
Market shares according to CAM for 2025, based on Melin (2018), and pre
sorting scenarios (own table).

LIBZ1 LIBZ2.1 LIBZ2.2 LIBZ3.1 LIBZ3.2

LCO 35.7 % 100.0 % ./. ./. ./.
LFP 35.7 % ./. 55.6 % 83.2 % ./.
NMC 13.3 % ./. 20.8 % ./. 62.5 %
NCA 9.6 % ./. 14.9 % 3.7 % 37.5 %
LMO 5.6 % ./. 8.7 % 13.0 % ./.

1 See § 1 BSV 2018 in Bundesregierung Deutschland 2018.
2 See § 214 SGB V in Deutscher Bundestag 1989.
3 See § 55(1) SGB XI in Deutscher Bundestag 1995.
4 See § 341(2) SGB III in Deutscher Bundestag 1998.
5 See § 153(1) SGB VII in Deutscher Bundestag 1997.
6 The impact of wage increases on price development scenarios was exam

ined. Wage increases in line with the aforementioned default price increases 
lead to less profitable processes in the base and high scenarios, and no changes 
in the fixed and low scenarios. Only LIBZ1 and LIBZ2 show a change in sign for 
the base scenario.
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economic feasibility of recycling LIB cells. The results for all presorting 
scenarios and all price development scenarios are shown in Table 2. As 
described in Section 3.3, the results represent break-even values for the 
purchase of the end-of-life LIB cells to be recycled, as the costs incurred 
for this are not included in the TCO model. If the cost of the LIB cells to 
be processed is less than the specified TCO per ton of LIB cells, the 
process is profitable in the respective scenario. However, this also means 
that if the values are negative, a fee would have to be paid to the recycler 
to make recycling profitable. Looking at the results, it is noticeable that 
the economic feasibility of the recycling process improves both from the 
fixed price development scenario to the upper price development sce
nario and from the LIBZ1 to the LIBZ3 presorting scenario, with LIBZ2 
being slightly worse than LIBZ1.

The first trend can be explained by the fact that product revenues 
increase more than raw material costs over all four price development 
scenarios. Although the price of process materials, such as NaOH or 
H2SO4, and the price of electricity rise sharply, this can be over
compensated by the price trends for the output fractions, especially 
when the different starting prices are considered.

The second trend is due to the tendency for the mass yield weighted 
by MVF, which depends on the product purity, to increase over the three 
presorting scenarios. The product purity of the Li2CO3 and graphite 
weighted according to the presorting sub-scenarios decreases slightly 
across the presorting scenarios. Although the output of cement Cu plays 

a minor role from an economic point of view, it can nevertheless be seen 
that the product purity improves significantly across the presorting 
scenarios. For Ni/Co/Mn hydroxide, the concentration of the desired 
fraction in the output is slightly lower in the second scenario than in the 
first scenario but rises slightly above the value of the first scenario in the 
third scenario. However, the effect of increasing product purity on the 
result of the economic analysis is increased exponentially by the MVF 
function from Eq. (3) with increasing product purity, so this slight in
crease in the third scenario has an impact on the overall result. The 
development of the weighted product purities of the output fractions 
over the three presorting scenarios is shown in Table 3. Looking at the 
development of the mass yields achieved (see Table 3), there is a clear 
increase in cement Cu across the presorting scenarios as well as an in
crease in the Co(OH)2 yield, the latter being much more relevant for the 
economic feasibility analysis. On the other hand, the yields of Ni(OH)2 
and Mn(OH)2 both decrease. Regarding Li2CO3 and graphite, the picture 
is more mixed. The Li2CO3 yield is higher, and the graphite yield is lower 
in the second scenario compared to the first presorting scenario, while 
the opposite is true in the third scenario.

Overall, the improvement in the mass yield combined with the 

XRT presorting

LIBZ2.1

LIBZ1

LIBZ2
LIBZ3

LIBZ2.2
XRT presorting LIBZ3.2

LIBZ3.1

Fig. 2. Presorting scenarios and respective sorting fractions considered (own figure).

NPV Opex

Revenues

Capex
Buildings

Equipment

Fixed
costs

Labor

Insurance

Maintenance

Variable 
costs

Disposal

Energy

Material

Fig. 3. TCO model (own figure).

Table 2 
NPV and TCO results for all presorting and price development scenarios (own 
table).

Price 
scenario

Presorting scenario

LIBZ1 LIBZ2 LIBZ3

Fixed NPV –22,270,781.16 
€

–22,646,226.82 
€

–11,791,643.95 
€

​ TCO/a –2,158,040.23 € –2,194,420.94 € –1,142,611.11 €
​ TCO/t 

LIB cells
–378.60 € –384.99 € –200.46 €

Lower NPV –4,877,030.74 € –7,168,375.30 € 3,408,839.02 €
​ TCO/a –472,584.61 € –694,616.06 € 330,316.74 €
​ TCO/t 

LIB cells
–82.91 € –121.86 € 57.95 €

Base NPV 4,319,483.90 € 1,138,383.99 € 13,032,383.26 €
​ TCO/a 418,558.29 € 110,309.49 € 1,262,838.84 €
​ TCO/t 

LIB cells
73.43 € 19.35 € 221.55 €

Upper NPV 14,593,737.90 € 11,369,179.83 € 24,519,984.87 €
​ TCO/a 1,414,134.21 € 1,101,674.31 € 2,375,988.22 €
​ TCO/t 

LIB cells
248.09 € 193.28 € 416.84 €
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change in product purity, especially for the important fraction of Co 
(OH)2, through presorting clearly exceeds the additional initial invest
ment in equipment and buildings for presorting as well as the associated 
Opex when comparing LIBZ3 to LIBZ1. However, for LIBZ2, the effect of 
presorting the LIB cells cannot compensate for the additional expendi
ture for the presorting facility. LIBZ2 therefore lags behind LIBZ1 from 
an economic perspective in all price development scenarios.

The most important cost categories in the recycling process consid
ered in this paper are energy and materials, which represent 31–40 % 
and 24–33 % of the total costs, respectively, depending on the scenario. 
Looking at the process steps, hydrometallurgy is by far the most 
expensive process step, accounting for 78–86 % of the total costs. In 
comparison, the share of the presorting process is less than 2.6 % in the 
scenarios where presorting takes place. Detailed cost shares can be 
found in Table 13 in Appendix C.

4.2. Sensitivity analysis

Material costs are the second largest cost category but are also a 
complex area due to the wide variety of input and output streams. Since 
the choice of MVF for each output fraction has a direct impact on the 
revenue earned from that output stream, sensitivity analysis of the 
impact of the MVF on the overall results is important. Since energy costs 
are the largest cost category, variations in energy prices are also part of 
the sensitivity analysis.

The MVF on each marketable output stream can take on values of 
between 0.25 and 1 according to Eq. (3). However, discounts of up to 
100 % are possible. Therefore, in the following sensitivity analyses, a 
range between 0 and 1 is used for the MVF, where a MVF of 0 represents 
a product that does not generate any revenue but also does not lead to 
any disposal costs, and an MVF of 1 represents a product that can be sold 
at pure material market values. Both extreme cases are rather unlikely in 
real market conditions. Because the MVF is a factor applied to a revenue 
stream, varying its value leads to linear graphs when plotting TCO per 
ton of LIB cells processed. Fig. 4 shows the slopes of these relationships, 
representing the absolute change in results in EUR per percentage point 
change in the MVF of each output fraction, ceteris paribus.

The values indicate that the different presorting scenarios have a 
negligible effect on the sensitivity of the process to MVF changes. In the 
case of the MVF for Li2CO3 and graphite, this can be seen from the 
constant slopes across the presorting scenarios and is due to the 
comparatively small changes in product purity and mass yield between 
the presorting scenarios for these output fractions. In the case of cement 
Cu, although there is a clear increase in the slopes from LIBZ1 to LIBZ3, 
the level at which the values lie is very low, so that although there is an 
increasing sensitivity regarding MVF variations, this in fact has little 
effect on the result of the economic analysis. In the case of Ni/Co/Mn 
hydroxide, LIBZ1 and LIBZ3 are at a similar level, but for LIBZ2 the 
sensitivity of the result to MVF variation is lower than for the other two 
presorting scenarios.

The effect of an actual change in the MVF of each output fraction on 
the economic feasibility of the overall process is most easily determined 

Table 3 
Development of the weighted product purities and mass yields over the pre
sorting scenarios (own table).

Weighted product purities

Output fraction LIBZ1 → LIBZ2 LIBZ1 → LIBZ3

Li2CO3 –0.16 % –1.44 %
Graphite –2.67 % –3.87 %
Cement Cu +52.48 % +195.76 %
Ni/Co/Mn hydroxide –6.76 % +0.21 %

Mass yields
Output fraction LIBZ1 → LIBZ2 LIBZ1 → LIBZ3
Li2CO3 +3.23 % –1.38 %
Graphite –3.16 % +0.18 %
Cement Cu +67.36 % +243.75 %
Ni(OH)2 –26.79 % –9.26 %
Co(OH)2 +1.89 % +5.38 %
Mn(OH)2 –29.92 % –19.36 %

Fig. 4. Slopes of TCO per t of LIB cells processed with varying MVF for all presorting and price development scenarios, dashed lines to illustrate trends only 
(own figure).
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by a break-even analysis. The corresponding results of these calculations 
are shown in Table 4. The values shown represent the MVF that would 
have to be present for the TCO per ton of LIB cells processed to be zero. 
Cases where the break-even MVF takes on unrealistic values of below 
0 or above 1 are indicated by corresponding markers. Scenario combi
nations that have a positive TCO per ton of LIB cells processed in the 
results presented in Section 4.1 are marked in gray. In these cases, the 
aggregate MVFs used in the initial calculations are higher than the 
break-even values; in the other cases, the opposite is true. This also il
lustrates that a change in the MVF for cement Cu never leads to a change 
in the sign of the results presented in Section 4.1, that the fixed price 
scenario can never be positive, except in one case, and that the other 
cases with a negative result can only be turned positive by changes in the 
MVF for Ni/Co/Mn hydroxide or by an MVF for graphite close to 1. See 
Appendix D for detailed charts showing the impact of MVF changes on 
the TCO results.

To assess the impact of changes in the energy price on the results, 
electricity price changes ranging from –100 % to + 100 %, relative to the 
price used for the calculations, are considered. Since electricity con
sumption differs only in terms of the presence of presorting in scenarios 
LIBZ1 to LIBZ3, the slope of the TCO per ton of LIB cells processed with 
varying electricity prices for LIBZ2 and LIBZ3 is identical in each of the 
four price development scenarios (see Table 5). The slope for LIBZ1 is 
slightly flatter in each case because no presorting is carried out and the 
corresponding energy costs are not incurred. Table 5 also shows the 
break-even electricity price deviations necessary to make the TCO per 
ton of LIB cells processed zero. Fig. 9 in Appendix D shows a detailed 
chart illustrating the influence of electricity price changes on TCO 
results.

5. Conclusion

This study evaluated three conceptual presorting scenarios for end- 
of-life LIBs within a standard hydrometallurgical recycling process and 
assessed their economic implications. Despite inherent limitations in 
process modeling and assumptions, clear trends emerged regarding the 
influence of presorting on the processing of mixed CAM black mass. Key 
factors affecting technical and economic viability include the hydro
metallurgical recovery efficiencies of cobalt, lithium, nickel, and man
ganese. Among the scenarios, LIBZ2 was found to be the least favorable 
due to the low recovery out of the mixed CAM sub-fraction LIBZ2.2, 
outweighing gains from the high purity LCO fraction LIBZ2.1. In 
contrast, removing LFP and LMO in LIBZ3 significantly improved tech
nical and economic outcomes, highlighting the need to separate LFP 
before hydrometallurgical treatment. The mass fraction of LFP to NMC 
mostly influences this during leaching, specifically a mass fraction of 
LFP above approximately 50◦% has a negative effect (Pagnanelli et al. 
2024). Additionally, a high s/l ratio of more than 70 g/l can also in
fluence the leaching performance negatively (Hubert et al. 2025). Both 
apply to the leachings investigated and may be due to the re-oxidation of 
the valuable metals by a high concentration of ferric ions (Fe3+), similar 
to the oxidation of copper by Fe3+ (Hughes 1970)). In addition, catalytic 
decomposition of H2O2 by Fe3+ may occur (Zou et al. 2024a). In the 
subsequent Cu-cementation, excessively high proportions of Fe3+ can 
lead to the re-oxidation of Cu0(s) to Cu2+(l), significantly reducing 
copper separation and resulting in copper impurities in subsequent 
processes, which substantially impair yield and purity (Garry Maurice 
Hughes 1970)). In addition to the problems already mentioned, the high 
iron concentration can lead to the formation of so-called iron hydrogels 
(J. Dousma und P.l. De Bruyn 1976) when removing iron using NaOH, 
which results in a high loss of the valuable metals, as a large amount of 
the leaching solution remains in the solid residue. The increased con
centration of phosphate during leaching and subsequent purification of 
the solution also affects the precipitation of iron and aluminum, as it 
leads to co-precipitation of the valuable metals (Zou et al. 2024b). 
Establishing an optimized recycling process for LFP could increase the 

profitability of LIBZ2. The growing share of LFP-based batteries makes 
their separation from mixed streams increasingly important, particu
larly for cobalt recovery. LMO, though less harmful than LFP, adds little 
value and may warrant removal. Presorting improved both mass balance 
and product quality, with the largest yield gain in the copper cement 
fraction and notable value increases for Ni/Co/Mn hydroxides. The 
potential for improving purity and thus increasing value becomes clear 
when comparing Table 6 and Table 7 in the appendix. In this context, 
future research should also focus on the additional separation of NMC 
and NCA cells to further optimize material recovery and purity. In 
addition, the single-type LFP batteries can be subjected to specific 
recycling processes as described in the introduction. Since beyond the 
scope of this stuy, future work should address not only LFP and LMO 
separation but process engineering challenges, such as pumpability and 
filterability. Also, the processes could also be evaluated from an 
ecological perspective as part of a life cycle assessment in the future. 
Overall, the article demonstrates the need for presorted LIB by CAM to 
achieve a higher level of purity and yield. To this end, sensor-based 
sorting can be employed. However, changing the current battery regu
lations to make battery passports mandatory for all LIBs, including 
portable ones, could achieve similar or even better results.
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Table 4 
MVF break-even values for all scenarios (own table).

Output fraction Presorting  

scenario 

Actual  

MVF from 
calculation

Price development scenario

Fixed  Lower  Base  Upper  

Li2CO3 LIBZ1 0.963 ○ ○ 0.920 0.837
​ LIBZ2 0.961 ○ ○ 0.957 0.873
​ LIBZ3 0.945 ○ 0.941 0.852 0.768
Graphite LIBZ1 0.833 ○ 0.995 0.711 0.470
​ LIBZ2 0.809 ○ ○ 0.774 0.515
​ LIBZ3 0.798 ○ 0.682 0.429 0.187
Cement Cu LIBZ1 0.278 ○ ○ ● ●
​ LIBZ2 0.293 ○ ○ ● ●
​ LIBZ3 0.344 ○ ● ● ●
Ni/Co/Mn 

hydroxide
LIBZ1 0.696 0.928 0.744 0.656 0.576

​ LIBZ2 0.671 ○ 0.889 0.795 0.705
​ LIBZ3 0.728 ○ 0.856 0.770 0.688

●: break-even below 0; ○: break-even above 1.

Table 5 
Results of the sensitivity analysis regarding changes in energy price (own table).

Price  

development 
scenario

Slope in EUR/pp Break-even electricity price deviation

LIBZ1  LIBZ2,  

LIBZ3

LIBZ1  LIBZ2  LIBZ3  

Fixed –10.33 –10.41 –36.64 % –37.00 % –19.26 %
Lower –14.40 –14.50 –5.76 % –8.40 % +4.00 %
Base –16.88 –17.00 +4.35 % +1.14 % +13.03 %
Upper –19.04 –19.17 +13.03 % +10.08 % +21.74 %
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Appendix A. .: Distribution factors

.

Table 6 
Distribution factors of each process step and considered elements in % (own table).

LIBZ  Element  Dissolution  

in

Leaching  

in

Cementation  

in

Purification  

precipitation in

Precipitation  

in

solution residue solution residue solution residue solution residue solution residue

1 Li 48 52 82 18 93 7 85 15 43 57
​ Co 0 100 84 16 93 7 83 17 0 100
​ Mn 0 100 80 20 91 9 84 16 0 100
​ Ni 0 100 56 44 88 8 84 16 0 100
​ Al 15 85 87 13 93 7 12 88 0 100
​ Cu 0 100 91 9 88 12 63 37 0 100
​ Fe 0 100 84 16 − − 24 76 2 98
​ P 2 98 84 16 92 8 0 100 0 100

2.1 Li 76 24 86 14 92 8 80 20 19 81
​ Co 0 100 88 12 92 8 86 14 1 99
​ Mn 0 100 88 12 91 9 89 11 5 95
​ Ni 0 100 81 19 92 8 81 19 0 100
​ Al 10 90 77 23 92 8 26 74 0 100
​ Cu 0 100 100* 0 0 100 − − − −

​ Fe 0 100 46 54 − − 9 91 0 100
​ P 14.5 85.5 93 7 86 14 9 91 0 100

2.2 Li 33 67 76 24 90 10 65 35 59 41
​ Co 0 100 64 36 91 9 33 67 0 100
​ Mn 0 100 55 45 91 9 63 37 0 100
​ Ni 0 100 52 48 90 10 63 37 0 100
​ Al 15 85 100* 0 91 9 9 91 0 100
​ Cu 0 100 88 12 87 13 41 59 0 100
​ Fe 0 100 82 18 − − 15 85 0 100
​ P 2 98 81 19 91 9 0 100 − −

3.1 Li 7 93 83 17 89 11 59 41 69 31
​ Co 0 100 64 36 84 16 55 45 0 100
​ Mn 0 100 77 23 94 6 55 45 0 100
​ Ni 0 100 31 69 93 7 54 46 0 100
​ Al 23 77 100* 0 88 12 10 90 0 100
​ Cu 0 100 85 15 88 12 29 71 0 100
​ Fe 0 100 84 16 − − 9 91 0 100
​ P 0 100 15 85 100* 0 0 100 − −

3.2 Li 67 33 72 28 88 12 96 4 60 40
​ Co 0 100 65 35 89 11 90 10 0 100
​ Mn 0 100 98 2 89 11 94 6 0 100
​ Ni 0 100 54 46 88 12 90 10 0 100
​ Al 3 97 60 40 83 17 37 63 0 100
​ Cu 0 100 85 15 5 95 41 59 0 100
​ Fe 0 100 52 48 − − 0 100 − −

​ P 3 97 48 52 71 29 0 100 − −

*) Analytical results were adjusted to maximal value possible due to analytical deviations.

Appendix B. . Material prices and parameters

.
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Table 7 
Impurity levels in battery-grade materials (own table).

Elemente Li2CO3 
*1 LiOH *2 NiSO4⋅6H2O *3 CoSO4⋅7H2O *3 MnSO4⋅xH2O *3

ppm ppm pmm pmm ppm

Ni < 30 < 5 − < 300 < 30
Co − − < 10 − < 500
Mg < 100 < 5 < 10 < 1500 < 100
Na < 250 < 20 < 50 < 10 < 200
Ca < 50 < 20 < 5 < 2000 < 100
Fe < 20 < 5 < 10 < 25 < 50
Cu < 10 < 5 < 5 < 100 < 100
Zn < 10 − < 5 < 5 < 20
Mn < 10 < 5 < 10 < 300 −

Cd − − < 5 < 10 < 5
Pb < 10 − < 10 < 10 −

Cr − < 5 < 10 < 5 −

K < 10 < 10 − − −

S < 800 < 20 − − −

Cl − < 15 − − −

*1) Huarui Metal; *2) Halmek Lithium; *3) Targray.
https://halmeklithium.com/en/our_production/lithium-hydroxide/lithium-hydroxide-high-purity-grade/ Aufgerufen: 11.08.2025.
https://www.hruimetal.com/high-purity-999-battery-grade-li2co3-powder-lithium-carbonate-powder-product/ Aufgerufen: 11.08.2025.
https://www.targray.com/li-ion-battery/cathode-materials/nickel-sulphate Aufgerufen: 11.08.2025.
https://www.targray.com/li-ion-battery/cathode-materials/cobalt-sulphate Aufgerufen: 11.08.2025.
https://www.targray.com/li-ion-battery/cathode-materials/manganese-sulphate Aufgerufen: 11.08.2025.

Table 8 
Material prices and parameters of the price development scenarios (own table).

Material j Price pj Price growth rate gj

Initial value Lower scenario Base scenario Upper scenario

Steel scrap 359.10 €/t 0.02330 0.03965 0.05141
Cu scrap 7,253.20 €/t 0.03125 0.04760 0.05936
Al scrap 1,745.34 €/t 0.01182 0.02817 0.03993
Li2CO3 17,235.81 €/t 0.07189 0.08824 0.10000
C (graphite) 1,225.99 €/t 0.05082 0.06717 0.07893
Co(OH)2 17,823.68 €/t 0.00000 0.00883 0.02059
Mn(OH)2 5,572.10 €/t 0.01830 0.03465 0.04641
Ni(OH)2 18,905.27 €/t 0.01546 0.03181 0.04357
N2 0.17 €/m3 0.03501 0.05136 0.06312
Water 1.58 €/t 0.00000 0.01635 0.02811
NaOH 946.05 €/t 0.05384 0.07019 0.08195
H2O2 619.57 €/t 0.00000 0.01563 0.02739
H2SO4 104.95 €/t 0.04769 0.06404 0.07580
Fe powder 2,279.68 €/t 0.03239 0.04874 0.06050
Waste (solid) disposal 96.48 €/t 0.00000 0.01505 0.02681
Electrolyte disposal* 340.00 €/t 0.00000 0.01635 0.02811
Al/Fe hydroxide disposal* 50.00 €/t 0.00000 0.01635 0.02811
Wastewater treatment* 50,000.00 €/a 0.00000 0.01635 0.02811
Electricity (2–20 GWh) 248.20 €/MWh 0.03795 0.05430 0.06606

*) Based on own experience.

Appendix C. . Details of process steps from the TCO model

.

Table 9 
Main components of technical equipment (own table).

Process step Technical equipment (main components)

Presorting X-ray transmission sorting line including conveyor belts; air pressure system
Mechanical treatment Machines for size reduction and screening; auxiliary equipment for processing
Thermal treatment Rotary kiln (heating system, infrastructure for gases/electricity)
Hydrometallurgy Reactors (agitator, heating system, pumping system); filter press
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Table 10 
Allocation of the initial investment to the process steps including presorting (own table).

Process step Buildings Technical equipment Sum

Presorting 0.61 % 1.47 % 2.08 %
Mechanical treatment 4.69 % 2.10 % 6.79 %
Thermal treatment 4.67 % 7.90 % 12.57 %
Hydrometallurgy 36.75 % 41.81 % 78.56 %
Sum 46.72 % 53.28 % 100.00 %

Table 11 
Labor costs by process step (own table).

Process step Number of employees Annual labor costs

Presorting 2 343,330.23 €
Mechanical treatment 4 686,660.45 €
Thermal treatment 3 514,995.34 €
Hydrometallurgy 5 858,325.56 €
General tasks 6 1,029,990.68 €
Sum 20 3,433,302.25 €

Table 12 
Overview of relevant variable costs and revenues per process step (own table).

Process step Variable cost types Revenue types

Presorting Energy None
Mechanical treatment  Material (water), energy, disposal Marketable outputs (scrap: steel, copper, aluminum)

Thermal treatment  Material (water, N2, NaOH), energy, disposal None  

Hydrometallurgy   Material (water, NaOH, H2O2, H2SO4, Fe powder), energy, disposal Marketable outputs (Li2CO3, graphite, Ni/Mn/Co hydroxide)  

Table 13 
Shares of cost categories and process steps in total costs across price development scenarios (own table).

Cost category LIBZ1 LIBZ2 LIBZ3

Capex 11.94 % − 17.99 % 11.75 % − 17.68 % 11.66 % − 17.58 %
Material 24.43 % − 31.35 % 24.73 % − 32.01 % 25.15 % − 32.55 %
Energy 32.54 % − 39.77 % 31.52 % − 38.60 % 31.35 % − 38.30 %
Disposal 1.50 % − 1.85 % 1.45 % − 1.80 % 1.43 % − 1.77 %
Maintenance 2.83 % − 4.26 % 2.79 % − 4.19 % 2.77 % − 4.17 %
Insurance 1.23 % − 1.86 % 1.21 % − 1.82 % 1.20 % − 1.81 %
Labor 11.32 % − 17.07 % 12.13 % − 18.25 % 12.03 % − 18.15 %
Process step LIBZ1 LIBZ2 LIBZ3
Sorting 0.00 % 1.82 % − 2.55 % 1.80 % − 2.54 %
Mechanical pretreatment 5.29 % − 7.27 % 5.10 % − 6.99 % 5.06 % − 6.96 %
Thermal pretreatment 5.05 % − 6.82 % 4.86 % − 6.56 % 4.83 % − 6.52 %
Hydrometallurgy 80.22 % − 85.88 % 78.43 % − 84.58 % 78.54 % − 84.70 %
General 3.77 % − 5.69 % 3.64 % − 5.47 % 3.61 % − 5.45 %

.

Appendix D. . Detailed sensitivity analysis charts

The abbreviations used in the figures indicate the presorting scenario and the price development scenario (FP: fixed, LP: lower, BP: base, UP: 
upper). 
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Fig. 5. Impact of the MVF on the TCO per t of LIB cells processed for Li2CO3 for all scenarios (own figure).

Fig. 6. Impact of the MVF on the TCO per t of LIB cells processed for graphite for all scenarios (own figure).
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Fig. 7. Impact of the MVF on the TCO per t of LIB cells processed for cement Cu for all scenarios (own figure).

Fig. 8. Impact of the MVF on the TCO per t of LIB cells processed for Ni/Co/Mn hydroxide for all scenarios (own figure).
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Fig. 9. Impact of changes in the electricity price on the TCO per t of LIB cells processed for all scenarios (own figure).

.

Data availability

Data will be made available on request.
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