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Abstract

This case study provides design for recycling (DfR) recommendations for NMC811 batteries, leveraging a detailed quan-
titative model of a recycling process optimized during the HydroLiBRec Research project. The adopted methodology
integrated comprehensive empirical and analytical measurements to construct an accurate thermodynamic simulation of
material and substance flow throughout the entire recycling process. This approach involved stages of manual dismantling,
followed by hydro-mechanical, thermal treatment and hydrometallurgical processing of the end-of-life (EoL) NMCS811
battery cells. Thermodynamic simulations were conducted using FactSage™ version 8.2 and HSC Chemistry 10 version
10.3.7.1 software to model the recovery of lithium present in the black mass via metallurgical processing methods. The
results provided a detailed breakdown of the material composition post-dismantling, revealing that separated cells con-
taining the active NMC811 material constituted 63.7% of the total weight. The study computes the recyclability index
and quantify the recovery rates of individual elements, highlighting a recovery rate of 59.7% for lithium and an overall
recycling index of 59.4%. The formatted data clearly supported material flow analysis and a product-centric approaches,
which are crucial for optimizing DfR strategies and improving overall recycling efficiency. Recommendations included
optimizing the dismantling process to achieve a 19% reduction in environmental impacts, such as Global Warming Poten-
tial (GWP), and avoiding the use of materials that would be lost in the recycling route. Overall, the measures are projected
to increase the recycling index to 90%, thereby significantly improving the overall sustainability of the recycling process
for NMC811 batteries. Moreover, a key finding highlighted the necessity of aligning product design with recycling process
design in order to maximize recovery while minimizing impacts and losses.

Keywords Lithium-Ion battery - DfR - Hydromechanical recycling - Electrical vehicle - HSC sim - Life cycle
assessment

1 Introduction

Lithium-Ion batteries (LIBs) are vital for modern energy
storage, powering portable electronics, electric vehicles
(EVs), and renewable integration. With high energy density,
long cycle life, and declining production costs, LIBs now
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chemistries such as NMC, NCA, and LCO [4]. The Euro-
pean Union classifies these elements as CRMs mainly due
to supply chain vulnerabilities [5]. Their production is geo-
politically concentrated: lithium from Chile, Argentina, and
Australia; cobalt from the Democratic Republic of Congo;
and battery-grade Class 1 nickel from China, Australia, and
Indonesia [6, 7]. Graphite, used in anodes, is largely sourced
from China and requires energy-intensive processing [6].
This reliance on limited number of suppliers raises concerns
about long-term availability, price stability, and the environ-
mental footprint of raw material extraction for LIBs.

To address these risks and reduce reliance on primary
extraction, recycling of end-of-life (EoL) LIBs has become
a strategic priority. Recycling enables the recovery of valu-
able metals, particularly lithium, cobalt, and nickel, for reuse
in battery production, thereby supporting circular economy
goals [8]. Life cycle assessment (LCA) studies show that
raw material extraction dominates the most to LIBs envi-
ronmental impacts [9, 10], while recycling can significantly
reduce emissions, energy demand, and resource depletion.
For instance, industrial-scale LCA based work indicates
that recycling spent LIBs into battery-grade precursors can
reduce greenhouse-gas emissions by over 58% compared
to conventional mining [11]. Gaines et al. [12] found that
closed-loop recycling can reduce energy use and emissions
by over 50%, especially when powered by low-carbon elec-
tricity. Robust recovery of CRMs is therefore essential for
building a sustainable and resilient battery supply chain.

In this context, Design for Recycling (DfR) has emerged
as a powerful complementary strategy, which incorporates
EoL considerations during product design to enable easier
disassembly, material separation, and efficient recovery [13,
14]. For LIBs, researchers have identified a range of design
variables such as adhesive types, cell formats, module
architectures, and material homogeneity as critical to recy-
clability [3]. Moreover, DfR can also help reduce feedstock
variability in recycling, which is crucial for the efficiency
and safety of both mechanical and metallurgical processes.
Nevertheless, implementing of these recommendations into
practice can be challenging, as it may conflict with design
goals such as maximizing energy density or minimizing cost.
These trade-offs underscore the need for a life-cycle per-
spective, quantifying how upstream design decisions affect
downstream recyclability and environmental performance.
DfR is increasingly recognized as a key enabler of LIBs
circularity. This paper systematically analyzes how design
interacts with the recycling process, following established
rules and guidelines. The goal is to derive DfR improve-
ments with significant potential for enhancing recovery and
process performance.

Recent research has begun integrating process modelling
and environmental analysis to better inform LIBs recycling
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strategies. Using process simulation tools such as HSC
Chemistry in combination with thermodynamic modelling
and experimental data it is possible to predict the distribu-
tion of materials and energy across unit operations, offering
realistic inputs for LCA models [15]. This approach ensures
that emerging processes are evaluated using process-spe-
cific data rather than generic estimates [16, 17]. Multiple
recent studies have leveraged such simulation-based LCAs
to compare recycling routes (pyrometallurgical, hydromet-
allurgical, and direct regeneration) across different system
boundaries and chemistries [18]. This combined methodol-
ogy enhances the reliability of environmental assessments
and clarifies the trade-offs associated with different recov-
ery techniques.

Despite these advances, significant recycling challenges
remain, such as the safe and efficient disassembly and sort-
ing of batteries. In addition, EV battery modules are often
sealed with adhesives, making manual separation laborious
and hazardous [3]. Moreover, LIBs are present in diverse cell
chemistries and formats, each requiring different recycling
approaches. Inadequate sorting or feedstock heterogeneity
can significantly reduce recovery yields [19]. Pyrometal-
lurgical processes, although industrially established, have
significant technical and environmental drawbacks. They
require very high temperatures (> 1000 °C) to melt bat-
tery materials, making them extremely energy-intensive
and producing large greenhouse gas (GHG) emissions [20].
Furthermore, they often fail to recover lithium effectively,
as it tends to partition into slag [21, 22]. Hydrometallurgi-
cal routes operate at much lower temperatures and can offer
better recovery for lithium and other metals but they depend
on strong acids or bases and generate large volumes of sec-
ondary waste [9]. These methods involve multiple steps
(such as shredding, leaching, solvent extraction and precipi-
tation), making them complex and reagent-intensive; the
spent reagents and effluents must be neutralized and treated,
which increases cost and environmental burden [4, 20].
Direct recycling, which aims to regenerate cathode mate-
rials without breaking them down into elemental constitu-
ents, potentially saves energy, but it remains largely at the
laboratory scale and is highly sensitive to feedstock purity
and variability [18]. Small variations in residual impurities
(binder, electrolyte, metal dust) can dramatically affect the
chemical reprocessing needed to restore lithium content and
electrochemical performance [23, 24]. As such, recycling
technologies must balance recovery rates, recycling prod-
ucts quality, environmental performance, and cost-effective-
ness, all of which are strongly influenced by initial product
design and process choices.

While many studies focus on specific elements such
as LCA, process simulation, or design principles, there
remains a lack of integrated analysis that combines DfR,
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Table 1 Composition of one Bosch power tube 500 e-bike battery
packs (500 Wh) consisting of 40 NMC811 battery cells

Manual Dismantling

Material kg wt.-
%

Separated Cells 1.84776 63.7

Hard Plastic: Rubber, Insulation, Lid or 0.42912 14.8

Cover, Fastenings or Fixations, mini-
mal contamination with metal/cables

Plastic Cover 0.01733 0.6
Metal Fraction 0.07318 2.5
Casing (Aluminium) 0.5 17.2
Electronics 0.03418 1.2
Total 2.90 100

thermodynamic process simulation, and LCA, particularly
for high-nickel chemistries like NMC811. In order to close
this gap, these aforementioned methods were investigated in
the HydroLiBRec project, which focused on an optimized
process chain for the hydromechanical recycling of lithium-
ion batteries in order to develop and optimize a highly effi-
cient, economically viable, and environmentally friendly
recycling route [25]. The overarching goal is to create the
technological prerequisites for an effective, economically
viable, environmentally friendly, and function-preserving
battery recycling process. The present study briefly presents
major findings from the HydroLiBRec project in order to
demonstrate the challenge of sustainable lithium-ion battery
recycling, with a strong emphasis on innovative hydrome-
chanical and hydrometallurgical processes and integrating
recyclability into battery design. Using dismantling experi-
ments and hydromechanical pre-treatment data, we develop
thermodynamic model via FactSage and HSC Sim to
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Fig. 1 Block flow diagram of recovery of lithium salt from LiB (NMC811)

simulate the recycling process. These outputs are integrated
into an LCA model to assess environmental impacts. The
objective is to quantify material and energy flows, evaluate
recovery efficiencies, and provide DfR recommendations
that optimize critical material recovery while minimizing
environmental burdens.

2 Materials and Methodology

In the current study, Bosch Power Tube 500 e-bike bat-
tery packs (capacity of 500 Wh) with a total weight of
2.9 kg and size of 36.0 x 6.5 x 8.3 cm (length x width x
height) were chosen as input material. Manual disassem-
bly of these packs resulted in 40 loose round cells (LG
CHEM ING18650MJ1), which were then used for hydro-
mechanical recycling activities. Specifically, this cell type
was thoroughly selected as it contains widely used active
material (NMCS811, LiNiygMn,,Co,;0,) and is generally
challenging to recycle due to its comparatively robust steel
casing [26]. Table 1 shows the composition of 40 cells pack
NMCS811 expended battery.

The initial step of optimizing the hydro-mechanical Li-
Ion battery recycling system was to thoroughly analysis the
material and substance flows, with a focus on the character-
istics and composition of the recyclate fractions. As shown
in Fig. 1, the block flow diagram includes essential pretreat-
ment procedures, beginning with the manual dismantling of
NMCS8I11 battery pack from the 18,650 series. Afterwards,
various mechanical, physical, and metallurgical processing
units were employed in the recycling process. It is important
to highlight that only the separated cell fraction was used
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Fig.2 HSC Simulation flowsheet for the investigated recycling process

Table 2 Input material including cell components and their chemical as input for the subsequent processing units. The plastics,

compositions metal fraction, casing, and electronics listed in Table 1 were
Input EHF discarded after dismantling and were thus not subjected to
Cell Component Composition Kg [wt%] further elemental characterization.
Anode Cu 0.070 6.98 Following the recycling pathway shown in Fig. 2, the pro-
Anode C 0.254 2531 cess started with a physical processing unit including blade
Cathode ' A'l 0.050 4.95 cutting to weaken the housing of the battery cell, in order to
E&a;?e(;?aﬁ-lﬁl(\:/tll(\éeégll 11:111 g?ég ?6528 facilitate the detachment of the cell and the delamination of
Mn 0:020 1.(58 the anode and cathode foils. Next, the electrohydraulic frag-
Co 0.021 212 mentation (EHF) technique was applied, followed by skim-
o 0.115 1151 ming and sieving (SuSi), yielding an intermediate product
Cathode Binder C,H,F, 0.030 299 known as black mass. This black mass was then subjected to
PVDF fluoropolymer pyrolysis before undergoing a series of hydrometallurgical
Case-Steel Fe 0.055 5.50 treatments including leaching, cementation, and precipita-
Ni 0.029 291 tion in order to produce a lithium salt as the final product.
Extra-Element in Off- B 0.0001 0.01 The thermodynamic simulation model was developed using
Gas and Black Mass s 0.001 0.06 HSC Chemistry version 10.3.7.1 and FactSage™ version
Ca 0.001 0.13 8.2. This model offers critical insights for applying DfR
Mg 0.0002 0.02 principles throughout this process.
Na 0.00004 0.00 . . . .
Si 0,003 e For the thermodynamlc. §1mulat10n, a.ccurate. mate‘rlal
Separator foil CH, 0.019 184 flow and elemental cgmposfuon are essentlal.‘ This requires
Elektrolyt, org. LiPF, 0.028 280 data from both empirical measurements using analytical
Carbonate C;H,0, 0.028 2.80 measurements such as Inductively Coupled Plasma - Opti-
C,HO, 0.028 280 cal Emission Spectroscopy (ICP-OES) and X-Ray Dif-
C;H,O; 0.028 2.80 fraction (XRD) analysis and thermodynamic calculations,
C5H,,0;4 0.028 2.80 provided by FactSage. Table 2 presents the weight% com-
Total 1.00 100 position following manual dismantling, which provides
Water H,0 14.41 a detailed breakdown of components obtained from the
N, N, 1.14 manual dismantling of NMC811 LIBs, which is crucial for
Total 16.556

understanding material distribution and potential recovery.
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Among these components, the separated cells constitute
the largest share at 63.7%, which contains exclusively the
targeted NMC811 active material. This fraction will be the
only considered for the hydromechanical LIBs recycling
system simulation. Additionally, hard plastic and rubber
insulation account for 14.8%, while the plastic cover rep-
resents a minor component at 0.6%. The metal fraction
comprises 2.5%, potentially including small metallic parts
suitable for separate recycling routes. The aluminum casing
is a significant material, making up to 17.2% of the total.
Electronics represent the smallest fraction (around 1.2%),
which may include further valuable metals for further recy-
cling activities.

2.1 Blade Cutting

The detached cell, acquired post-manual dismantling,
required thorough characterization of its elemental com-
position, encompassing the anode, cathode, casing, and
electrolyte components within the battery cell, quantified
in both mass and weight%. Subsequently, the cutting pro-
cess was conducted at Fraunhofer IWKS (Germany) with
the objective of facilitating the detachment and liberation
of the casing of the NMCS811 battery cell. The blade cut-
ting procedure was executed twice at front and back site
of the battery cell to enhance the liberation efficiency dur-
ing EHF treatment. Material losses in this step were lim-
ited to casing components, with iron and nickel exhibiting
losses of 1.79% and 3.33%, respectively. Crucially, the core
LIB components, including the essential NMC elements,
remained unaffected.

2.2 Electrohydraulic Fragmentation

An EHF system (EHF-400, ImpulsTec GmbH, Germany)
was selected for producing NMC black mass as an interme-
diate product before hydrometallurgical processing. In this
EHF process, 30 round cells per batch were processed in a
stainless-steel reactor with shock waves in 20 | of water at
a voltage of 40 kV and a frequency of 1.5 Hz in order to
open the cells and detach anode and cathode powders from
the metal foils. This procedure was then repeated until all
batteries had been successfully disassembled, which neces-
sitates 1500 to 2000 pulses at the given setting. The process
and methodological details can be found elsewhere [27, 28].

The aforementioned procedure was designed to sepa-
rate and delaminate composite materials such as anode
or cathode foils found in the spent NMCS811 battery cell.
The intense electrical discharges induce shock waves that
mechanically fragment cells and delaminate anode and
cathode powders from metal foils, selectively separating
materials for subsequent SuSi. The outputs from the EHF

process were then managed in the subsequent SuSi process.
For the material flow analysis (as detailed in Table 2), it was
assumed that no losses has been occurred at this particular
process.

2.3 Skimming and Sieving

After the EHF process, the intermediate fractions underwent
further refinement through SuSi. This water-based process
was meticulously designed to segregate materials based on
their particle size and specific density. The EHF output was
thus separated into multiple value-added fractions in one
process unit, and black mass was recovered as an intermedi-
ate product.

During SuSi procedures, the wet mixture of fragmented
cell-materials including black mass, casings, anode, cathode
and separator foils were treated in a hydro cyclone device.
In this stage, the light fraction, especially the separator plas-
tics floats to the surface of the processing water, allowing it
to be skimmed off. At the same time, the heavier fractions
were settled at the bottom, where a 500 um sieve separates
the black mass (fine fraction) from the metal parts (coarse
fraction). A key advantage of this treatment is the individual
recovery and recycling of several value-adding intermediate
products: plastics, coarse metals (including steel housings,
aluminium, and copper foils), and black mass. For this work,
only the fine-grained black mass was relevant because it’s
significantly enriched with critical metals like lithium. As
shown in Fig. 3, losses can be quantified in graphite from
the anode, as well as in iron and nickel from the casing
material. Additionally, losses are noted in the separator foil
and organic carbonates.

2.4 Pyrolysis

Pyrolysis is a key step in the recycling process of NMC
811 spent batteries, as it enables the thermal decomposition
of organic components such as binders and electrolytes in
the absence of oxygen, thereby minimizing the formation
of GHG typically associated with combustion. Specifically,
in the context of recycling, pyrolysis facilitates the disas-
sembly of the chemical complex structure, effectively seg-
regating organic materials from inorganic components [29].
This process was conducted at IME (RWTH University,
Germany) at a temperature of 500 °C in a resistance-heat
furnace under N, environment. The methodology involved
comprehensive analysis of both input and output products
through various techniques such as ICP-OES (as shown
in Table 3) and XRD analysis (as presented in Table 4).
Additionally, the process was simulated using FactSage,
providing empirical data shown in Table 5 for compara-
tive analysis. The aim of this comparative analysis was to
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Fig. 3 Sankey diagram of Cu: 0.07kg I
the material flows during the
SuSi process following EHF.
The figure visualizes how the
fragmented cell materials are C: 0.25006kg
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Mg out: 0.0002kg
Na out: 0.00004kg
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Table 3 Chemical composition in wt% of the black mass obtained by EHF treatment after SuSi and after additional pyrolysis at 500 °C for 120 min

Al B Ca Co Cu Fe Li

2.581 0.011 0.129 3.922 3.674 1.453 3.719
Mg Mn Na Ni S Si Insoluble
0.024 1.42 0.004 32.633 0.062 0.323 36.33

Table 4 Semi-quantitative XRD analysis (wt%) of black mass follow-
ing pyrolysis at 500 °C for 120 min

Phases and their chemical Composition wt%
Lithium Nickel Manganese Cobalt Oxide (Li;Nij 7sMn, ;C 27
09.1502)
Copper (Cu) 3
Zabuyelite (Li,CO5) 8
Paramelaconite (Cu,O5) 1

6

7

Nickel Oxide (NiO)

Nickel (Ni)

Graphite 3R (C) 48
Total 100

elucidate the composition of various phases present in the
resulting black mass post-pyrolysis, which will undergo
subsequent leaching. For instance, as shown in Fig. 4,
copper, initially present at 0.070 kg or 10.94%, undergoes
transformations into different states such as Cu (0.067 kg,
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10.98%), Cu,0; (0.003 kg, 0.4%) and Cu,S (0.001 kg,
0.1%). Lithium undergoes transformations into compounds
such as Li,CO; (0.021 kg, 3.5%) and LiF (0.038 kg, 6.23%),
among others. Notably, this process resulted in a reduction
in total mass from 0.640 kg to 0.609 kg in the black mass
output, reflecting the efficiency of material recovery and
transformation, with the remaining mass accounted for as
off-gas, and losses.

2.5 Formic Acid Leaching

For black mass recycling, the initial hydrometallurgical step
involves a leaching process conducted at 70 °C, based on
parameters provided by IME. In this methodology, a mixture
of formic acid and water enables the dissolution of valuable
elements from the black mass. The interaction between the
black mass and formic acid initiates chemical reactions that
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Tabl(:: 5 Empirical data in (Wt%) Al ALO, B C C_graphite

obtained through factsage 3.12E-23 0.001622 2.16E-18 0.001191 0.235822138
Ca CaO CaMg,Al;40,, CaF, Co
4.39E-25 3.01E-06 0.000354 0.001528 0.01222175
CoO Co_fcc Cu CuO Cu_fcc
0.000182 0.03627259%4 0.000163 1.50E-09 0.154382
Cu,S Fe FeO Fe,04 Li
0.005427 0.023262547 0.014927 0.000203632 2.45E-18
Li,O LiAlO, LiF LiAl;Oq4 Li;PO,
1.38E-10 0.012674 0.031939 0.003037884 0.008803
Li,SiO4 Mg MgO Mn MnO
0.003614549 9.04E-20 2.81E-05 8.29E-08 0.045247
Na Na,O Na,Ca;Al; (045 Ni NiO
1.75E-25 1.85E-18 9.14E-05 0.027979 5.03E-06
Ni_fece P Si
0.37902 2.24E-15 6.03E-18

Fig.4 Species distribution in

the pyrolysis output expressed

in wt%. The bar chart shows the
relative contribution of each com-
pound after thermal treatment.
Carbon (31.8 wt%), nickel (26.3
wt%), and copper (11.0 wt%) are
the most abundant constituents,
followed by lithium fluorides and
carbonates. Minor oxides and
trace elements are also included
to fully represent the chemical
composition of the recovered
solid fraction

1.00

0.90
0.70
0.40
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0.10
0.10
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Pyrolysis Output — Species Composition (wt%)

31.80

lead to the formation of formate salts, such as lithium for-
mate, iron formate, and copper formate (as shown in Table
6). Table 7 presents the leaching yields obtained by IME.
HSC Sim modeling was employed to evaluate the theoreti-
cal recovery based on equilibrium calculations under the
defined process conditions, given that the leaching environ-
ment had already been experimentally established and the
use of this acid has been documented in previous studies
[30-32]. In this process, the nickel, manganese, and cobalt
remaining in the filter cake require hydrothermal treatment
to enable their recovery and regeneration for reuse as active
cathode materials. Although this downstream recovery step
was not simulated in the present study, the theoretical recov-
ery has been considered.

2.6 Precipitation
After leaching but before precipitation, copper is recov-

ered in the cementation process unit. However, due to the
absence of experimental data for process parameters, this

step was not simulated. Instead (as shown in Table 8), the
recovery of Cu was assumed based on the amount of copper
in the leach filtrate as determined by the copper leaching
yield.

This stage initiated a series of chemical reactions that
culminate in the formation of solid outputs, including waste.
As a last step the water was removed by evaporation, and
the lithium salt was obtained. The chemically balanced
reactions and resulting products shown in Table 9 were gen-
erated using equilibrium simulations in HSC Sim, where the
reaction progress was adjusted to obtain a final lithium salt
composition consistent with the ICP-OES results reported
by ISC Fraunhofer in Table 10.

3 Life Cycle Assessment
The objective of this comprehensive gate to gate LCA was

to conduct a detailed quantitative evaluation of the envi-
ronmental impacts associated with the recycling process

@ Springer
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Table 6 Post-leaching reaction products and pathways resulting from
the hydrometallurgical process using formic acid, modeled using HSC
Sim

Table 9 Chemically balanced reactions and products generated during
the precipitation process, modeled using HSC sim software

Precipitation output (Li salt)

Filtrate kg wt% Filtrate kg wi%
Al(CHOO), 0.014  0.005 B(CHO,), 0.00015 0.05
B(CHO,), 0.0001  0.00004 Ca(CHO,), 0.18586 60.76
C+H,0 2.55 0.97 Co(CHO,), 0.00003 0.01
Ca(CHO,), 0.001 0.0003 Cu(CHO,), 0.00001 0
Co(CHO,), 0.0002  0.0001 Fe(CHO,), 0.00014 0.05
CoF 0.0002  0.0001 LiCHOO 0.11780 38.51
Cu(CHO,), 0.013  0.005 Mg(CHO,), 0.00002 0.01
Fe(CHO,), 0.003  0.001 Mn(CHO,), 0.00005 0.02
LiCHOO 0.041 0.015 NaCHO, 0.00087 0.29
Mg(CHO,), 0.0002  0.0001 Ni(CHO,), 0.00019 0.06
Mn(CHO,), 0.002  0.001 Total 0.3059 1
Ni(CHO,), 0.005 0.002 (Calcium hydroxide) flouride precipitation output
Total 2.63 1 Precipitation Cake 1 kg Wt
Filter Cake kg wt% Aly(PO,),(OH);*5H,0 0.0048 2.83
Nickel Formate Hydrate Ni(HCOO),(H,0), 0.194 23.054 MnAL(PO,),(OH),*6H,0 0.0048 2.83
Cobalt Formate Hydrate Co(HCOO),(H,0), 0.021 2.473 *3Ca0*Al,0,*Ca(OH),*18H,0 0.0048 2.83
C+H,0 0.457  54.232 Ca(CO), 0.0048 2.83
Manganese Hydroxide Oxide Mn(OH)O 0.018 2.107 CoF, 0.0014 0.85
Copper Formate Hydrate Cu(CHO,),(H,0), 0.057 6.704 NiO*OH 0.0048 2.83
XALO; 0.036  4.261 H,FeAl(PO,)4(OH)¢*16(H,0) 0.0048 2.83
FeO 0.014 1.655 Ca(OH), 0.0048 2.83
Lithium Formate Hydrate Li(HCOO),(H,0),  0.026 3.041 Total 0.1686 1
Cobalt Oxide CoO 0.021 2473 (Ammonia) mixed hydroxide precipitation output
Total 0.843 100 Filtrate kg wt%
C 4.05E-05 3
Table 7 Leaching yield data obtained by IME using formic acid as the CaCO;, 0.0012 89
leaching agent NaMnFeO, 0.000108 8
Element Leaching yield % Total 0.00135 100
Al 27.72
Co 1.97 Table 10 ICP-OES analysis of lithium salt in wt%
Cu 19.26 B Ca Co Cu Fe Li
Fe 16.97 0.048 60.762 0.010 0.005 0.047 38513
Li 61.31 Mg Mn Na Ni S Si
Mn 10.39 0.008 0.016 0.285 0.063 0.179 0.066
Ni 2.66

Table 8 Product resulting from the cementation process in wt%

Filtrate Kg wt%
Al(CHOO), 0.0138 0.0052
B(CHO,), 0.0001 0.00004
C+H,0 2.5502 0.9697
Ca(CHO,), 0.0009 0.0003
Co(CHO,), 0.0002 0.0001
CoF 0.0002 0.0001
Fe(CHO,), 0.00001 0.00001
Cu(CHO,), 0.0029 0.0011
Mn(CHO,), 0.0406 0.0154
NaCHO, 0.0002 0.0001
Ni(CHO,), 0.0021 0.0008
Total 2.63 1
Cementation Cake Kg

Cu (s) 0.013
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of NMC811 battery cells. The main function of the evalu-
ated recycling process is the treatment of the LIBs. Conse-
quently, the functional unit for this assessment is defined as
the treatment of 1 kg of used NMC811 battery cells, serving
as the basis for evaluating the efficiency and environmental
performance of the process. Simultaneously, the recycling
process targets to recover the active materials, especially
lithium, present in the cathode of the NMCS811 battery.
Therefore, the LCA results were focused on the recycling
of LIBs, with the recovered lithium salt as the only system
product. Figure 4 illustrates the system boundary, which
include all the inputs (resources required for recycling) and
outputs (emissions, waste and product) (Fig. 5).

In this study, the environmental assessment incorporates
both foreground and background data to ensure a comprehen-
sive analysis of the recycling process. The foreground data,
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811 battery

Recycling process

pack

Fig.5 LCA system Boundary

obtained from pilot-scale operations conducted at Hydro-
LiBRec Project, include a comprehensive quantification
of reagents and materials consumed, energy requirements
in terms of electricity usage, and detailed characterization
of intermediate products. The latter was achieved through
advanced analytical techniques, specifically XRD and ICP-
OES, ensuring a precise and robust dataset for the assess-
ment. For the background data, the Ecoinvent v3.8 [33]
database was utilized, providing a robust and reliable foun-
dation for the Life Cycle Inventory (LCI).

In the absence of background data, process simulation
was employed as a complementary approach to compile
foreground LCI data and assess the environmental impacts
throughout the entire recycling process. The aforementioned
methodology, extensively validated in prior studies [34, 35]
facilitated the estimation of critical simulation parameters
such as process conditions, reagent concentrations, and
yields. These parameters were sourced from laboratory-
scale literatures or extrapolated through expert-informed
estimations based on comparable hydrometallurgical pro-
cesses [36, 37].

In the present study, the EF 3.0 method was applied for
the LCA, with a hierarchist perspective, to perform the
LCIA [38]. This methodology, developed by the European
Commission’s Joint Research Centre (JRC) provides a har-
monized and science-based approach for assessing environ-
mental performances. It is grounded in the ISO14040/14,044

E Bised INEIC —»] of NMC 811battery ——> Emissions

Active

Material

standards for LCA, and evolved from the earlier International
Life Cycle Data System (ILCD) framework by revising and
updating many LCA methods but focuses exclusively on
midpoint indicators. In this study, impact scores at midpoint
level were calculated for the following impact categories:
Global Warming Potential (total) (GWP100, kg CO2-¢eq.),
Acidification Potential (AP, mol H+-eq.), Human Toxicity
Potential (HTP, kg 1,4-DCB-eq.), Eutrophication (freshwa-
ter) Potential (EP, kg P-eq.), and Abiotic resource depletion
- minerals and metals (ADP, kg Sb-eq).

4 Design for Recycling

Design for Recycling (DfR), a central strategy in Eco-
design, employs a comprehensive set of technical consid-
erations throughout product development to maximize
the efficient recovery of materials from EoL product [39,
40]. Moreover, DfR rules and guidelines’ provide design-
ers and engineers with principles and best practices (such
as material selection, modular design, minimizing toxicity,
and simplifying assembly) to create end-of-life products
that are easier to recycle, leading to simplified disassembly,
enhanced material recovery, and improved overall sustain-
ability [41]. As emphasized in [42] a product-centric recy-
cling methodology extends beyond basic disassembly and
physical recycling (e.g. material separation) by integrating

@ Springer



Mining, Metallurgy & Exploration

with metallurgical processes and other end-stage treatment
methods. This phase closes the loop by returning recovered
materials to the resource cycle for more sustainable use. The
Recycling Index is therefore a critical metric for measur-
ing recycling performance [43]. It is calculated by dividing
the recovery rate of individual elements by their total input,
providing a detailed evaluation of sustainability. This met-
ric reinforces the importance of adopting a product-centric
recycling framework.

Design for Resource Efficiency (DfRE), which includes
DfR as a component, requires an understanding of material
liberation behaviour, the particulate quality of recyclates,
and the efficiency of separation processes. This includes
assessing the compatibility of materials and their recovery
or loss during metallurgical processing. These factors must
be modelled and evaluated based on design decisions, con-
nection types, and the materials used in the product.

Eco-labeling, within the framework of DfR, is the prac-
tice of certifying products with labels that communicate
their environmental qualities, including ease of recycling
and general eco-friendliness [44] Ecolabels offer consumers
and stakeholders clear, standardized information regarding
a product’s environmental performance throughout its entire
lifecycle.

5 Results and Discussion

As illustrated in Fig. 6, the Sankey diagram provides a
comprehensive overview of the weight and distribution of
materials throughout each stages of the recycling process,
leading to the extraction of lithium salt from NMCS811 LIBs.
This analysis tracks the flow of materials from the initial

N2 Pyrolysis I Pyrolysis
4.8800kg 5.5200kg
Blade cutting _ Metallic waste glggqgkg
1.0000kg 0.0020kg . N2 output .
1.1390kg _ Solid waste
I 0.2460kg
H20 EHF
14.4190kg 16.5560kg
Susi H20 out SuSi
N2 29.8370kg 28.9200kg
1.1390kg
H20 SuSi
14.4190kg
Formic Acid
0.1200kg

H20 Leaching 1
2.7430kg

dismantling and processing of battery components, through
mechanical and metallurgical treatments, until the final
recovery of lithium salt. By allocating recovered metals on
amass basis and conducting a detailed process examination,
we were able to quantify material losses and efficiencies at
every stage, revealing opportunities for optimization.

The thermodynamic simulations are based on equilibrium
models. Accordingly, the reported recovery rates represent
theoretical potentials rather than industrial performance, as
variability may arise from feed composition, reagent ratios,
process temperatures, and leaching yields. Although a full
sensitivity analysis was beyond the scope of this study, the
coherence of model outputs with expected process behavior
supports the robustness of the observed trends. It is therefore
necessary for future research to include a systematic sensi-
tivity assessment that quantifies the influence of key param-
eters on recovery efficiency and environmental impacts.

5.1 Recyclability Index and Eco Labeling of
Products

The Recycling Index is a crucial metric for assessing the
effectiveness of recycling, both for products and their con-
stituent materials. This index is derived by calculating the
recovery rate of individual elements relative to their total
weight, providing a detailed evaluation of their sustainabil-
ity impact. This underscores the importance of adopting a
product-centric approach to recycling.

As demonstrated in Table 11, comprehensive elemental
weights of the Battery cell NMC811 were meticulously
evaluated both before and after undergoing the recycling
process. This assessment allowed for the determination of
recovery rates. In accordance with proposals by [45], and as

N2 out Pyrolysis
4.8800kg

Black mass loss
0.0310kg

Ca(OH)2 _ Lisalt
0.1461kg 0.3058kg
NEI3  Filter cake 2
0.3490kg 0.1686kg
ipitati Filter cake 3
H20 precipitation _
0.4970kg o 0.0013kg
Precipitation
i 3.6221kg H20 out precipitation
1
3.4730kg : Sl
_ Filter cake 1 0.0130kg
0.8430kg

SankeyMATIC com

Fig. 6 Sankey diagram of material flows in NMCS811 LIB recycling, combining black mass production and hydrometallurgical leaching and

precipitation
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Table 11 Recyclability index from a product perspective showing the
overall recovery rate of all elements within the NMC811 battery cell

Element Weight in Battery Recovery Recov-
Cell (kg) weight ery
Rate

Cu 0.07 0.013 19.24
C 0.396 0.228 57.49
Al 0.05 0 0
Li 0.026 0.016 59.79
Ni 0.2 0.194 97.34
Mn 0.02 0.018 89.61
Co 0.021 0.021 98.03
Fe 0.056 0.038 68.3
P 0.006 0 0
F 0.04 0 0
Total 0.888 0.528 59.468

5 %

L A+++ G 2.
& ©,
L) ol
A++ &
A+ Recycling Index | ¢
59%
A D
B (©

Fig. 7 Recycling Efficiency Label for NMC 811 Battery Cell

shown in Fig. 7, leveraging this data could enable the devel-
opment of a product label that effectively communicates its
recycling efficiency or inefficiency. Such labeling not only
enhances consumer awareness but also promotes sustain-
able practices across the lifecycle of products.

To contextualize the obtained recovery performance
within the broader field of lithium-ion battery recycling, a
comparative analysis was conducted using literature data
for other cathode chemistries such as LFP, NMCI111, and
LCO. The recyclability index derived in this study (59.4%)
represents a mass-weighted aggregation of the element-
specific recovery rates reported in Table 11. Recent studies
indicate that optimized hydrometallurgical systems for LFP
batteries can achieve lithium recoveries above 90%, with
almost complete recovery of iron and phosphate fractions
[4, 9]. Similarly, NMC111 chemistries commonly report
lithium recovery between 80 and 95%, whle nickel and
cobalt recoveries exceeding 95% [36, 37], nd manganese

recovery remains close to 90%. For LCO cahodes, recover-
ies of both lithium and cobalt typically reach 90-98% [12].

In contrast, the lithium recovery in the present NMC811
system (=60%) is lower than these optimized benchmarks,
while the transition-metal recoveries (nickel, cobalt, man-
ganese) remain within a comparable range. This difference
arises mainly from the use of formic acid as an environmen-
tally benign leaching reagent, which provides lower disso-
lution kinetics than strong inorganic acids such as H2SO4
or HCI. Furthermore, the modeled process chain excluded
delamination and flotation steps, resulting in incomplete
liberation. The primary goal of this work was to establish
a design-for-recycling assessment framework based on
thermodynamic modeling and life-cycle analysis, rather
than to optimize the leaching performance. As mentioned
earlier, adding a delamination stage could raise the overall
recyclability from 59% to 71%, and further process opti-
mization may enhance recovery yields while maintaining
environmental compatibility.

5.2 Results Based on Rules and Guidelines

These rules and guidelines, provided by [42] establish a
comprehensive framework for the DfR of EoL NMCS811
LIBs. Accordingly, the following considerations have been
made:

a)  Product-specific and recycling system-specific: As
shown in Fig. 1, the designated recycling route, inte-
grating mechanical, physical, and chemical processes,
has been meticulously customized for the NMC811 bat-
tery cell, thereby establishing a distinctive recyclabil-
ity profile. This approach encompasses the efficient
recovery of lithium salt as a final product, while also
prioritizing the extraction of other valuable materials as
intermediate products.

b) Model and simulation quantification: As shown in
Fig. 2, the material and substance flow analysis was
developed using HSC Sim, while the equilibrium mode
for pyrolysis was done using FactSage. The integration
and computation of this information enable us to estab-
lish a robust simulation model.

c) Datain a consistent format: The generated data has been
meticulously presented in both weight (wt) and weight%
(wt%) formats to facilitate clear comprehension of mate-
rial flow dynamics. This approach ensures that stakehold-
ers involved in the DfR process for the NMC811 battery
cell can easily access and utilize the information. By inte-
grating these detailed metrics, the material flow through-
out the recycling process becomes transparent, allowing
for informed decision-making and optimization of recy-
cling strategies. The dataset is accessible under [46].

@ Springer
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Environmental impacts by process unit
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Fig. 8 LCA results for Global Warming Potential (kg CO:-eq), Acidification (mol H*-eq), Human Toxicity (kg 1,4-DCB-eq), Eutrophication (kg
POs-eq), and Abiotic Resource Depletion of minerals and metals (kg Sb-eq)

d) Identify and minimize the use of materials that will
cause losses and contamination: The Metal Wheel
diagram proposed by [34] serves as a comprehensive
tool for assessing the expected losses in various recov-
ery routes tailored for NMC811 battery cells. This dia-
gram not only highlights the potential losses associated
with each recovery pathway but also emphasizes the
importance of selecting appropriate routes to mitigate
these losses effectively. In this context, when choos-
ing a specific recovery route, it is anticipated that there
will be inherent losses. This study, therefore, under-
scores the significance of avoiding the combination of
incompatible materials during the recycling process.
By integrating these considerations, stakeholders can
make informed decisions aimed at optimizing recov-
ery efficiency while minimizing resource wastage and
environmental impact. The losses observed in the cho-
sen metallurgical recovery route are consistent with the
metallurgical wheel, indicating that different materials
are incompatible when processed together. Neverthe-
less, it doesn’t indicate process efficiency.

Design cluster or subunits in products that can be
easily removed and that match with the final treat-
ment: Unifying parts or designing clusters for pro-
cessing can significantly enhance recovery rates by
reducing contamination within the process. However,

@ Springer

this approach necessitates achieving a high libera-
tion rate. Processing the anode and cathode together
is expected to result in inevitable losses. This strategy
underscores the importance of targeted material recov-
ery to improve overall efficiency and reduce waste in
the recycling process.

Label: As shown in Fig. 6, a recycling label has been
developed to indicate the total recovery of materials
after the recycling process. This label provides a clear
indication of the product’s efficiency or inefficiency in
terms of recyclability. By showcasing the effectiveness
of the recycling process, the label serves as a valuable
tool for assessing the sustainability and environmental
impact of the product.

5.3 Life Cycle Assessment Results

Figure 8 shows the environmental impacts of each process-
ing stage across five categories: Global Warming Potential
(kg CO2-eq), Acidification (mol H*-eq), Human Toxicity
(kg 1,4-DCB-eq), Eutrophication (kg POs-eq), and Abi-
otic Resource Depletion (kg Sb-eq). The results, covering
the stages from cell cutting to lithium precipitation, high-
light the relative contribution of each process and enable
the identification of environmental hotspots for targeted
optimization.
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5.4 Design for Recycling Recommendations

Although the cell design developed and used in this proj-
ect is based on sustainability criteria, there is still room for
improvement. By analyzing the recycling process optimized
for the general design of these battery cells, key design fac-
tors influencing the required process steps and their effi-
ciency can be identified. A systematic evaluation of these
factors enables the proposal of design modifications with
significant potential to enhance material recovery, reduce
process complexity, and lower environmental impacts.

The Anode and Cathode Liberation Designing the bat-
tery cell with an easily dismountable casing would allow
for the direct processing of the anode, cathode, separator
foil, and electrolyte in a pyrolysis unit, yielding significant
environmental benefits after a single initial step. This design
modification results in a 17% reduction in Global Warming
Potential (GWP), a 14% reduction in acidification, a 26%
reduction in Human Toxicity, and a 13% reduction in eutro-
phication impact categories. Such a design facilitates more
efficient and environmentally friendly recycling processes
by enabling easier access to critical components.

The Binder Traditional binders like polyvinylidene fluoride
(PVDF) are soluble in a limited range of solvents, which
can complicate the recycling process. Alternative binders
that can disperse in water, such as carboxymethyl cellulose
(CMC) or styrene—butadiene rubber (SBR), present distinct
advantages. PVDF’s mechanical properties, such as hard-
ness and modulus of elasticity, deteriorate with age, nega-
tively impacting the electrode’s adhesiveness to the active
material. Exploring binders that do not require solvents or
even electrodes that forgo binders altogether could enhance
recycling efficiency and material recovery.

The Electrolyte Fluorine-containing components in used
batteries introduce additional processing complexities.
Incorporating a fluoride precipitation unit necessitates the
use of more reagents, complicating the recycling process.
Therefore, a defluorination of LIBs would be highly ben-
eficial. Implementing this approach would allow to remove
that step from the recycling process and thus result in a 19%
reduction in GWP, a 15% reduction in Acidification, a 27%
reduction in Human Toxicity, and a 14% reduction in Eutro-
phication of the recycling process and thereby significantly
improving the environmental footprint. Further one could
think of improvements of the recycling process that might
require design changes.

Delamination Separating the anode and cathode foil during
recycling can prevent copper (Cu) and aluminum (Al) from

becoming contaminants in hydrometallurgical processes. For
example, aluminum foils are susceptible to oxidation and
corrosion, which can introduce impurities during a froth flo-
tation process used for active particle separation. Including a
delamination process unit before physical and chemical pro-
cessing could, according to the model, enhance the recycling
index from 59% to 71%, ensuring cleaner and more efficient
material recovery. Literature reports delamination efficiencies
exceeding 99% for ultrasonic, water-based methods using mild
reagents [47, 48]. Although direct comparison with the EHF
route is limited by differing process maturity, this highlights
opportunities for future process integration. A delamination
unit was not tested in this project. To ensure effective delami-
nation performance, it may be necessary to incorporate surface
modifiers that facilitate delamination during the design phase.

Before Dismantling Proper discharge procedures are crucial
to avoid undesirable side reactions, such as anode dissolu-
tion into the electrolyte and the formation of copper den-
drites, which can contaminate material streams, including
the cathode. Low-voltage cells should be discharged using
a salt solution like NaCl or KCl to mitigate these issues,
thereby ensuring the integrity of the recycling process.
Design modifications at the cell level, including charge
indicators or sub-cell discharging contacts, as well as pro-
cess-related measures such as clearly defined discharging
procedures, could enhance the safe discharge of cells prior
to recycling. However, the impact of these modifications
cannot be quantitatively assessed within the scope of this
study due to the absence of data regarding process perfor-
mance with partially charged cells and the projected preva-
lence of such cells in the recycling stream.

Before Leaching Incorporating a froth flotation process for
active particle separation after implementing these recom-
mendations can significantly enhance material recovery
[35]. This process facilitates the separation of carbon (C)
from the black mass, increasing the recovery of anode mate-
rial and boosting the recycling index to 90%. In this scenario,
it is crucial to use an alternative binder type, as the binder
used in the anode can reharden after pyrolysis, leading to the
formation of non-selective agglomerates. This consideration
is essential for optimizing the recycling process and ensuring
the highest possible material recovery rates.

6 Conclusion

Prioritizing sustainability in lithium-ion battery design
greatly enhances their recyclability. Easily dismount-
able casings enable direct processing of key components,
achieving a 19% reduction in Global Warming Potential
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and substantial decreases in Acidification, Human Tox-
icity, and Eutrophication. Utilizing water-dispersible
binders and eliminating fluorine in electrolytes simplify
recycling and lower toxicity. Implementing a delamination
step improves material purity and increases the recycling
index from 59% to 71%, while proper discharge proce-
dures and froth flotation can boost recovery rates to 90%.
Several design improvements however are only effective,
when the recycling process is applied exclusively to the
improved design and adapted accordingly. Design for
recycling and design for sustainability aren’t just about
product design; they also necessitate examining the design
of all related processes, such as collection and recycling.
These sustainable design principles and optimized recy-
cling steps facilitate a circular economy for lithium-ion
batteries, minimizing resource use and environmental
harm while maximizing material recovery and recyclabil-
ity. Based on these considerations, it is concluded that
minor design modifications and further integrated optimi-
zation of both the design and recycling processes could
substantially enhance the overall life cycle performance
of the system through a systematic design-for-recycling
approach, including targeted improvements within indi-
vidual process units.
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