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A B S T R A C T

In December 2019, the European Union announced the Green Deal as a growth strategy to ensure a resource- 
efficient and competitive economy. Based on this, in 2023 targets for battery recycling were formulated in a 
regulation. It is imperative to enhance both the recovery rate and the quality of the material to comply with this 
regulatory requirement. Two hydrometallurgical battery recycling processes for black mass from lithium-ion 
batteries with nickel manganese cobalt oxide 111 have been examined. The experimental investigation fo
cuses on comparing early-stage lithium recovery (ESLR) process route, were lithium is leached in a first step with 
water from the black mass before acid leaching, with a reference route. Based on this analysis, an initial process 
simulation was developed in HSC SIM to generate data for life cycle assessment. Results show that the ESLR route 
increases lithium recovery to 61.9 % in experiments, with higher product quality. Simulation-based analysis 
showed a 5.7 % reduction in climate change impact per kg black mass treated compared to the reference route. 
Improved lithium recovery and quality reduced the climate impact of secondary lithium carbonate by 16 %, and 
by 37 % if wind power replaces grid electricity. Among sixteen impact categories evaluated, the ESLR route has 
lower impacts than the reference in thirteen categories.

1. Introduction

Driven by the debate on climate change in society, the general 
population is more aware about the consequences of global warming on 
the environment. People around the world are gradually shifting to
wards electric vehicles (EVs) to reduce carbon emissions of combustion 
engine cars, which accelerate climate change. (Alanazi, 2023; IEA, In
ternational Energy Agency, 2022; Muratori et al., 2021) In addition to 
the demand for EVs, the demand for electronic mobile devices has also 
risen steadily (Fleischmann et al., 2023; Laricchia, 2023). The use of 
lithium-ion batteries (LIBs) in devices and EVs increases the amount of 
raw materials used like lithium, nickel, cobalt, and manganese (Hu et al., 
2021; Maisel et al., 2023; Xu et al., 2020). Due to potential raw material 
supply risks, geopolitical access challenges, and their economic impor
tance, these elements are classified as strategic for Europe. 

Consequently, the recycling of end-of-life LIBs is becoming increasingly 
important and necessary. (European Commission, 2023; Graham et al., 
2021; Miao et al., 2022). In addition, the European Union has drawn up 
regulations to enable sustainability and climate neutrality by 2050 
(European Union, 2023). From a materials-and-process perspective, 
achieving these goals requires metallurgical infrastructures and designs 
that respect energy requirements and minimize inevitable losses across 
the system (Reuter et al., 2019). To make LIB recycling economically 
and environmentally feasible and support the scaling from laboratory 
scale to industrial scale, current research is primarily focused on ques
tions related to improving material recoveries, purities, and reducing 
accompanying waste streams (Ma et al., 2025; Machala et al., 2025; 
Natarajan & Aravindan, 2018; Swain, 2017).

While there are various types of LIBs like lithium nickel manganese 
cobalt oxide (NMC, with variable composition ratio like 523, 622, and 
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111)(Davis & Demopoulos, 2023), lithium cobalt oxide (LCO), lithium 
manganese oxide (LMO), lithium nickel cobalt aluminum oxide (NCA), 
and lithium iron phosphate (LFP) (Baum et al., 2022; Davis & Demo
poulos, 2023; Kresse et al., 2022; Wang et al., 2021), there are also 
different mechanical, pyrometallurgical, hydrometallurgical, and bio
logical methods for battery recycling. In comparison, hydrometallurgy 
offers higher yields and purities with comparatively low energy demand 
(Cerrillo-Gonzalez et al., 2024). Hereinafter referred to as the reference 
route, a common LIB recycling process according to Wang and Friedrich 
consists of acid leaching, copper cementation, iron-aluminum precipi
tation, nickel–cobalt-manganese (NMC) precipitation and the corre
sponding filtration steps with a final lithium precipitation by adding 
sodium carbonate (Wang & Friedrich, 2015).

Compared to EU regulations, hydrometallurgical processes lacks in 
recovery rates and need to be modified. For this, there are several pro
cess modifications in hydrometallurgy. Li et al. used a similar approach, 
where the authors used water leaching to recover graphite, copper foil 
and lithium (Li et al., 2021). Flotation is also a popularly used approach 
in hydrometallurgy and was generally addressed in the review of Chang 
et al., where they highlight the advantages of flotation regarding 
wastewater treatment and mineral beneficiation (Chang et al., 2019). 
Ruismäki et al. focused on flotation as well and pointed out the recovery 
of graphite and valuable metals from battery scrap (Ruismäki et al., 
2020). Another important method is the solvent extraction, which is 
used to extract target metals from pregnant leaching solutions, but can 
also be used for the recovery of electrolyte as described by Lei et al. (Lei 
et al., 2022). Zhang et al. also used flotation to recover lithium from 
waste water of a spent LIB recycling process (Zhang et al., 2020). An 
additional approach, which combined hydro-mechanical and pyromet
allurgical recycling was examined by Holzer et al. (Holzer et al., 2023).

An additional problem are lithium losses, which occur in each pro
cess step of hydrometallurgical processes, which leads to a low overall 
lithium recovery rate and further lower purity of every filter cake (Liu 
et al., 2021; Peng et al., 2019). This problem can generally be mitigated 
by introducing a step of water leaching, bringing only lithium into the 
solution, while most of the other elements remain in the black mass 
(Träger & Friedrich, 2016). In later works, this step of leaching black 
mass with water prior acid leaching was called early-stage lithium re
covery (ESLR) (Milicevic Neumann et al., 2024; Schwich et al., 2021). 
The advantage of ESLR is the improved recovery and purity of lithium. 
However, from an aspired industrial scale, the question of the environ
mental impact on the remaining process should be further investigated 
due to the increased demand of water by the ESLR route and its asso
ciated increase in energy demand due to evaporation (Liu et al., 2021; 
Schwich et al., 2021). Since lithium is a critical element and a key 
resource for industry in future (European Union, 2023), this paper 
focusses the improvement of lithium recovery by ESLR.

To date, several studies have focused on the technical feasibility of 
ESLR concepts within battery recycling, however, without having a 
focus on their environmental impacts (Friedrich & Schwich, 2021; 
Milicevic Neumann et al., 2024; Munchen et al., 2024). System-level 
simulation coupled with life cycle assessment (LCA) has been shown 
to quantify trade-offs in recycling flowsheets and guide designs that 
improve recovery while reducing wastes (Reuter et al., 2015). Several 
studies within the field of LCA have focused on evaluating the envi
ronmental impacts of different recycling studies (Ali et al., 2024a; 
Blömeke et al., 2022; Chen et al., 2023; Chen et al., 2025; Husmann 
et al., 2023). Domingues and de Souza provide a review of LCA studies 
focusing on LIB recycling Domingues and de Souza, 2024. In some 
studies, process simulation was also used to generate the required data 
for LCA and assessing environmental impacts of battery recycling pro
cesses (Ali et al., 2024; Perocillo et al., 2025). Some of these studies used 
simulation-based LCA for the hydrometallurgical black mass recycling 
with the goal of reducing the environmental impacts of battery recycling 
processes and improving the extraction of valuable metals (Perocillo 
et al., 2025; Rinne et al., 2024). However, none of these studies have 

directly compared ESLR-based processes with conventional hydromet
allurgical routes, especially not with regard to the environmental im
pacts of the recovered secondary materials. To bridge this gap, this study 
experimentally investigates the influence of ESLR on lithium recovery 
and purity, applies thermodynamic process simulation in HSC Chemistry 
to provide life cycle inventory data, and performs an LCA to compare 
environmental impacts of both routes as well as the secondary materials 
they produce (Scheidema et al., 2016).

This study investigates two hydrometallurgical recycling routes for 
black mass from end-of-life NMC111 batteries, focusing on the role of 
ESLR. Laboratory experiments were conducted to compare lithium re
covery and product purity between the conventional route without and 
the modified route with ESLR, while also monitoring the recovery of Ni, 
Co, and Mn. The experimental data were used to build process simula
tions in HSC Chemistry, which provided additional information on en
ergy, water, and wastewater flows and enabled a life cycle assessment 
(LCA). The LCA compares the two routes from a gate-to-gate perspec
tive, identifies hotspots in environmental impacts, and evaluates the 
consequences for secondary materials such as Li2CO3, Ni(OH)2, and Co 
(OH)2 relative to primary production. In this way, the study assesses 
both the technical and environmental trade-offs of integrating ESLR into 
industrial battery recycling.

2. Materials and methods

2.1. Experimental procedure

The starting material was NMC 111 discharged pouch cells, which 
were thermally treated by pyrolysis at an adjusted temperature of 650 ◦C 
(max. 614 ◦C reached) with a heating rate of 300 ◦C/h and for a holding 
time of 150 min. With the intention to prevent the cells from burning 
and to avoid a thermal runaway, the process was conducted under an 
inert nitrogen atmosphere with a flow rate of 14 L/min. After pyrolysis, 
the frames of the cells, consisting of Al, were removed. In the following 
mechanical pretreatment, the remaining material was shredded in a 
shredding mill (Pulverisette 25, Fritsch GmbH) with a gap width of 4 
mm. The resulting material was sieved in a vibratory sieve shaker (AS 
200 control, Retsch GmbH) for 10 min with an amplitude of 1.5. The 
material, which passed the sieve with a mesh size of 250 µm was taken 
for the further process and is henceforth called as black mass. The 
analysis of the material is shown in Table A1.

Fig. 1 illustrates the ESLR route. In this approach, Li, due to its higher 
solubility, selectively dissolves into water from the black mass, while 
other metals remain in the solid phase (Schwich et al., 2021). After 120 
min of reaction at room temperature with a solid-to-liquid ratio of 1:20 
(black mass: water), the suspension is filtered. The Li-rich filtrate can 
then be evaporated to obtain solid Li compounds. A key advantage of 
ESLR is that no sodium is introduced at this stage, which is relevant since 
Li and Na are difficult to separate due to their chemical similarity (Zhang 
et al., 2025). Additionally, precipitation with Na2CO3 by the solubility 
product is difficult due to the low Li concentration (Cheng et al., 2013). 
This process modification is hereafter referred to as ESLR, while the 
conventional procedure is termed the reference route.

For applying the reference route as presented by Wang and Friedrich, 
67.5 g of black mass was leached in the first step in 750 mL of a 2 M 
sulfuric acid solution for 2 h at 80 ◦C (see Fig. 1) (Wang & Friedrich, 
2015). Additionally, 37.5 mL hydrogen peroxide was added over time 
to reduce Co and oxidize Cu. After filtration, graphite was received in 
the solid phase while the liquid solution was taken for the Cu cemen
tation. For this, 7.5 M NaOH was dripped in until a pH of 1.18 was 
achieved, measured by an electrode (pH Sensor InPro4260i/SG, Mettler- 
Toledo GmbH). After adjusting the temperature to 60 ◦C, 5.85 g of Cu 
was added in the form of CuSO4 to guarantee a filter cake for analysis 
after cementation. Additionally, 6.6 g Fe powder was inserted to enable 
the Cu cementation using an 1.25 overstoichiometric ratio and the re
action took place for 30 min, followed by a further filtration. In the next 
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step, the pH value of the cementation filtrate was raised to 2.6 by 
pipetting more NaOH at 60 ◦C. Then, 10 mL hydrogen peroxide was 
added to oxidize Fe2+ to Fe3+ completely. Due to this, the following pH 
increase with NaOH to 3.8 caused Al3+ and Fe3+ ions to precipitate, 
while Fe2+ would not have precipitated at this point. After a reaction 
time of 30 min, the suspension was filtrated to generate the Fe-Al filter 
cake and the filtrate for the NMC precipitation step. This was achieved 
by raising the pH value with NaOH to 10.4 at room temperature. After 
filtration, the last step was the Li2CO3 precipitation. For this, the pre
vious filtrate was boiled down to 200 mL liquid. Then 75 mL of 150 g/L 
Na2CO3 was poured in at 95 ◦C. After 10 min of reaction, the solution 
was filtered to obtain precipitated Li2CO3. To evaluate the effectiveness 
of ESLR, each experiment was conducted twice using the same pyrolyzed 
black mass and following the methodology described above.

After every filtration, filter cakes were dried, crushed to below a 
particle size of 90 µm and homogenized, and a sample was taken of this 
as well as of the filtrate. The samples were analyzed by Inductively 
Coupled Plasma Optical Emission Spectrometry (ICP OES) for the ele
ments Al, Cu, Co, Li, Mn, Ni, Fe, C and F. The following formula was used 
to calculate the elemental recoveries: 

R =
melement_FC

melement_input 

In this formula melement_FC is the mass of the specific element in the filter 
cake of the specific process and melement_input the mass of the specific 
element entering the process. melement_input consists of the amount of the 
specific element in the black mass and in case of Cu, Fe, and C addi
tionally of the added mass in the different process steps.

2.2. Process simulation

The HSC Sim module of the HSC Chemistry software was used to 
generate the process-specific data needed to evaluate material recovery 

rates and to generate the data needed for environmental impact 
assessment of the reference and ESLR routes for the hydrometallurgical 
treatment of black mass. The required data for modeling the reference 
route was mostly taken from our experiments, and the proposed 
approach by Wang and Friedrich (Wang & Friedrich, 2015). Addition
ally, a process consisting of a sulfuric acid leach followed by oxidative 
precipitation proposed by Ichlas and colleagues was added to separate 
the mixed Ni, Co, and Mn hydroxides (Ichlas et al., 2020). Consumption 
of the chosen oxidant, ozone, was controlled so as to achieve the pre
cipitation rates reported by the authors. The leaching and filtration 
process units for the ESLR route have been simulated according the 
aforementioned experiments. The simulated process was scaled up to be 
able to study the potential environmental impacts of a commercial scale 
battery recycling unit. The input to the hydrometallurgical treatment 
process was considered to be 60.94 kg black mass resulting from the 
mechanical treatment of one NMC111 battery pack. The process flow
sheet created in HSC Sim is illustrated in Fig. 2. Note that the Ni, Co, and 
Mn hydroxide purification process is not shown. As depicted, the main 
difference between the reference and the ESLR routes is whether the 
black mass is treated in the neutral leach first (ESLR) or whether it goes 
directly to the acidic leach (reference). The results of the simulation 
models have then been converted into life cycle inventory (LCI) data, 
which were then coupled using an Excel interface to perform the life 
cycle impact assessment.

Chemical reactions considered in the simulations for modeling the 
acid leaching behavior of the black mass are provided in the Appendix. 
The leaching system involves H2SO4 as the primary leaching agent and 
H2O2 as an oxidizing agent. To ensure sufficient reagents for the re
actions, the amount of H2O2 and H2SO4 used in the simulation was set 
higher than their calculated theoretical amounts, with an excess of 4 % 
and 16 %, respectively. The volume of H2SO4 needed was then used as 
the control parameter in the model to achieve the required pH value of 
0.5. Another important parameter for the leaching process was the 
liquid-to-solid mass ratio (L/S ratio) which was set to 50 L/kg for this 
simulation based on the LithoRec process (Krüger et al., 2014; Kwade & 
Diekmann, 2018). A subsequent solid–liquid separation step via filtra
tion was then added after leaching to remove potential undissolved 
metals and mainly graphite from leach liquor. A washing sequence has 
also been added to remove any residual leachate. Since leach liquor may 
still contain some impurities, i.e., Cu, Al or Fe, cementation has been 
considered for removing Cu impurities through the addition of Fe 
powder at 60 ◦C. For the selective precipitation process of cathode 
materials, i.e., Ni, Mn and Co from the final filtrate, the amount of NaOH 
was gradually increased to adjust the pH value of the solution at 25 ◦C. 
They were precipitated into their metal hydroxide forms as Ni(OH)2, Co 
(OH)2, and Mn(OH)2. Li in the black mass was recovered as Li2CO3 by 
adding Na2CO3 to the solution. Evaporative crystallization at 110 ◦C has 
been considered to remove the moisture from the recovered Li2CO3 
powder.

2.3. Life cycle assessment

The goal of the LCA is to compare the two hydrometallurgical pro
cess routes described above. The results of the LCA will identify hotspots 
and estimate the climate change impacts of the secondary materials 
recovered. The functional unit refers to the processing of 1 kg of 
NMC111 black mass. The input is considered burden free (i.e., without 
environmental impacts). Although upstream burdens (mechanical pre
treatment, discharge, pyrolysis, and transport) would increase impacts 
proportionally for both routes without altering their relative ranking, 
the system boundary was deliberately restricted to the gate-to-gate hy
drometallurgical stages to focus on the comparative performance of the 
two recycling routes.

The decision context of the study is “micro-level decision support,” 
therefore it is classified as Situation A (ILCD, 2010). Given this decision 
context, resource and energy use, along with related emissions from 

Fig. 1. Grey part: hydrometallurgical battery recycling process according to 
Wang and Friedrich (reference route); each step includes a filtration step (Wang 
and Friedrich, 2015); white part: process optimization.
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black mass treatment, were analyzed using an attributional modeling 
approach. The modeling of the background system is based on using 
average processes as indicated in the supplementary information (SI). 
The background system was modelled based on the ecoinvent 3.11 cut- 
off system model (Wernet et al., 2016). The black mass is considered to 
enter the system free of any burdens from any prior mechanical treat
ment. The LCA was performed using the activity browser software 
(Steubing et al., 2020). The impact assessment method used in the study 
is EF v3.1 (Andreasi Bassi et al., 2023). All sixteen impact categories in 
EF v3.1 are considered in the study to avoid problem-shifting across 
impact categories in the development of future process technologies. 
The results section highlights climate change and estimates secondary 
impacts of recovered battery materials. However, the results of all 
impact categories are reported and are available for further analysis in 
the SI. The secondary material impacts are derived based on a combi
nation of mass and economic metrics (Ali et al., 2024; Husmann et al., 
2023). The secondary material impacts in this study mean the potential 
environmental impacts of the materials recovered from recycling. This 
choice was selected as the economic value of the material recovered vary 
by more than a factor of 1000 (GBA, 2024). The 10-yr average metal 

prices were used for economic value and the details are provided in the 
SI (GBA, 2024).

The treatment of black mass occurs in Germany, and the treatment 
facility is assumed to process approximately 60.94 kg black mass per 
hour, i.e., chosen to represent one battery pack with NCM 111 cell 
chemistry per hour. The material flows of the hydrometallurgy treat
ment process are estimated based on the process simulations described 
above and the predicted recovery rates are compared with the experi
mental findings obtained in this study. The energy demand of individual 
unit processes in the hydrometallurgical treatment was estimated using 
empirical calculations and equipment supplier datasheets.

3. Results and discussion

This section shows the results of the hydrometallurgical battery 
recycling processes in form of the recoveries of the different elements 
including mass balances as well as the simulation based on it and the 
subsequent estimated environmental impacts.

Fig. 2. The process flowsheet from HSC Sim for hydrometallurgical treatment with and without ESLR.
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3.1. Experimental results

Looking at the compositions of the filter cakes, large differences 
between the process steps can be observed (see Table A2). The filter cake 
after leaching contained mainly graphite (81.9 %), which is insoluble in 
H2SO4 (see Fig. A1.A). In contrast, the copper cementation step pro
duced a filter cake with 79.5 % purity, reflecting the good selectivity of 
the process. Both filter cakes had high purity, with almost no other el
ements detected (< 0.2 %), except for 3.0 % Al in the leaching cake. The 
hydroxide filter cake after Fe–Al precipitation showed notable contam
inations, including Co (1.0 %), Li (0.3 %), Mn (1.0 %), and Ni (1.2 %). A 
similar effect appeared after NMC precipitation, where the filter cake 
contained impurities such as Li (0.5 %) and Fe (0.5 %).The distribution 
of Ni, Co, Mn, and Li across the entire process can be seen in Fig. 3
comparing the process with and without ESLR. Fig. 3.A shows that 
nearly no Ni (< 0.3 %) left the process in ESLR, acid leaching and Cu 
cementation in both cases. This changed in Fe-Al precipitation. While in 
the route without ESLR 6.5 ± 0.2 % Ni precipitated, it was only 1.2 ±

0.2 % in the route with ESLR. A reason for this can be that experiments 
were conducted in too small scale. The main amount of Ni precipitated 
as expected in both routes in NMC precipitation. Without previously 
done ESLR, 92.4 ± 2.7 % Ni could be recovered here. In case with ESLR, 
this amount was reduced to 79.3 ± 9.5 %. Li precipitation resulted in 
less than 0.3 % Ni in both routes which simultaneously implies that there 
is only a small balance in the route without ESLR (1.2 ± 1.8 %), while 
the route with ESLR had a high balance of around 19.2 ± 9.6 %. Even 
though there is an additional process step with ESLR, the balance must 
have further reasons like errors in measurement, inhomogeneity in 
samples or inaccuracy in chemical analysis. The size of the error bars 
support this assumption. Co (Fig. 3.B) and Mn (Fig. 3.C) display similar 
distributions. The process steps ESLR, acid leaching, and Cu cementation 
resulted in amounts below 0.3 % for both routes. Also Li precipitation 
was insignificant with less than 0.3 % (Co) and 0.7 % (Mn). Fe-Al pre
cipitation showed for Co and Mn more precipitated amount in the route 
without ESLR (5.6 ± 0.3 %, 5.6 ± 0.2 %) than in the route with ESLR 
(1.3 ± 0.2 %, 1.2 ± 0.1 %). NMC precipitation showed the biggest 

A B

C D

Fig. 3. Comparison of the elemental distribution in the routes with and without ESLR for A: Ni, B: Co, C: Mn, and D: Li.
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differences here as well. Co and Mn precipitated mainly in this step in 
both cases but significantly more in the route without ESLR (94.0 ± 1.3 
%, 98.1 ± 2.6 %) than with ESLR (79.3 ± 10.1 %, 77.1 ± 8.8 %). 
Similarly, the balances remained in the route without ESLR less than 0.5 
% for both elements and were high (19.1 ± 10.6 %, 20.8 ± 10.0 %) with 
ESLR included. Since the behavior of Ni, Co, and Mn is very similar in 
general, the high balance can also be explained in the same way.

Fig. 3D shows the distribution of the route without and with ESLR for 
Li. The new process step allowed the recovery of 40.8 ± 5.5 % of the 
initial Li. Table A4 shows that the purity increased to 17.6 % Li 
compared to Li of the last step of the reference route. The filter cake 
contained 0.41 % Al and 11.5 % C. This leads to the hypothetical 
assumption that Li phases are mainly available as Li2CO3 and small 
amounts of LiAlO2. In addition, phases such as Li2O and LiF are prob
able. The acid leaching and Cu cementation steps showed the same re
sults as aforementioned (see Fig. 3.D). The amount of Li in these filter 
cakes was negligible (< 0.6 %, < 0.1 %). The Fe-Al precipitation had a 
reduced amount of Li, decreasing from 4.7 ± 0.4 % in the reference 
route to 0.6 ± 0.0 % in the route with ESLR. The NMC precipitation 
revealed an even bigger decrease from 13.1 ± 0.4 % to 3.5 ± 4.7 %. The 
biggest difference is displayed for the Li treatment at the end of the 
process. While in the previous route 45.3 ± 10.3 % of the Li amount was 
recovered, in the route with ESLR only 21.1 ± 0.3 % was available, 
because a large amount of Li was already recovered in the ESLR process 
step. Due to the low purity in general in this process step because of the 
high amount of Na, it is an improvement to receive more Li in the ESLR 
process step. Regarding the total recovery and purity of Li products, the 
ESLR route is preferable. Nevertheless, the balances were nearly equally 
high in both cases with 36.3 ± 9.4 % in the reference route and 33.7 ±
1.0 % in the route with ESLR.

3.2. Recovery rates of battery active materials estimated by the HSC 
models

Table 1 shows the recoveries of Li, Co, Mn, and Ni as Li2CO3, Co 
(OH)2, Mn(OH)2 and Ni(OH)2, respectively for the reference and ESLR 
processes as determined experimentally and via simulation. For com
parison, literature values are also shown for each process route.

Comparing the reference and ESLR routes, experimental results show 
considerably increased Li recovery and decreased recoveries for Ni, Co, 
and Mn in the ESLR route. The decreased Ni, Co, and Mn recoveries are 
unexpected, as the ESLR process should only impact the distribution of 
Li through the process chain. Since more recent experimental work by 
one of the authors (Dittmer et al., 2025) where additional filter cake 
washing was investigated, show better alignment with expectations and 
simulation results, it is likely that experimental conditions or inaccur
acies led to an underestimation of recoveries. In line with expectations 
for the ESLR route, simulation results also show significantly increased 
Li recovery. However, simulated Ni, Co, and Mn recoveries are only 
slightly lower compared to the reference and in line with more recent 
work mentioned above.

Within ESLR route results, simulated recoveries are considerably 
higher than those achieved in the experimental work. In absolute terms, 
simulated Li recovery is 30 % higher than the 61.9 % experimental 
value. Apart from inevitable experimental inaccuracies, a possible 

reason for this finding is the presence of water-insoluble Li compounds 
in the black mass as these cannot be recovered in the ESLR process. In 
the simulation, it is assumed that the only other Li compound present in 
the black mass following upstream pyrolysis is a small amount of lithium 
fluoride (LiF), which exhibits very limited water solubility. If others are 
present but not included in the simulation, simulated Li recoveries 
would be inflated. This is supported by the fact that more recent work 
(Dittmer et al., 2025) showed a 19 % higher experimental Li recovery - 
still below the simulated recovery of 92.5 % - while simulated Ni, Co, 
and Mn recoveries are in reasonable agreement (see Table 1). Although 
it is a separate and complex field of research, it is highly likely that some 
species in the black mass degrade into other, not yet fully understood 
phases during pyrolysis (Stallmeister & Friedrich, 2023; Stallmeister 
et al., 2025). Detailed mineralogical analysis of post-pyrolysis black 
mass would be a good starting point for this aspect of the simulation 
models to be refined.

Within reference route results, the simulated Li recovery is 15 % 
higher than the experimental result, while Ni, Co, and Mn recoveries are 
all within 3 % (relative) of one another. As was explained above 
regarding water solubility in ESLR, it is possible that Li species that 
exhibit low acid leach yields are present in the pyrolyzed black mass 
entering the processes investigated in this study. If such species are not 
captured in the model, simulated Li recoveries would be inflated. All 
recoveries, experimental and simulated, are in good agreement with the 
ranges reported by Wang and Friedrich (Wang & Friedrich, 2015). Even 
if recovered materials needed further processing to achieve the required 
precursor purity of more than 99 %, e.g. via solvent extraction (Petzold 
et al., 2025), the two process routes achieve policy-stipulated recovery 
rates for 2027 and 2031 were achieved (European Union, 2023; Kresse 
et al., 2022).

3.3. Environmental impacts of recycling routes

3.3.1. The life cycle inventory for treatment of 1 kg black mass
The outcome of the process simulation is the life cycle inventory for 

the two routes. An overview of the inventory is provided in Table 2. Both 
routes are normalized to one kilogram of black mass input. In terms of 
material demand, the sulfuric acid demand in the ESLR route is 9 % 
lower than the reference route. This is due to having an additional 
neutral leaching step in ESLR route, wherein the black mass is treated 
with water. This step decreases the quantity of black mass by separating 
Li before the next acid leaching process. However, this increases the 
water demand in the ESLR route and further need for its removal and 
treatment. The deionized water and electricity demand increased by 
nearly two and nine times compared to the reference route. Due to the 
ESLR, there is no demand for Na2CO3, as the lithium recovery steps in 
the later stage of the processes are removed compared to the reference 
route.

In terms of the by-products, the amount of Li2CO3 recovered in the 
ESLR has increased by 76 %. The quality of the Li2CO3 has also 
improved, as Li is recovered in the early stage of the process avoiding 
further material mixing and degradation. There are filter cakes that 
require further treatment. For instance, the graphite filter cake has about 
87 % and 89 % graphite in the reference and ELSR route, respectively. 
Recovering graphite from filter cakes containing 80–90 % graphite is 

Table 1 
Comparison of experimental and simulated recoveries of Li, Co, Mn, and Ni in the Reference and ESLR routes.

Reference route ESLR route EU Battery Regulation
Experi-mental Simulated

(Wang and Friedrich, 2015)
Experi- 
mental

Simulated Dittmer et al. (2025) 2027 2031

Li 45.3 52.2 48–64 61.9 92.5 81.2 ≥ 50 ≥ 80
Co 94.0 93.0 95–98 79.3 92.0 94.8 ≥ 90 ≥ 95
Mn 98.1 94.9 95–98 77.1 93.9 91.2 n/a n/a
Ni 92.4 92.0 95–98 79.3 91.1 94.3 ≥ 90 ≥ 95
All recoveries in %. Note that the EU battery regulation does not specify targets for Mn as it is not a critical material.
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technically feasible through combined physicochemical upgrading and 
thermal processing strategies. Filter cakes generated as by-products 
during hydrometallurgical battery recycling contain graphite and 
carbonaceous material suitable for anode recovery; upgrading can be 
achieved through thermal roasting at moderate temperatures 
(300–600 ◦C) combined with chemical leaching or flotation-based 
concentration to remove residual metal oxides, binders, and impurities 
(Wang et al., 2025); however, the environmental implications of such 
upgrading technologies must be evaluated using LCA models that 
compare the secondary impacts of recovered graphite against the avoi
ded impacts of primary graphite production to determine overall process 
feasibility. However, the other filter cakes (such as Cu and Al-Fe) have 
low concentrations of metals and could not be viable toward further 
recycling. Under industrial conditions, such materials would typically be 
leached multiple times in a cascade configuration, which would result in 
a cleaner product but could also increase the environmental impact.

Table 3 shows product-specific electricity and heat demand for the 
reference and ESLR routes. Standard engineering correlations were used 
to estimate agitation and pumping power consumption (McCabe et al., 
1967). Filter press power consumption was estimated from industrial 
specifications (Toper, 2025) and assumed cycle times. Evaporation 
duties based on enthalpy balances calculated in the model. However, 
due to the large volume of water to be removed in the ESLR process, a 

mechanical vapor recompression (MVR) system, based on a commer
cially available technology (Alfa, n.d.), was implemented to increase 
thermal efficiency.

In comparison to the reference route, the ESLR has a decreased 
material demand for chemicals such as sulfuric acid, sodium hydroxide, 
and sodium bicarbonate in addition to an increased electricity demand. 
This shift in material and energy demand needs to be considered based 
on their associated environmental impacts. In the next section, the 
environmental impacts of both routes and especially the secondary im
pacts of materials recovered are provided.

3.3.2. Identification of environmental and secondary material impacts
The contribution classified based of material, electricity, and heat 

toward the climate change impacts for the reference and ESLR route is 
depicted in Fig. 4 A. The materials contribute to about 84.8 % and 73.8 
% of the total climate change impacts in reference and ESLR route, 
respectively. Within the materials, NaOH and ozone have the largest 
contribution. The additional electricity demand in the ESLR route for 
evaporation has increased its contribution to the ESLR route. In sum
mary, the ESLR route has a 5.7 % lower climate change impact per kg 
black mass treated compared to the reference route.

In addition to having a lower climate change impact than the 
reference route, the ESLR route recovers 84.2 % more Li. This high re
covery rate combined with the lower environmental impacts reduce the 
subsequent estimated impacts of secondary materials recovered as 
shown in Fig. 4 B. The secondary climate change impacts per kilogram 
material recovered is lower for all materials in the ESLR route. The 
secondary impacts of Co(OH)2, Li2CO3 and Ni(OH)2 are lower by 16 %, 
16 %, and 14 % respectively. Furthermore, the allocation metrics shown 
in Fig. 4 B indicate an increased share of the recycling impacts being 
allocated to Li2CO3 in the ESLR route because of the increased material 
recovery. Finally, Mn(OH)2 has a negligible impact due to its low market 
value in comparison to the other materials.

When interpreting the other impacts beyond climate change (see SI), 
the reference route has a higher impact than the ESLR route in thirteen 
out of the sixteen impact categories considered (see SI; Excel sheet “LCIA 
comparison”). Notably the ESLR route has a 11 % lower water use 
impact despite the increased demand in the inventory data as seen in 
Table 2. This trend can be attributed to the lower water use from ma
terial demand, especially Na2CO3. The largest difference in impacts 
between the two routes was seen in freshwater ecotoxicity and fresh
water eutrophication. In the former, the ESLR route has a 28 % lower 
impact than the reference route, whereas in the latter, the impact was 
31 % higher. The major contributor toward freshwater ecotoxicity is the 
chloride emission to surface water, and this is lower in the ESLR route 
due to the lack of Na2CO3 demand (see SI; Excel sheet “LCI compari
son”). The phosphate emission to groundwater is responsible for ma
jority of the freshwater eutrophication impacts. The reduction in 
material impacts in ELSR route is not in proportion to the increase in 
freshwater eutrophication impact due to increased electricity demand. 
In both impact categories, the material has a greater than 90 % contri
bution toward total impacts. Further analysis of the other impact cate
gories is provided in the SI.

Furthermore, the climate change impact of the reference and ESLR 
route at 3.52 and 3.58 kg CO2-eq/kg black mass treated is comparable 
with existing studies that provide disintegrated information on the level 
of black mass treatment. However, a direct comparison of any study is 
challenging due to the underlying variations in process technology, 
material recovery rates, and background datasets used in modelling. 
Rinne et al. (2024) reported climate change impact values between 5.44 
and 7.96 kg CO2-eq/kg black mass treated. Ali et al. (2024) reported 
climate change impact of 2.84 kg CO2-eq/kg black mass treated. Hanna 
et al. reported climate change impacts between 2.54 and 2.95 kg CO2- 
eq/kg battery pack (Hanna et al., 2025).

Although the ESLR route significantly enhances Li recovery, it also 
increases water use, wastewater generation, and electricity demand 

Table 2 
The aggregated life cycle inventory for the treatment of 1 kg of black mass from 
NMC111 battery pack via the reference route and the ESLR route. More details 
on the individual material streams and inventory data on a unit process level are 
available in SI.

Inputs Output
Name Reference ESLR Name Reference ESLR

Materials (in kg) By-products (in kg)
Black mass 1.00 1.00 Nickel hydroxide 0.19 0.19
Sulfuric acid 1.62 1.48 Manganese 

hydroxide
0.17 0.17

Water 
(deionized)

25.78 48.94 Cobalt hydroxide 0.19 0.19

Hydrogen 
peroxide

0.15 0.15 Lithium 
carbonate

0.11 0.20

Sodium 
hydroxide

1.57 1.19 Needs further treatment (in kg)

Sodium 
bicarbonate

0.32 0.00 Graphite filter 
cake

0.38 0.37

Ozone 0.16 0.15 Copper filter cake 0.01 0.01
Iron powder 0.01 0.01 Aluminum / iron 

filter cake
0.05 0.05

Treatment of 
wastewater

28.39 51.86 ​

Electricity & heat
Electricity (in 

kWh)
0.20 1.71

Heat (in MJ) 7.39 0.00

Table 3 
Product-specific electricity and heat consumption.

Electricity to drive 
equipment

Reference ESLR

ESLR neutral leach – 0.101 kWh/kg Li2CO3

ESLR evaporation (MVR) – 7.541 kWh/kg Li2CO3

Acid leach and graphite 
recovery

0.063 0.064 kWh/kg C

Cu cementation 2.233 2.141 kWh/kg Cu
Al- and Fe-hydroxide 

recovery
0.443 0.452 kWh/kg (Al, Fe)-hydroxides

Ni-, Co–, Mn-hydroxide 
recovery

0.039 0.040 kWh/kg (Ni, Co, Mn)- 
hydroxides

Li2CO3 precipitation 0.197 – kWh/kg Li2CO3

Heat to drive evaporation Reference ESLR ​
Li2CO3 concentration 61.8 – MJ/kg Li2CO3

Final product drying 0.197 – MJ/kg Li2CO3
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compared to the reference route. Multiple mitigation strategies can help 
address these challenges. First, implementing counter-current leaching 
or washing—well-known in hydrometallurgical setups - can improve 
reagent efficiency and reduce water and acid usage (Qadir et al., 2025). 
Second, recirculation the water recovered with mechanical vapor 
recompression (MVR) systems, can reduce water and wastewater 
treatment demand (Han et al., 2021; Si et al., 2021). Finally, optimizing 
the solid-to-liquid ratio during leaching, aiming for minimal dissolution 
volume while maximizing leach efficiency, is a common strategy to 
reduce water burdens especially when paired with effective washing 
steps that remove impurities without excess dilution. Together, these 
strategies present viable pathways to retain the recovery benefits of 
ESLR while improving further environmental performance.

3.3.3. Role of secondary materials in meeting decarbonization goals
The secondary materials recovered from battery recycling play a 

crucial role in achieving decarbonization goals of battery producers. 
This is primarily due to two reasons. The first being the regulatory 
landscape demanding increased use of secondary material in battery 
production and the second being the anticipated lower environmental 
impacts of secondary materials. The results, as shown in Fig. 4 B, indi
cate that the impacts of secondary materials can be lower than that of 
primary materials, especially for Co(OH)2 and Li2CO3, where the pri
mary impacts as indicated in ecoinvent 3.11 are around 33.2 and 7.7 kg 
CO2-eq/kg of material (Wernet et al., 2016). However, there are in
stances where the impacts of primary Li production can be lower than 
5.1 kg CO2-eq/kg Li2CO3 (see Fig. 4 B), for instance Li2CO3 production 
via brines at Atacama (Schenker et al., 2022). The climate change 
impact values cited here are sourced from literature and the ecoinvent 
database, not direct industry data. Before drawing conclusions, note 
uncertainties and variabilities related to location, timing, and back
ground assumptions like electricity mixes. It is also crucial to further 
reduce the environmental impacts of hydrometallurgical recycling, as 
these impacts are driven by the materials. For instance, producing ozone 
with renewable electricity rather than grid electricity in Europe. 
Sourcing key materials such as NaOH and O3 with a lower impact than 
the reference values used via ecoinvent 3.11. Material substitution, such 
as replacing NaOH and ozone as an oxidant could also be envisaged as a 
potential strategy to further reduce impacts.

Since the Li recovery rates varied between the experiments and 

simulation, a sensitivity analysis on lower recovery rates of Li and its 
effect on impacts of the secondary materials was performed (see Excel 
sheet “ESLR (2)_experiment” in the SI). The analysis indicates reducing 
the Li recovery rate from 93.9 % to 61.9 % (keeping other material re
covery rates the same as in values derived from simulation) still 
decreased the secondary Li2CO3 climate change impact by 5 % 
compared to reference route (see Excel sheet “Secondary impacts”). The 
water use impact increased by 10 % when lower recovery rates as in the 
experiments were factored in. This is observed as the reduction in the 
allocation factor towards lithium carbonate (from 0.26 to 0.18) due to 
lower lithium recovery was not commensurate to the lower lithium re
covery. Furthermore, it was also investigated a scenario where the 
electricity is sourced from > 3 MW onshore wind turbine, and it was 
found that the climate change and water use impact of recovered lithium 
carbonate decreases by nearly 11 % and 1 % respectively (see Excel 
sheet “ESLR (2)_electricity from wind” in the SI). Another scenario 
focused on the sourcing of ozone was considered. The ozone was sourced 
from locations outside Europe (Rest-of-World), and the results indicate 
that the climate change impact of recovered lithium carbonate increased 
by 30 % and water use impact reduced by 1 % (see Excel sheet “ESLR (2) 
_ozone from RoW” in the SI). Therefore, all scenarios considered expect 
sourcing of ozone still reduced the impacts of secondary materials 
compared to the reference. Any further reduction in climate change 
impacts of the recycling process such as by material substitution or 
sourcing will proportionally reduce the impacts of secondary materials. 
Therefore, trade-off between increased recovery yields at the cost of the 
environmental impacts need to be considered if the focus is on providing 
secondary materials with lower environmental impacts.

The importance of material supply chains on the overall environ
mental impacts of battery production is well demonstrated in literature. 
Ali et al. (2023) estimate that the choice of NiSO4 production route alone 
could result in a 16 % difference in the climate change impacts of an 
NMC-based battery pack (Ali et al., 2023). Therefore, it is crucial to 
reduce the environmental impacts of battery recycling and improve the 
material recovery rates as this has a direct impact on the secondary 
material impacts.

Furthermore, it is worth nothing that the improvements indicated in 
this study are relative improvements, wherein two recycling routes and 
their secondary material impacts are compared. However, there are 
recent approaches to consider systems and products from an absolute 

Fig. 4. A: The comparison of the climate change impacts between reference and the ESLR route based on the classification as material (further broken down), 
electricity, and rest; B: The secondary impact per kg of material recovered between the reference and the ESLR route along with the allocation metrics.
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perspective, where the environmental impacts of different systems are 
compared against an environmental target rather than amongst them
selves (Ali et al., 2024; Ali et al., 2025). In an absolute perspective, 
different recycling processes can be compared against an absolute 
target, wherein a target is set for the recycling process or on the envi
ronmental impacts of the secondary materials. Furthermore, the 
upscaling of the process can potentially decrease material and energy 
demands resulting in a lower carbon footprint of the materials.

4. Conclusion

This study compared a conventional hydrometallurgical recycling 
process for NMC111 black mass with a modified route including ESLR. 
Experimental results showed Li recovery of 45.3 % without ESLR and 
61.9 % with ESLR, with a marked improvement in product purity from 
4.3 % Li with high Na contamination to 17.6 % Li with negligible Na. 
Recovery rates for Ni, Co, and Mn were with more than 92 % high in the 
reference route and good with more than 77 % with ESLR, confirming 
that ESLR selectively enhances Li recovery with only small impact on 
other active materials, which is, however, attributable to the small scale 
in process execution.

Process simulations predicted higher Li recovery (93.9 %) than 
observed experimentally (61.9 %), highlighting uncertainties related to 
compound assumptions and phase transformations during pyrolysis. 
From an environmental standpoint, ESLR eliminated the need for so
dium bicarbonate consumption; however, it required twice as much 
deionized water and wastewater treatment, as well as nine times more 
electricity. Despite this, the overall climate change impacts relative to 
the reference route was reduced by 5.7 %. Furthermore, when consid
ering secondary material production, the ESLR route achieved lower 
climate change impacts per kilogram for all recovered product by 15 %. 
Overall, ESLR demonstrates a clear trade-off: higher resource and elec
tricity demand versus significantly improved Li recovery, product 
quality, and lower secondary material impacts. Scenario analysis shows 
that sourcing electricity from wind can reduce climate change impacts of 
recovered lithium carbonate in ESLR by 36 % compared to the reference. 
At the same time, sourcing ozone outside Europe could increase the 
climate change impacts of recovered lithium carbonate by 9 % in 
comparison to reference. The ELSR route performed better than the 
reference in thirteen of the sixteen impact categories considered.

To enhance the industrial relevance of ESLR, future research should 
focus on optimizing washing strategies, implementing counter-current 
cascades, and improving solid–liquid ratios to reduce water demand 
and wastewater generation. Integration of energy-efficient evaporation 
technologies, such as mechanical vapor recompression, could offset the 
increased energy requirements. In addition, exploring material substi
tution for NaOH and ozone or adopting alternative purification methods 

may further reduce environmental impacts. Finally, scaling experiments 
under industrial conditions will be critical to validate laboratory find
ings and assess long-term operational feasibility. In a further step, the 
simulation can be used to predict process data for other black mass 
compositions.
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Appendix 

Table A1 
Composition of the used black mass.

Element Al Cu Co Li Mn Ni Fe C F

wt% 3.19 0.05 8.18 3.44 7.70 8.24 0.00 4.21 3.99
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Table A2 
Mass of the filter cakes.

Process step Leaching Cu cementation Fe-Al precipitation NMC precipitation Li precipitation

Mass of filter cake [g] 34.85 6.1 30.46 63.42 11.72

Table A3 
Recoveries of the process.

Al Cu Co Li Mn Ni Fe C

Acid Leaching 49.20 % 0.00 % 0.10 % 0.47 % 0.09 % 0.10 % 0.00 % 96.13 %
Cu cementation 0.01 % 82.36 % 0.10 % 0.08 % 0.09 % 0.19 % 0.08 % 0.03 %
Fe-Al precipitation 11.60 % 0.34 % 5.41 % 4.46 % 5.80 % 6.41 % 103.84 % 0.03 %
NMC precipitation 0.00 % 0.68 % 94.87 % 12.84 % 96.27 % 94.30 % 4.61 % 0.36 %
Li precipitation 0.00 % 0.00 % 0.00 % 4.34 % 0.00 % 0.00 % 0.00 % 0.03 %
Li filtrate 0.14 % 0.00 % 0.00 % 48.20 % 0.01 % 0.05 % 0.00 % 0.00 %

Table A4 
Composition of the ESLR product.

Element Al Cu Co Li Mn Ni Fe C

Components in ESLR filter cake [%] 0.41 0.001 0.0015 17.6 0.003 0.004 0.15 11.50
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Fig. A1. A: Composition of filter cakes; B and C: recoveries and losses of the different elements in the different process steps of the recycling process; D: Comparison 
of Li recoveries of the recycling process without and with ESLR

Reactions considered in HSC simulations including the dissolution of various metal oxides and elemental metals commonly present in the black 
mass.

MnO + H2SO4 (a) = MnSO4 (a) + H2O                                                                                                                                                            (1)

Mn3O4 + 3 H2SO4 (a) + H2O2 (a) = 3 MnSO4 (a) + 4 H2O + O2 (g)                                                                                                                 (2)

Co + H2SO4 (a) + H2O2 (a) = CoSO4 (a) + 2 H2O                                                                                                                                            (3)

CoO + H2SO4 (a) = Co (+2a) + H2O + SO4 (− 2a)                                                                                                                                           (4)

Ni + H2SO4 (a) + H2O2 (a) = NiSO4 (a) + 2 H2O                                                                                                                                             (5)

Li2O + H2SO4(a) = Li2SO4(a) + H2O                                                                                                                                                               (6)

2 LiF + H2SO4 (a) = Li2SO4 (a) + 2 HF (a)                                                                                                                                                      (7)

2 Fe + 3 H2SO4 (a) + 3 H2O2 (a) = Fe2 (SO4)3 + 6 H2O                                                                                                                                   (8)

2 Al + 3 H2SO4 (a) + 3 H2O2 (a) = Al2 (SO4)3(a) + 6 H2O                                                                                                                               (9)
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Al2O3 + 3 H2SO4 (a) = Al2(SO4)3 (a) + 3 H2O                                                                                                                                               (10)

Cu + H2SO4 (a) + H2O2 (a) = CuSO4 (a) + 2 H2O                                                                                                                                          (11)

Table A5 
Chemical analysis of filter cakes of the experiments.

without ESLR Experiment 1 Experiment 2
Co Li Mn Ni Co Li Mn Ni

Acid leaching 0.10 % 0.47 % 0.09 % 0.10 % 0.15 % 0.62 % 0.13 % 0.16 %
Cu cementation 0.10 % 0.08 % 0.09 % 0.19 % 0.01 % 0.01 % 0.01 % 0.14 %
Fe-Al precipitation 5.41 % 4.46 % 5.80 % 6.41 % 5.80 % 4.99 % 5.46 % 6.64 %
NMC precipitation 94.87 % 12.84 % 96.27 % 94.30 % 93.07 % 13.43 % 99.99 % 90.56 %
Li precipitation 0.00 % 52.54 % 0.01 % 0.05 % 0.00 % 38.01 % 0.02 % 0.02 %
Balance 0.00 % 29.61 % 0.00 % 0.00 % 0.97 % 42.93 % 0.00 % 2.48 %
with ESLR Experiment 3 Experiment 4

Co Li Mn Ni Co Li Mn Ni
ESLR 0.00 % 36.91 % 0.00 % 0.00 % 0.00 % 44.71 % 0.00 % 0.00 %
Acid leaching 0.03 % 0.36 % 0.49 % 0.04 % 0.02 % 0.28 % 0.01 % 0.02 %
Cu cementation 0.00 % 0.00 % 0.00 % 0.17 % 0.00 % 0.00 % 0.00 % 0.30 %
Fe-Al precipitation 1.37 % 0.59 % 1.29 % 1.36 % 1.13 % 0.56 % 1.12 % 1.09 %
NMC precipitation 86.46 % 6.79 % 83.30 % 85.96 % 72.19 % 0.14 % 70.88 % 72.58 %
Li precipitation 0.50 % 20.90 % 1.17 % 0.09 % 0.04 % 21.31 % 0.12 % 0.03 %
Balance 11.63 % 34.45 % 13.75 % 12.37 % 26.61 % 33.01 % 27.87 % 25.98 %

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.org/10.1016/j.wasman.2025.115283.

Data availability

Data already shared in appendix and supplementary files.
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