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Abstract

The rapid expansion of lithium-ion battery (LIB) usage across consumer electronics, elec-
tric vehicles, and energy storage systems intensifies the demand for sustainable end-of-life
management. Driven by the global shift towards decarbonisation and electrification, the
production and deployment of LIBs have grown exponentially, raising urgent concerns
regarding the environmental and economic consequences of improper disposal. The com-
position of LIBs is complex and contains potentially hazardous components, including
flammable electrolytes and critical raw materials such as cobalt, nickel, manganese, and
lithium, the recovery of which is essential to reduce environmental burdens and limit de-
pendence on primary resources. Therefore, developing effective recycling strategies is key
to resource conservation, environmental protection, and establishing a circular economy.

While downstream recycling techniques, such as pyrometallurgy, hydrometallurgy,
and direct recycling, have received significant attention in research, their performance
is strongly influenced by the quality of input materials, which is shaped mainly during the
pre-treatment phase. Despite the recognised importance of pre-treatment, there is still lim-
ited comprehensive insight into this stage, particularly regarding safety, cost-effectiveness,
and environmental impacts. Further optimisation of operations such as sorting, discharg-
ing, disassembly, and material separation is recommended to ensure high-quality outputs
and safe processing conditions, thereby enabling efficient downstream recovery and min-
imising material losses.

This dissertation addresses these challenges by evaluating and improving pre-treatment
strategies through experimental research and sustainability assessment. Three key areas
are examined: (i) the safe and efficient electrochemical discharging of LIBs using aqueous
solutions; (ii) the enhancement of black mass quality via the optimisation of recycling
pre-treatment steps; and (iii) the environmental and economic performance of selected
pre-treatment approaches, with a regional focus on the Czech Republic. Methodologies
include experimental trials, life cycle assessment, and cost-benefit analysis. The expected
contribution of this work lies in delivering a comprehensive, process-level understanding
of pre-treatment and its role in improving the efficiency, safety, and sustainability of LIB
recycling. This research supports regulatory compliance, fosters circularity, and informs
the development of scalable recycling infrastructure aligned with EU goals.

Keywords: Lithium-Ion Battery Recycling, Recycling Pre-Treatment, Electrochemical
Discharging, Black Mass Quality, Sustainability, Resource Recovery, Circular Economy.

v



Anotace (in Czech)

Rychlý rozvoj využ́ıváńı lithium-iontových bateríı např́ıč oblastmi spotřebńı elektron-
iky, elektromobility a energetických úložǐsť výrazně zvyšuje potřebu jejich udržitelného
nakládáńı na konci životnosti. V d̊usledku globálńıho posunu směrem k dekarbonizaci
a elektrifikaci docháźı k prudkému nár̊ustu výroby a použ́ıváńı lithium-iontových ba-
teríı, což vyvolává obavy ohledně environmentálńıch a ekonomických dopad̊u z jejich ne-
správné likvidace. Složeńı lithium-iontových bateríı je komplexńı a obsahuje i potenciálně
nebezpečné složky, včetně hořlavých elektrolyt̊u a kritických surovin, jako jsou kobalt,
nikl, mangan a lithium. Jejich efektivńı zpětné źıskáváńı je kĺıčové pro sńıžeńı ekologické
zátěže a omezeńı závislosti na primárńıch zdroj́ıch. Proto je nezbytný rozvoj účinných re-
cyklačńıch strategíı, které umožńı ochranu životńıho prostřed́ı, zachováńı zdroj̊u a přechod
k cirkulárńımu bateriovému hospodářstv́ı.

Ačkoli byla metodám následného zpracováńı, jako je pyrometalurgie, hydrometalurgie
či př́ımá recyklace, věnována značná pozornost, jejich efektivita je výrazně ovlivněna kval-
itou vstupńıho materiálu, která je formována předevš́ım během recyklačńı předúpravy.
Navzdory d̊uležitosti této fáze z̊ustává jej́ı komplexńı pochopeńı stále omezené, zejména
pokud jde o otázky bezpečnosti, ekonomické efektivity a environmentálńıch dopad̊u.
Pro dosažeńı kvalitńıch výstup̊u a zajǐstěńı bezpečných pracovńıch podmı́nek je proto
doporučována daľśı optimalizace jednotlivých krok̊u, jako je tř́ıděńı, vyb́ıjeńı, demontáž
a separace jednotlivých materiálových složek.

Tato disertačńı práce se zaměřuje na výzkum a zefektivněńı proces̊u recyklačńı před-
úpravy prostřednictv́ım experimentálńıho ověřováńı a hodnoceńı udržitelnosti. Řešené
jsou tři kĺıčové oblasti: (i) bezpečné a efektivńı elektrochemické vyb́ıjeńı lithium-iontových
bateríı za použit́ı vodných roztok̊u, (ii) zlepšeńı kvality výstupńı černé hmoty s po-
moćı optimalizovaných krok̊u recyklačńı předúpravy a (iii) environmentálńı a ekonomické
hodnoceńı vybraných př́ıstup̊u předúpravy se zohledněńım podmı́nek České republiky.
Použité metody zahrnuj́ı laboratorńı experimenty, analýzu životńıho cyklu a ekonomické
zhodnoceńı náklad̊u a př́ınos̊u. Př́ınos práce spoč́ıvá v detailńım porozuměńı roli re-
cyklačńı předúpravy při zvyšováńı efektivity, bezpečnosti a udržitelnosti proces̊u zpra-
cováńı odpadńıch lithium-iontových bateríı. Výsledky podporuj́ı směr platné bateriové
legislativy, přisṕıvaj́ı k pośıleńı cirkulárńıho hospodářstv́ı a poskytuj́ı podklady pro rozvoj
škálovatelné recyklačńı infrastruktury v souladu s ćıli EU.

Kĺıčová slova: recyklace lithium-iontových bateríı, recyklačńı předúprava, elektrochemické
vyb́ıjeńı, kvalita černé hmoty, udržitelnost, źıskáváńı zdroj̊u, cirkulárńı ekonomika.
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Introduction

Lithium-ion batteries (LIBs) have signi�cantly reshaped the energy storage landscape, be-
coming indispensable for modern society [1]{[3]. Their high energy density, relatively long
cycle life, and decreasing costs have made them the dominant power source for a vast array
of applications [4], ranging from portable consumer electronics (CECs) like smartphones
and laptops to large-scale systems such as electric vehicles (EVs) and stationary battery
energy storage systems (BESSs) [5]{[8]. The global transition towards electri�cation, espe-
cially in transportation, and the integration of intermittent renewable energy sources into
power grids drive exponential growth in LIB production and deployment [9]{[11]. This
surge represents a global commitment to cleaner energy technologies, but it also presents
a critical challenge of sustainably managing the increasing volume of end-of-life (EOL)
LIBs [12]{[15].

With the growing number of EOL LIBs, developing and implementing e�cient, safe, and
economically viable recycling technologies has become essential. Improper handling or dis-
posal of spent batteries can release hazardous substances such as heavy metals or 
ammable
electrolytes, posing serious environmental and safety risks [16]{[18]. At the same time, LIBs
contain valuable and non-renewable materials like lithium, cobalt, nickel, manganese, cop-
per, and aluminium [4]. Their recovery can signi�cantly reduce the need for primary raw
material extraction, which is often associated with geopolitical instability, environmental
degradation, and human rights concerns [19], [20]. From both ecological and economic
standpoints, advanced recycling strategies support resource conservation and waste re-
duction, enhance supply chain resilience, and contribute to developing a circular battery
economy, which is essential for a sustainable energy transition [21]{[24].

To address these issues, regulatory frameworks are tightening. A key example is the
Battery Regulation (EU 2023/1542) [25], which sets mandatory targets across the battery
lifecycle, from raw material sourcing to EOL management. For LIBs, it mandates minimum
recovery rates for critical materials, such as 50% lithium by 2027, 80% by 2031, and 90%
cobalt, copper, lead, and nickel by 2027, increasing to 95% by 2031. The new Battery
Regulation also sets overall recycling e�ciency targets of 65% by 2025 and 70% by 2030,
as illustrated in Fig. 1 [25]. These regulations re
ect the growing societal and political
will to boost recycling e�ciency and drive the urgent need for technological innovation
in battery recycling, especially in the pre-treatment phase.

While metallurgical processes, such as pyrometallurgy, hydrometallurgy, or direct re-
cycling, are essential for the recovery of puri�ed materials, their e�ciency depends heav-
ily on the quality of the input, which is determined during pre-treatment [17], [26]{[29].
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Figure 1: Timeline of key milestones from the Battery Regulation (EU 2023/1542), focusing
on circular economy aspects [25].

This preparatory stage encompasses various physical and chemical operations that make
EOL batteries safer to handle and prepare for downstream recovery [30]{[32]. Its primary
function is to convert complex and potentially hazardous battery waste into more uniform,
safer, and material-enriched input streams suitable for e�cient downstream processing
[27], [30]. Pre-treatment typically includes battery sorting, discharging to eliminate resid-
ual charge and prevent short circuits, disassembly to module or cell level, and mechanical
processing (e.g., shredding, crushing) as illustrated in Fig. 2 [30], [33], [34]. This is followed
by separation processes, such as sieving, magnetic separation, and density-based sorting,
to isolate components like steel casings, aluminium and copper foils, plastics, and electrode
powders [35]{[37]. Optional steps like thermal or chemical treatments may be applied to
remove volatile compounds, increase purity, and improve metal recovery [30], [34]. A cru-
cial product of pre-treatment is a �ne powder referred to as \black mass" (BM), which
consists mainly of active electrode materials, including lithium, cobalt, nickel, manganese,
and graphite, along with residual electrolyte, binders, and conductive additives [30]{[33].
The composition and quality of BM depend on the e�ciency of upstream operations and
signi�cantly impact the cost and performance of subsequent recycling [38].

Designing e�ective recycling pre-treatment processes involves balancing safety, eco-
nomic viability, and environmental sustainability. Even in their EOL state, LIBs may con-
tain residual charge and chemically reactive materials, posing explosion risks [18], [39]{[41].
While stable under normal conditions, mechanical damage or poor handling can release

ammable electrolytes, heavy metals, or toxic gases [16], [39], [42]. Processing must occur
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in controlled environments to mitigate these risks, with proper ventilation, personal pro-
tective equipment, and safe discharging protocols [42], [43]. Economics also plays a key
role: pre-treatment involves capital expenditure and operation costs (e.g., energy, labour,
maintenance, waste management) [44]. Material loss during pre-treatment can reduce eco-
nomic returns, so maximising recovery, minimising energy use, and reducing waste are
essential for pro�tability [44], [45]. Enhancing overall economic performance also encour-
ages further investment and scale-up. Sustainable pre-treatment aims to increase the yield
of secondary raw materials, reduce environmental harm, and support a circular battery
value chain [29], [45]{[47].

Figure 2: The scope and sequence of lithium-ion battery end-of-life treatment, including
recycling pre-treatment, recycling processes, and second life application.

While recovery processes like pyrometallurgy and hydrometallurgy have garnered sig-
ni�cant attention, the pre-treatment stage of LIB recycling remains comparatively under-
explored. There is limited experimental data on safe and scalable sorting [7], [48], [49],
disassembly [48], [50], [51], discharging [52]{[55], mechanical processing [56], [57], sepa-
ration [32], and post-treatment methods, particularly regarding their environmental and
economic impacts [29], [58]. This dissertation addresses these gaps by focusing on pre-
treatment, its in
uence on the quality of recovered materials, and the feasibility of di�erent
recycling approaches. The main objective is identifying and assessing strategies that im-
prove safety and material recovery e�ciency while minimising the associated environmental
and economic burdens. Accordingly, this work aims to support preparing high-quality in-
termediate materials tailored for subsequent recycling processes, including pyrometallurgy,
hydrometallurgy, and direct recycling.
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The research addresses three main thematic areas, each re
ecting a critical aspect of the
LIB recycling pre-treatment process. The overarching objective is to comprehensively
understand and assess how pre-treatment can improve process safety, material recovery,
and sustainability in LIB recycling. Each thematic area is structured around a speci�c
research objective:

ˆ Electrochemical discharging of batteries : The �rst objective is to evaluate
the feasibility and e�ectiveness of aqueous discharging methods across di�erent bat-
tery chemistries. This part investigates the e�ect of aqueous salt solutions on the dis-
charging e�ciency, aiming to reduce environmental risks (e.g., electrolyte leakage,
wastewater contamination) and minimise material losses. Additionally, the goal
is to assess operational challenges and explore hazard mitigation strategies, pro-
viding a balanced view of industrial applicability and process sustainability. Special
attention is given to the potential of non-invasive discharging concepts and their com-
parability to conventional methods regarding safety, e�ectiveness, and compatibility
with downstream recycling processes.

ˆ Enhancement of BM quality through pre-treatment steps : The second ob-
jective is to identify and experimentally validate improvements in pre-treatment that
enhance the quality and consistency of BM. This section focuses on improving key
processing steps, including battery sorting, disassembly, and environmentally sus-
tainable separation techniques. Furthermore, this part aims to re�ne thermal condi-
tioning to increase the purity and homogeneity of recovered fractions.

ˆ Evaluation of environmental and economic performance of recycling pre-
treatment strategies : The third objective is to assess the sustainability of selected
pre-treatment pathways using life cycle assessment and techno-economic analysis.
This part intends to quantify material and energy 
ows, identify major environmen-
tal impact contributors, and evaluate region-speci�c conditions relevant to Central
European recycling infrastructure, particularly in the Czech Republic.

The expected contribution of this work is a detailed, process-level evaluation of LIB
recycling pre-treatment strategies, grounded in experiments and sustainability metrics.
This dissertation aims to support the development of safer, more e�cient, and scalable
recycling solutions within a circular battery economy by addressing the de�ned objectives.

4



Chapter 1

Study of Electrochemical
Lithium-Ion Battery Discharging

The safe and e�cient EOL management of LIBs presents a signi�cant challenge for sustain-
able battery recycling. A critical aspect of this process is removing residual charge during
the recycling pre-treatment, which helps mitigate the dangers of short circuits, thermal run-
away, and explosion hazards during transport, storage, and processing [59]{[61]. To min-
imise these risks and ensure the safety and e�ciency of subsequent recycling steps, includ-
ing mechanical processing such as crushing and shredding [62], [63], generally speaking,
the LIBs should ideally undergo a deep discharge to below 2.5 V per cell, with a preferred
safety threshold under 1 V. This process induces irreversible electrochemical degradation
in the cathode active material, leading to structural changes that prevent the battery from
regaining charge and thereby further enhancing safety [64], [65].

Various strategies have been explored for the safe and controlled discharge of LIBs.
Active dischargers, typically used for EV batteries, allow for energy recovery and precise
control of the discharge process. On the other hand, passive methods, such as freezing
batteries with liquid nitrogen [59], [66] or processing them in inert atmospheres [67]{[69],
have been investigated to reduce thermal and electrical hazards. However, economic and
logistical constraints hinder the widespread implementation of these methods [60].

Electrochemical discharge in aqueous salt solutions is one of the most widely applied
methods for CECs due to its relative simplicity, scalability, and e�ectiveness in reduc-
ing residual voltage before mechanical processing [55], [70]{[74]. Although this method has
been studied for over 20 years [75] and is generally regarded as e�ective, recent research has
identi�ed several challenges, such as incomplete discharge, voltage rebound, and corrosion
induced by discharging media, leading to contamination [53], [54], [73], [76]. Addition-
ally, inconsistencies in discharge e�ciency across di�erent solutions raise concerns about
the reliability of this approach, especially when considering the increasing variety of waste
battery compositions, both current and future [52], [59].

Addressing the limitations of electrochemical discharge methods, such as incomplete
discharge, voltage rebound, and contamination, is essential for advancing LIB recycling.
Therefore, ongoing research e�orts focus on improving the e�ciency and environmental
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compatibility of discharge processes for CECs. This involves a twofold approach: op-
timising existing electrochemical techniques to overcome known drawbacks and exploring
alternative discharge strategies that o�er similar performance without these disadvantages.
These innovations aim to deliver safe, scalable, and sustainable solutions for CECs. In-
tegrating such improved discharge methods into industrial recycling work
ows is crucial
for promoting circular economy principles, and the development of standardised, scalable
procedures will support greater resource e�ciency and safety within the transition to a low-
carbon energy system.

1.1 Author's Contribution to This Research Field

Electrochemical discharging, while widely used, presents several challenges, particularly
regarding its environmental impact and economic e�ciency. This work addresses these
issues by studying discharging processes to improve discharge e�ciency and sustainability.
It examines the environmental and safety concerns associated with the electrochemical
discharging techniques and the economic implications of material losses. It highlights
the need for better waste management strategies and more cost-e�ective approaches to
LIB recycling.

The contributing study [C1] investigated the process e�ciency and environmental per-
spective of sodium chloride (NaCl) solution discharging. Speci�cally, the analysis involved
an e�ciency evaluation for varying solution concentrations (5 wt.% and 10 wt.%) for cylin-
drical LIB cells in both nickel-manganese-cobalt oxide (NMC) and lithium-iron-phosphate
(LFP) chemistries, with capacities ranging from 1.5 to 5 Ah, in their original shipped
or fully charged state. The study assessed the e�cacy of NaCl solutions in achieving dis-
charge to a safe voltage limit of 0.75 V within a 24-hour timeframe, proving this process
as a suitable pre-treatment step for ensuring the safety of subsequent recycling stages.
All tested cells were discharged to the target voltage limit. However, it was observed that
the discharge was primarily driven by cell reaction-based contact damage, leading to the
battery contents' leakage into the solution, as illustrated in Fig. 1.1.

A detailed characterisation of the resultant waste solutions revealed the presence of haz-
ardous volatile organic compounds, including carbonic acid esters, methyl salicylate, and
propanoic acid esters, identi�ed via Gas Chromatography-Mass Spectrometry (GC-MS).
Furthermore, Inductively Coupled Plasma-Optical Emission Spectrometry (ICP-OES) de-
tected a high proportion of metals within the wastewater medium, which could lead to
potential economic and material losses with improper treatment. This work highlights
the necessity of implementing rigorous waste management protocols in LIB recycling to
mitigate the environmental risks associated with hazardous by-products. It emphasises
the importance of integrating e�cient discharge processes with responsible waste manage-
ment. It underscores the potential for valuable metal recovery through techniques such
as hydrometallurgy, contributing to a more sustainable closed-loop recycling process.

In work [C2], which builds upon previous research [C1], the further challenges associated
with the electrochemical discharging of other cylindrical LIB cells were studied in detail.
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Figure 1.1: Electrochemical discharging of cylindrical LIB cells. Illustration of (a) initial
discharging reactions; (b) solution after 14-hour discharging procedure, with reacted and
released cell contents; (c) visible damage to the battery contact caused by the discharging
process. Further details are provided in works [C1] and [C2].

This work focused exclusively on 18650 cells in their original shipped state, covering three
chemistry types: LFP, NMC, and nickel-aluminium-cobalt (NCA), which were exposed
to aqueous solutions of NaCl, sodium hydroxide (NaOH), and sodium nitrate (NaNO3),
with concentrations ranging from 5 to 30 wt.%. The analysis involved characterising the
discharging process and examining the quantity and composition of the mass released from
these cells due to cell contact damage. Discharging was achieved for all battery types to
a voltage limit below 1 V, as shown in Fig. 1.2. However, for all treated cells, discharging,
which led to the leakage of battery contents into the discharging solutions, occurred again.

Notably, NCA cells showed the highest percentage of mass release, with the most sig-
ni�cant battery content release occurring when using 30 wt.% NaCl solutions. Thus, for
this scenario, potential economic losses were estimated based on the released quantities of
nickel, copper, aluminium, iron, and manganese. The results indicated total metal material
cost losses ranging from$190 to$1,560 per tonne of treated NCA LIB cells. This result un-
derscores the importance of implementing e�ective waste management strategies to reduce
material losses and enhance the recovery of valuable metals, thereby supporting a more
sustainable approach to LIB recycling.

The following study [C3] expanded on previous research on electrochemical discharg-
ing [C1, C2] by focusing on the safety risks and environmental hazards of the wastewater
generated during the EOL treatment processes. Previous studies primarily examined cylin-
drical cells, where di�erent solutions were used for electrochemical discharging to achieve
a safe voltage threshold. However, these studies did not fully address the toxic components
in the wastewater, which included organic solvents from the electrolyte, thereby providing
valuable insights into the environmental risks associated with their recycling.
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Figure 1.2: Example of discharging pro�les measured for lithium nickel-cobalt-aluminium
oxide (NCA) battery cells, electrochemically discharged in NaCl, NaOH, and NaNO3 solu-
tions at concentrations of 5 wt.% (dashed lines) and 30 wt.% (solid lines).© 2024 IEEE.
Reprinted with permission from [C2].

This work thoroughly examines the released substances, including metals and elec-
trolyte components, by analysing the water-based crushing of deeply discharged pouch
NMC cells (3.65 V, 78 Ah). The analysis revealed that while the initial contamination
was substantial, particularly the electrolyte, repeated water 
ushing signi�cantly reduced
the pollutant concentrations, with the �rst 
ush proving most e�ective. This �nding
suggests that pre-
ushing cells after discharging, before further processing (e.g., crushing
or storage), could be an e�ective strategy for reducing the release of harmful substances.
These insights emphasise that pursuing safer and more sustainable discharge methods must
be a central focus of LIB recycling research.

An alternative approach to conventional electrochemical discharging was developed
as part of this doctoral research. This method is based on non-electrochemical discharg-
ing principles and is described in detail in a Czech national patent [P1]. The core idea
is to discharge LIB cells by generating a short-circuit current through conductive metal
fragments dispersed in a cooling liquid, directly connecting the electrode terminals. This
allows for rapid voltage reduction without mechanical damage to the cell casing and with-
out releasing battery materials or electrolyte into the surrounding medium. LIB cells at
approximately 30% state-of-charge (SOC) typically drop below 1 V within 30 minutes and
often below 0.5 V within 15 minutes. Complete discharging (with no signi�cant voltage
rebound e�ect) is achieved by discharging the cells for a longer period, typically at least
15 hours for cells at 30% SOC, 5 hours for EOL cells, and 18 hours for fully charged
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cells. This leads to a �nal stabilised voltage below 1 V after 24 hours of regeneration.
The entire process occurs without thermal runaway, sparking, or internal short-circuiting.
The achieved �nal voltage level is considered safe for subsequent recycling steps, such as
crushing and shredding, and the method provides a comparable or even superior discharg-
ing performance to conventional electrochemical methods. Its non-invasive nature, safety,
and scalability make it a highly promising pre-treatment method for battery recycling.

Comparative experiments using GC-MS analysis were conducted to evaluate cell in-
tegrity and the degree of contamination in the cooling and discharging media, as illustrated
in Fig. 1.3.

Figure 1.3: Comparison of chromatograms of discharging solution (electrochemical method)
and coolant samples (non-electrochemical discharging method) from cylindrical lithium-ion
battery cells (HW 22650-3M, 3.7 V, 2600 mAh, PA15).

Coolant samples, based on deionised water in High-Performance Liquid Chromatogra-
phy (HPLC) gradient grade, obtained through this alternative discharging method using
iron �lings derived from metal machining as the short-circuiting medium, were compared
to those from conventional electrochemical discharging in 10 wt.% NaCl solution. Due
to the machining origin of the �lings, residues of cutting oil, speci�cally antiwear agents
such as dicyclohexylamine, and long-chain alkanes (around C20) were observed in the
coolant [77], [78]. The absence of key electrolyte components such as dimethyl carbon-
ate (DMC), ethyl methyl carbonate (EMC), and diethyl carbonate (DEC) [4], [43], [79] in
the coolant con�rmed that no electrolyte leakage occurred, thereby preserving cell integrity
throughout the process. In contrast, these carbonate solvents were consistently detected
in electrochemically discharged samples, indicating electrolyte release and potential cell
rupture. Furthermore, speci�c degradation products, such as ethanol (a decomposition
product of carbonate solvents), were exclusively detected in electrochemical discharging
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solution samples [43]. The presence of ethene-(2-methoxyethoxy)-, commonly found in 
ux
agents, was also observed [79]. The rest of the compounds, identi�ed from biphenyl on-
wards, likely represent plasticisers leaching from battery casing materials [77], [79]. Impor-
tantly, despite its non-invasive nature, the non-electrochemical method achieved complete
discharging within a timeframe comparable to conventional approaches. The partial or
complete elimination of dicyclohexylamine and alkanes in the coolant could be improved
by pre-washing the iron �lings with a solvent such as propanol before the discharging
procedure. This demonstrates that the approach provides superior environmental and
operational safety while matching the functional performance of traditional electrochem-
ical discharging. It therefore represents a highly promising and practical alternative for
industrial battery recycling work
ows.

1.2 Conclusions and Perspectives

Electrochemical discharging in aqueous media has proven e�ective for lowering the resid-
ual voltage of LIBs. However, the �ndings also highlight several environmental and cost-
related concerns linked to its implementation. The release of volatile organic compounds
and elevated concentrations of metals into wastewater during the discharging process raises
signi�cant concerns regarding the safe management of liquid e�uents. Additionally, the in-

uence of battery chemistry, state of charge, and solution concentration on the discharging
e�ciency indicates a need for further optimisation to avoid material losses and ensure con-
sistency across di�erent LIB types. The e�ectiveness of post-discharge treatments, such
as water 
ushing, has been demonstrated in mitigating the environmental risks linked to
harmful substances and thus represents a viable measure to improve process safety and
reduce the overall environmental burden.

These results emphasise the importance of incorporating e�ective and controllable dis-
charging strategies into the broader framework of sustainable LIB recycling. Developing
discharge protocols that minimise environmental impact while maintaining material in-
tegrity for downstream recovery is essential to ensure alignment with circular economy
objectives. Integrating tailored electrolyte removal approaches, improved 
ushing tech-
niques, and robust waste handling procedures will be necessary to reduce secondary con-
tamination and support the recovery of valuable components. In this context, the novel
non-invasive method demonstrated here proves particularly advantageous, as it preserves
cell structure and avoids electrolyte leakage, reducing the need for additional puri�cation
steps in subsequent processing.

Future work should prioritise re�ning discharging methodologies to enable safer, scal-
able, and more environmentally benign alternatives to existing practices. This includes ex-
ploring non-aqueous or solvent-free approaches and evaluating process conditions that may
facilitate the selective removal of reactive components without compromising the integrity
of valuable materials. Furthermore, targeted development of wastewater treatment strate-
gies with integrated resource recovery, particularly for metals and organic compounds, may
signi�cantly improve the process's economic viability and environmental performance.
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Chapter 2

Improvement Strategies for Black
Mass Quality Optimisation

The quality of BM in LIB recycling is directly in
uenced by the e�ciency of pre-treatment
processes, such as sorting, discharging, dismantling, comminution, classi�cation, sep-
aration, and additional post-processing methods, including chemical leaching or high-
temperature treatment [30]. These steps determine the �nal composition and purity
of the BM, making their optimisation crucial for enhancing metal recovery rates and achiev-
ing high-quality products [24], [27], [30], [38].

Battery sorting, based on both battery architecture and material composition, ensures
that materials are processed more e�ciently and that the BM has a more controlled and
predictable composition [17], [30]. However, the main challenge lies in developing sort-
ing systems that can accurately and quickly classify LIBs based on their speci�c chem-
ical makeup [7], [48]. Inaccurate or poorly managed sorting can lead to contamination
of the BM with unwanted materials, such as plastics or other metals, which degrade its
quality and may require more complex and resource-intensive separation steps to achieve
the desired purity [29], [49].

The type of discharging process used, as discussed in Chapter 1, can also in
uence the
�nal composition of the BM. Electrochemical discharging methods can introduce residual
salts or reaction byproducts, which may alter the chemical composition of the recovered ma-
terials [54], [73], [74]. Optimising these discharging methods is crucial to minimising such
contaminants, enhancing process safety, and ensuring the purity consistency of the BM.

Dismantling, both manual and automated, represents a crucial step in
uencing the ef-
�ciency of subsequent treatments [27], [30]. Manual dismantling can o�er a degree of pre-
cision in component separation, but is prone to human error, making it less reliable
in large-scale operations [51]. On the other hand, automated dismantling systems pro-
vide higher throughput and can be calibrated in operation to optimise separation ef-
�ciency [50], [51], [80]. However, poorly executed dismantling processes may result in
non-target materials remaining in the BM, which can adversely a�ect the overall qual-
ity of the material and reduce the e�ectiveness of subsequent recovery stages [48], [51].
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The comminution process, which involves crushing and grinding, is critical for liber-
ating electrode materials from current collectors and preparing the BM for subsequent
recovery [30], [63]. However, excessive or improper comminution can lead to an ine�-
cient separation of materials and result in the loss of valuable components [56]. Achieving
the optimal balance between energy consumption, particle size reduction, and e�ective
material separation is essential for maintaining the quality of the BM [56], [57], [81].
The selection of appropriate classi�cation techniques further in
uences the composition
of the recovered products, ensuring that valuable materials are preserved for e�ective re-
covery [29], [56], [58].

Additional post-processing methods play a vital role in re�ning the composition
of the BM and improving the e�ciency of direct metal recovery [30]. Chemical leach-
ing selectively dissolves speci�c components, facilitating the separation of valuable met-
als while minimising impurities [34], [82], [83]. High-temperature treatments, including
pyrolysis or thermal decomposition, can further aid in removing organic binders and
residual electrolytes, reducing contamination and enhancing the purity of recovered met-
als [23], [82], [84], [85]. Integrating these methods into the recycling pre-treatment process
structure is essential for achieving high recovery yields and ensuring that the extracted
metals meet the required requirements for reuse in battery manufacturing [85].

Ensuring e�cient pre-treatment processes in LIB recycling is essential for achieving
high-quality BM and optimising subsequent metal separation [30], [85]. Careful control of
each step|from sorting to additional treatments|minimises the loss of valuable materials
and reduces the energy and material demands of the entire process [17], [23], [45]. A system-
atic approach to these technologies directly impacts recycling practices' economic and envi-
ronmental sustainability, paving the way for their broader industrial application [47], [85].

2.1 Author's Contribution to This Research Field

Technological advancements play a crucial role in minimising contamination and enhancing
the purity of BM, ultimately improving metal recovery e�ciency in LIB recycling. This
work contributes to developing optimised pre-treatment strategies, emphasising their role
in re�ning material separation and maximising recovery yields. By integrating innovative
approaches to sorting, dismantling, material characterisation, separation and additional
treatments, this research advances the �eld toward more e�ective and sustainable LIB
recycling processes.

Conventional four-step pre-treatment approaches are increasingly considered inade-
quate for addressing contemporary industrial demands. As highlighted in a comprehensive
review of LIB recycling technologies [J1], the pre-treatment phase is a critical factor in-

uencing overall process e�ciency and economic viability. This review addresses a more
encompassing seven-step process, encompassing battery discharging, dismantling, com-
minution, classi�cation, separation, dissolution, and thermal treatment, to better align
with current industrial practices. The selection of processing methods at each stage gov-
erns the yield and composition of the resulting BM, thereby exerting a cascading e�ect
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on the e�ciency of downstream recovery steps. These steps are essential, as the compo-
sition and properties of the BM greatly in
uence the e�ciency of the subsequent metal
recovery processes.

To address the need for e�cient material characterisation in optimising BM quality,
the [C4] study presented a methodology for LIB cells' comprehensive, rapid, cost-e�ective,
and accurate material composition survey. This work, focusing on cylindrical (18650)
cells with NCA and NMC chemistries, employed manual disassembly followed by detailed
chemical analysis using Scanning Electron Microscopy (SEM) with Energy-Dispersive X-
ray Spectroscopy (EDS). The presented approach enabled the precise determination of
battery component proportions and the chemical composition of various cell parts, includ-
ing the cathode, anode, separator, and metal casing.

The resulting step-by-step protocol facilitates the acquisition of essential chemical and
material parameters, evaluates recycling potential and provides critical data for develop-
ing advanced robotics and automation in recycling processes. This outcome can lead to
accelerated and more precise battery sorting, ultimately improving the quality of BM and
other outputs, such as battery casings and current collectors.

Further research [C5] investigated the initial steps of the recycling pre-treatment proce-
dure for the EOL battery electric vehicle (BEV) LIB module (29.36 V, 6.85 kWh, in deeply
discharged state). This work detailed the module-to-cell disassembly process and the ma-
terial analysis of its components. The methodology included a manual disassembly ap-
proach, as illustrated in Fig. 2.1, followed by Electrochemical Impedance Spectroscopy
(EIS) and Cyclic Voltammetry (CV) to characterise the cell's discharge state. X-ray Flu-
orescence (XRF) and X-ray Di�raction (XRD) were employed to determine the material
composition of the battery cell components, focusing on the proportions of valuable metals.

Figure 2.1: Illustration of lithium-ion battery module disassembly. Further details are
provided in works [C5] and [J2].

The �ndings highlight the complexities involved in the manual disassembly module
process, contributing to a re�ned understanding of the steps necessary for process optimi-
sation and automation, which is crucial for improving the e�ciency of subsequent material
recovery in LIB recycling.
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Recognising the limitations of conventional methods in achieving e�cient and environ-
mentally friendly separation, the ultrasonic-assisted technique has been explored in [C6]
as a promising pre-treatment option for sustainable material recovery. This study demon-
strates the e�ectiveness of ultrasonic separation for detaching electrode materials from
NMC 622 pouch cells using various solvents, including ethanol, acetone, isopropyl alcohol,
N-Methyl-2-pyrrolidone (NMP), and distilled water, achieving separation e�ciencies as
shown in Fig. 2.2. Among these, distilled water yielded high detachment rates (69.4% for
the positive electrode, 72.6% for the negative electrode) while o�ering signi�cant environ-
mental bene�ts. As a non-toxic and non-
ammable solvent, it reduces chemical waste and
eliminates the need for energy-intensive solvent recovery processes.

Figure 2.2: A comparison of the process e�ciencies in ultrasonic-assisted material sepa-
ration of lithium-ion battery pouch cell electrodes using di�erent solvents. NMP = N-
Methyl-2-pyrrolidone. The terms 'cathode' and 'anode' refer to the positive and negative
electrodes following the battery's discharging process [4]. Further details are provided in
the work [C6].

However, the study also reveals challenges in scaling up the process for industrial ap-
plications, speci�cally a reduction in separation e�ciency with increased sample loads,
which calls for optimised agitation and solvent delivery systems. The �ndings underscore
the potential of ultrasonic separation to contribute to more environmentally friendly and
e�cient LIB recycling, provided that further research and engineering solutions address
the scalability and throughput limitations for industrial adoption.

Furthermore, a detailed material characterisation of deeply discharged pouch LIB
cells (3.65 V, 78 Ah) from a BEV was presented in [J2]. The work detailed the mate-
rial composition of the NMC 622 battery cell, including a LiNi0:6Co0:2Mn0:2O2 cathode
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on an aluminium current collector, a graphite anode on a copper foil, a polyethylene
(PE)/ polyvinylidene 
uoride (PVDF) polymer separator, and a lithium hexa
uorophos-
phate (LiPF6) salt electrolyte with a 1:3 ratio in primary solvents DMC and DEC. The
characterisation involved a series of X-ray and infrared spectroscopy (IRS) measurements,
and GC-MS coupled with ICP-OES to analyse the electrolyte solution. Such detailed ma-
terial analyses are indispensable for optimising downstream recycling processes, enabling
accurate quanti�cation of valuable material content and contaminants, and facilitating the
design of tailored pre-treatment and separation methodologies to yield higher quality BM.

Complementing these studies, the thermal stability of valuable metals in EOL LIB
cathode material (LiNi0:6Co0:2Mn0:2O2) was investigated in [J3]. This study, which is fo-
cused on a temperature range of 100{400°C, which corresponds to the standard thermal
pre-treatment conditions employed in recycling processes [30], [86], [87], utilised ICP-OES
to quantify the concentrations of lithium, nickel, manganese, and cobalt leached from
the cathode material after annealing at the speci�ed temperatures. XRF, XRD, thermo-
gravimetric analysis (TGA), and SEM with EDS were employed to assess the material's
properties and structural changes following thermal treatment. The key �ndings indi-
cate that a temperature of 400°C yields the highest leaching e�ciency of valuable metals
when combined with dissolution in 20% nitric acid for 4 hours. These results contribute
to re�ning pre-treatment parameters in LIB recycling, with implications for improving the
quality and recovery of valuable metals while reducing energy consumption and minimising
environmental impact.

Collectively, presented works contribute to a broadening knowledge base focused on
enhancing LIB recycling e�ciency through improved BM quality and metal recovery. In-
tegrating advanced characterisation techniques, optimised disassembly strategies, and in-
novative separation approaches, including ultrasonic-assisted detachment and thermal pre-
treatment, represents a concerted e�ort to address key challenges in the �eld.

To contextualise these e�orts further and highlight the importance of enhancing pre-
treatment processes, the review work [J4] provides a comprehensive overview of the limi-
tations of current direct recycling methods, which are directly linked to BM processing, as
described in Tab. 2.1. As emphasised, a key challenge lies in the e�ective processing of BM
derived from LIB recycling pre-treatment, which often contains impurities that hinder di-
rect recycling e�ciency. This review underscores that optimising pre-treatment to obtain
high-quality BM or electrode pre-products is crucial for successfully implementing direct
recycling technologies. Notably, the review emphasises that inadequate pre-treatment steps
lead to increased energy consumption and environmental burdens due to additional treat-
ments required to remove impurities.

However, continued research is imperative to re�ne process parameters further, estab-
lish the scalability of sustainable separation methods, and develop automation strategies
that underpin a robust and economically viable LIB recycling industry within a circular
battery economy framework. Future work should mainly focus on the interplay between
pre-treatment methods and their e�ects on BM's chemical and physical properties, to en-
able the development of tailored downstream processes that maximise material recovery
and minimise waste.
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Table 2.1: Overview of main limitations of currently implemented direct recycling tech-
niques. Reprinted from [J4] under the terms and conditions of the CC BY 4.0.© 2024.

Limitation Description

Limited applicability to
whole spent LIB systems

The current approaches predominantly tar-
get the cathode and anode materials, neglect-
ing other components of spent LIBs; thus, the

potential for achieving a closed-loop circu-
lar economy for LIBs is not fully harnessed.

Black mass processing
The standard black mass, comprising a mixture of

several materials, introduces technical barriers to the
direct implementation of direct recycling techniques.

Energy-intensive re-
cycling pretreatment

Before direct recycling, LIBs undergo recycling pre-
treatment processes involving high-temperature
treatments and chemical interventions, which re-
sult in high energy consumption, emissions, and

intricacies in the process of wastewater treatment.

2.2 Conclusions and Perspectives

The presented work highlights the crucial role of pre-treatment in LIB recycling, partic-
ularly its in
uence on BM quality and overall process e�ciency. Exploring and assess-
ing advanced strategies for disassembly, material characterisation, and separation re
ects
a broader shift toward more re�ned and sustainable recycling approaches. Laboratory-
scale analytical methods, including SEM-EDS, XRF, XRD, and ICP-OES, were employed
to investigate battery components' chemical and structural composition. These techniques
yielded valuable insights into material behaviour during pre-treatment, enabling a more
comprehensive evaluation of process e�ectiveness. While not intended for direct industrial
application, the outcomes contribute to developing better-informed strategies for improving
BM purity and maximising resource recovery.

Despite current progress, critical challenges remain in the recycling pre-treatment �eld.
Many promising techniques, such as ultrasonic-assisted separation or solvent-based treat-
ments, still face scalability, process consistency, or economic feasibility limitations. Manual
disassembly and cell handling also introduce safety risks and labour constraints, particu-
larly in high-throughput industrial settings. Automation and robotics o�er a way forward,
but must be carefully tailored for battery design variability and diverse chemistries.

Future research should aim to re�ne pre-treatment methodologies to reduce BM im-
purity levels, support direct recycling development, and enhance overall material recovery.
Special attention should be paid to the interplay between pre-treatment steps and the
resulting chemical and physical properties of processed materials. Addressing these in-
teractions will be essential to designing recycling strategies that are both e�cient and
adaptable to evolving battery technologies.
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Chapter 3

Comprehensive Evaluation
of Lithium-Ion Battery Recycling
Pre-Treatment Processes

The EOL management of LIBs presents economic opportunities and environmental chal-
lenges, with the pre-treatment phase playing a pivotal role in determining the e�ciency
and sustainability of material recovery [8], [88], [89]. Addressing its challenges requires
technical advancements [90] and comprehensive environmental and economic assessments
to optimise recovery rates, reduce processing costs, and maximise overall pro�tability while
minimising ecological impact [28], [91], [92]. Beyond improving material yield and purity,
e�ective pre-treatment strategies can reduce waste generation, lower emissions, and en-
hance resource e�ciency, contributing to a more sustainable recycling process [29]. More-
over, optimising these processes reduces operational costs, ultimately shaping the overall
lifecycle economics of LIB systems [47].

Each step of pre-treatment carries distinct economic and environmental implica-
tions [29]. Battery sorting enhances the quality of the BM and recovered materials by en-
abling more targeted processing [49], [93]. However, industrial-scale sorting systems capa-
ble of accurately classifying all LIB types remain costly, and their slow processing speeds
further hinder widespread implementation [49].

Before further processing, the discharging of LIBs represents a critical safety measure
to prevent thermal runaway and short-circuiting during handling [42], [90], [94]. Electro-
chemical discharging methods generate contaminated wastewater and potentially harmful
gas emissions, necessitating additional treatment to mitigate ecological damage [52], [74].
Their economic viability depends on the cost of chemical reagents and energy requirements
for solution preparation and waste treatment [76]. In contrast, non-electrochemical dis-
charging techniques eliminate chemical waste but may pose safety concerns due to heat
generation, requiring controlled environments and increasing infrastructure costs [30], [76].
While specialised systems can enable energy recovery during discharging, their adoption
is often limited by high initial investments and technical constraints, making widespread
implementation challenging [29], [76].
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Regarding dismantling, the manual approach allows for a high degree of separation but
is labour-intensive and exposes workers to hazardous materials [51]. In contrast, auto-
mated dismantling enhances e�ciency and safety but requires substantial capital invest-
ment [80]. Both approaches necessitate strict ventilation and safety protocols, adding to
operational costs [50], [51], [80]. Comminution, in which batteries are crushed to liberate
electrode materials, is energy-intensive and generates particulate matter, requiring dust
control measures to mitigate respiratory hazards [57]. The associated energy demands and
emissions contribute to economic and environmental costs [29], [56], [58].

Classi�cation, typically achieved through sieving, is an energy-intensive process that
generates dust, requiring �ltration systems to minimise environmental impact [63], [95].
This step incurs costs primarily related to the operation and maintenance of the equipment.
Similarly, separation processes isolate valuable materials, introduce signi�cant energy, and
generate secondary waste [95], [96]. For instance, while froth 
otation is e�cient, it uses
chemical reagents that must be handled carefully to prevent environmental contamina-
tion [97]. The economic viability of these separation methods depends on factors such as
equipment complexity, reagent costs, and overall energy demand, which signi�cantly a�ect
the cost-e�ectiveness of the recycling process [29], [96].

Chemical and thermal treatments play a signi�cant role in material recovery but also
introduce several challenges [84], [98]. Chemical methods, such as solvent dissolution,
e�ciently remove binders but raise environmental concerns due to solvent toxicity and
volatility, necessitating stringent safety measures and recovery systems [98], [99]. Simi-
larly, thermal treatments like pyrolysis are energy-intensive and generate emissions, re-
quiring e�ective emission control technologies [84]. The costs associated with these and
previously discussed processes depend on multiple factors, including overall energy con-
sumption, chemical reagent use, environmental compliance requirements, waste treatment,
equipment maintenance, labour expenses, and the need for specialised infrastructure [29].

Improving pre-treatment processes will enhance economic viability and environmental
performance as LIB recycling evolves. Innovations in automation, process e�ciency, and
the integration of cleaner energy can help address existing limitations, reducing costs and
minimising ecological impacts. Future developments should concentrate on adaptive and
scalable solutions that can accommodate the growing volume and diversity of EOL bat-
teries, ensuring that recycling remains sustainable and viable, both technologically and
economically, in the long term.

3.1 Author's Contribution to This Research Field

In summary, each pre-treatment step in LIB recycling presents a trade-o� between eco-
nomic feasibility and environmental responsibility. Optimising these steps to minimise
costs and environmental impacts is crucial for establishing a sustainable and economically
viable LIB recycling industry. While various studies [3], [100]{[102] assess the e�ciency
of di�erent pre-treatment methods, it is essential to recognise that such evaluations are
often conducted under speci�c operational conditions, in
uenced by factors such as facil-
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ity infrastructure, technological expertise, waste management strategies, and regulatory
frameworks. Consequently, no single pre-treatment approach can be universally deemed
superior. The overall e�ectiveness of a given method depends on its implementation within
a particular system, including its integration with downstream processing and waste han-
dling. Therefore, an evaluation tailored to the speci�c operational context is essential
to accurately assess any pre-treatment process's economic and environmental viability.

A study in [J5] consolidates existing techno-environmental and economic research of LIB
recycling and provides a comprehensive foundation for academic studies and industrial ap-
plications. The review identi�es key challenges and opportunities in the �eld by synthesis-
ing current knowledge on pre-treatment and recycling methods. It underscores the need for
further research to enhance process e�ciency, reduce environmental burdens, and improve
the economic value of recovered materials. A particular emphasis is placed on the role
of LCA and other environmental indicators in evaluating the sustainability of LIB recy-
cling. The review highlights how recycling can signi�cantly conserve valuable resources,
reduce dependence on primary extraction, and lower greenhouse gas emissions. The com-
parative assessment of pyrometallurgy, hydrometallurgy, and direct recycling demonstrates
the varying environmental footprints of these techniques, informing the selection of optimal
recycling strategies.

The economic perspective of LIB recycling is explored through works presenting a cost-
bene�t analysis, considering investment and operational costs alongside the revenue po-
tential of recovered materials. The review emphasises the circular economy framework to
maximise resource e�ciency and minimise waste. Factors in
uencing pro�tability, such
as battery chemistry, material prices, technological advancements, and regional economic
conditions, are examined to determine the feasibility of di�erent recycling approaches.
Ultimately, the study concludes that e�ective LIB recycling is essential for the sustain-
able development of the EV industry, necessitating an integrated approach that balances
environmental responsibility with economic viability.

Despite the limited research focus on EOL management and recycling of LIBs in the
Czech Republic, this study [C7] serves as an initial step in addressing this gap. It pro-
vides a foundational assessment by estimating the recycling 
ows of waste LIBs from EVs
in the Czech Republic between 2020 and 2025. This estimation is crucial for subsequent
research on optimising recycling strategies and infrastructure. The study develops a pre-
dictive model to quantify material recovery from two LIB chemistries|lithium manganese
oxide (LMO) and NMC|across three EV categories: BEVs, plug-in hybrid electric ve-
hicles (PHEVs), and hybrid electric vehicles (HEVs). Furthermore, it evaluates di�erent
recycling rate scenarios based on the current legislative framework. It o�ers insights into
optimising recycling facilities and strategies for reducing dependence on primary raw ma-
terials by reusing recovered materials.

The �ndings highlight key trends in electromobility within the Czech Republic, which
are essential for designing recycling infrastructure and waste-material logistics. The study
projected that between 2020 and 2025, the number of BEVs would be approximately
2.5 times higher than that of PHEVs, with the total EV 
eet reaching 40,000 by 2025.
However, a comparison with current statistics reveals a deviation from these initial pro-
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jections. Actual vehicle registration data from the end of 2024 [103] show that the total
EV 
eet (BEV + PHEV) surpassed the forecast, reaching approximately 56,000 vehicles.
Furthermore, the actual ratio of BEVs (approx. 32,000) to PHEVs (approx. 24,000)
stood at roughly 1.33, considerably lower than the projected 2.5, indicating stronger-than-
anticipated growth in the PHEV segment alongside BEVs. The increasing number of EVs,
which is growing even faster than initially projected, will inevitably lead to a rise in EOL
LIB waste. Legislative measures tightening recycling requirements, including an increase
in the recycling rate from 50% to 65% by the end of 2025 [25], are anticipated to enhance
materials recovery signi�cantly. While the speci�c quantitative forecasts di�ered from the
observed outcomes, the initial analysis correctly identi�ed the signi�cant upward trend in
EV adoption and its crucial implications for EOL battery management.

In the study [J6], the environmental assessment of LIB recycling pre-treatment in the
conditions of the Czech Republic was conducted through a partial LCA study, evaluating
the environmental impacts associated with processing three distinct battery chemistries:
LCO/NMC, NMC, and LFP. The work primarily focuses on the production of BM as the
main output and highlights the substantial recovery of secondary aluminium as a key en-
vironmental bene�t. Notably, the �ndings indicated that the varying chemistry of these
LIBs had no signi�cant e�ect on the overall environmental impacts of the pre-treatment
process. The study emphasised that the prevention of primary aluminium production,
which is highly energy- and resource-intensive, constitutes a signi�cant advantage of LIB
recycling. These results provided a foundational understanding of the environmental im-
plications of LIB recycling pre-treatment. They underscored the need for further research
to optimise process e�ciency and expand the scope of impact assessments.

The following work [J7] builds upon a previous study by extending the scope of LIB
recycling pre-treatment in the Czech Republic to include both CECs and EV batteries.
A key advancement lies in evaluating di�erent discharging methods|electrochemical for
CECs and active discharging for EV batteries, ensuring a tailored approach to waste pro-
cessing (Fig. 3.1). This study employs a gate-to-gate LCA using SimaPro and Ecoinvent 3.9
to assess environmental impacts across multiple categories, including climate change, eu-
trophication, freshwater use, and resource depletion. The �ndings highlight the crucial
role of secondary material recovery, particularly for copper and aluminium, in reducing
resource consumption and emissions.

Results indicate that CEC recycling demonstrates slightly higher climate change mit-
igation bene�ts than EV battery recycling. However, the pre-treatment process for EV
batteries contributes more signi�cantly to resource conservation, achieving a 55% reduc-
tion in mineral and metal use compared to production impacts. The study underscores
the importance of optimising pre-treatment processes to enhance recycling e�ciency and
minimise environmental burdens. Furthermore, it emphasises the role of a cleaner energy
mix in reducing overall impacts, reinforcing the need for policy-driven transitions in bat-
tery recycling infrastructure. These insights provide a foundation for future research into
advanced recycling technologies and their integration into sustainable energy systems.

The study in [J8] highlights the importance of addressing EOL treatment strategies for
BESSs. Focused on a 2.8 MWh/2.5 MW BESS, the research evaluates the LIB system's
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recycling pre-treatment, cooling and extinguishing systems, inverters, and the reuse of con-
tainers and substations in new BESS installations. Environmental bene�ts were assessed
using a gate-to-gate LCA, measuring impacts with the most critical categories, such as
climate change, freshwater eutrophication, and resource use. Illustration of LCA results
for the LIB system treatment is provided in Fig. 3.2. The �ndings reveal signi�cant envi-
ronmental advantages, primarily due to the recovery of secondary materials like aluminium
and copper, which account for approximately 50% of the environmental bene�ts. The re-
covery of secondary aluminium from batteries, cooling systems, and inverters is a key factor
in reducing the carbon footprint of BESS recycling, while recycling �re extinguishers yields
mainly secondary steel.

Figure 3.1: Process scheme of the recycling pre-treatment steps for spent lithium-ion bat-
teries from electric vehicles (EVs) and consumer electronics. Further details are provided
in the work [J7].

Economically, the study identi�es nickel as the most signi�cant contributor to pro�ts,
followed by cobalt, aluminium, and copper. Together, these materials account for over 90%
of the projected pro�ts from recycling. The study also emphasises the potential value of
BESS containers at EOL, which can mitigate investment risks and support a transition to
greener energy. Based in the Czech Republic, the methodology o�ers global applicability,
demonstrating the environmental and economic bene�ts of recycling, local sourcing, and
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reduced import reliance. Transitioning to renewable energy sources for recycling would
further optimise these bene�ts, aligning with sustainability goals and promoting an eco-
friendlier approach to BESS EOL treatment.

Figure 3.2: Environmental impact categories assessed through a partial life cycle assess-
ment (LCA) for the end-of-life treatment of a lithium-ion battery system used in a battery
energy storage system (BESS) installation. Results include impacts related to climate
change, eutrophication, freshwater use, and resource use (minerals and metals). Further
details are provided in the work [J8].

As a further complement to this research �eld, a study [C8] evaluates the economic
feasibility of LIB recycling from EVs in the Czech Republic, focusing on a combined py-
rometallurgical and hydrometallurgical process. The study examines the costs associated
with di�erent recycling steps, considering factors such as process e�ciency (above 95%)
and the high quality of recovered materials. Two EV battery capacities|32 kWh (small
vehicle) and 80 kWh (large vehicle)|are analysed to estimate recycling expenses. Addi-
tionally, the study explores future scenarios, projecting the economic impact of anticipated
EU legislative changes over the next 5 and 10 years.

The results indicate that establishing local recycling plants could signi�cantly reduce
the current cost of LIB recycling in the Czech Republic, which relies on transport to
recycling facilities in Germany. Future projections suggest that a Polish facility could
lower transportation costs within �ve years, while a domestic Czech facility within ten years
could further optimise expenses. The study also considers technological advancements that
could increase process e�ciency and o�set rising energy costs. These insights can inform
investment decisions, such as return-on-investment calculations for new recycling facilities
and contribute to developing sustainable and economically viable LIB recycling strategies.
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3.2 Conclusions and Perspectives

This work provides a comprehensive overview of LIB recycling pre-treatment's environ-
mental and economic implications, emphasising this evolving sector's challenges and sig-
ni�cant potential. The �ndings highlight the dual bene�ts of pre-treatment: the reduction
of environmental burdens and creating economic value. The research illustrates the ne-
cessity of tailoring recycling strategies to speci�c operational, regional, and regulatory
contexts by combining partial LCAs and techno-economic evaluations.

While di�erent strategies present trade-o�s between economic feasibility and environ-
mental impact, the results underscore the importance of adapting pre-treatment processes
to local infrastructure, energy mix, and material composition. The integration of LCA and
techno-economic assessments has provided valuable insights into the sustainability of vari-
ous approaches, reinforcing the role of secondary material recovery, particularly aluminium,
copper, and nickel, in reducing resource depletion and emissions.

Moreover, the presented studies re
ect the evolving landscape of LIB recycling in the
Czech Republic, where infrastructure development and policy changes will be key to shap-
ing the industry's economic and environmental outlook. The assessment of pre-treatment
strategies contributes to a broader understanding of EOL battery management. The eco-
nomic feasibility evaluation also highlights the urgent need for localised recycling facilities
to improve cost e�ciency and reduce dependence on cross-border processing.

Future research should focus on enhancing the e�ciency and selectivity of pre-treatment
technologies to maximise material recovery, minimise secondary waste, and reduce overall
energy demand. Further integration of cleaner energy sources into recycling operations
and advancements in hybrid or alternative pre-treatment technologies could signi�cantly
enhance the sector's sustainability. Establishing regional infrastructure and closing ma-
terial loops locally will be crucial in making LIB recycling environmentally sound and
economically viable. Addressing these key aspects will help LIB recycling transition to-
ward a circular economy model, ensuring environmental responsibility and long-term eco-
nomic resilience.
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Conclusion

This dissertation highlights the critical role of pre-treatment processes in LIB recycling,
emphasising their impact on e�ciency, sustainability, and economic viability. The re-
search successfully addressed three key areas: electrochemical discharging, BM quality
optimisation to enhance material recovery, and the systematic evaluation of pre-treatment
methodologies to balance economic and environmental factors.

The study of electrochemical discharging con�rms its critical role in reducing residual
voltage in EOL LIBs while revealing considerable environmental and economic challenges.
This procedure often releases hazardous compounds and metal contamination into wastew-
ater, requiring comprehensive treatment strategies. Additionally, variability in discharging
e�ciency may lead to material losses and increased operational costs, underlining the ur-
gent need for process optimisation and improved waste handling. The newly proposed
non-invasive discharging method has emerged as a promising alternative in response to
these limitations. It provides comparable discharge durations and e�ciencies, producing
fully discharged cells safe for further processing, while providing 100% elimination of elec-
trolyte leakage and completely preventing the release of key components such as DMC,
EMC, and DEC into the coolant. This complete absence of electrolyte leakage, in contrast
to conventional electrochemical methods, directly demonstrates the preservation of cell in-
tegrity by preventing mechanical damage to the casing. These �ndings directly support
the �rst research objective and clarify the potential, limitations, and practical demands
of aqueous discharging strategies.

Regarding BM quality optimisation, the �ndings demonstrate the profound impact
of pre-treatment on material composition and purity. Ine�ciencies in sorting, dismantling,
comminution, and separation contribute to contamination, resource losses, and heightened
energy demands, ultimately hindering downstream recovery. This dissertation explores and
experimentally validates novel separation approaches, including ultrasonic-assisted separa-
tion resulting in detachment rates of up to 69.4% for the positive electrode and 72.6% for
the negative electrode using distilled water, enhancing recovery rates and minimising envi-
ronmental impact by avoiding harsh solvents. Moreover, the thermal conditioning protocol
demonstrated that 400°C is su�cient for e�ective metal leaching, further contributing to
improved resource recovery and reduced energy consumption. Such developments, pro-
posed and tested as part of this work, signi�cantly contribute to current pre-treatment
practices. By proposing more sustainable and e�ective alternatives, the work addresses
the second research objective and provides practical pathways for improving the quality
and consistency of intermediate battery materials.
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The evaluation of pre-treatment strategies, speci�cally for the Czech Republic, using
LCA and techno-economic assessments, highlights the trade-o� between economic feasibil-
ity and environmental responsibility. The results show that CEC recycling o�ers slightly
greater bene�ts for climate-change mitigation than EV battery recycling. However, the
pre-treatment process for EV batteries contributes more signi�cantly to resource con-
servation, achieving a 55% reduction in mineral and metal use compared to production
impacts. These �ndings underscore the environmental advantages of LIB recycling, es-
pecially in cutting emissions and conserving resources. For BESSs, secondary-material
recovery|particularly of aluminium and copper|accounts for approximately 50% of the
environmental bene�ts. In contrast, nickel, cobalt, aluminium, and copper contribute
over 90% of projected recycling pro�ts. Economic analyses con�rm the pro�tability of
these recovery processes, reinforcing the need for region-speci�c infrastructures to enhance
cost-e�ectiveness and sustainability. This integrative approach meets the third research
objective and contributes to regional policymaking and infrastructure planning.

This work provides a comprehensive, experimentally grounded, and sustainability-
oriented perspective on LIB pre-treatment, underscoring the necessity of integrating ef-
�cient and environmentally responsible processes to advance LIB recycling towards a cir-
cular economy. The research objectives de�ned at the outset have been ful�lled through
targeted investigations and interdisciplinary analyses, resulting in several original contri-
butions to scienti�c understanding and applied methodologies, including:

ˆ Demonstration of key environmental and economic challenges associated with con-
ventional electrochemical battery discharging in aqueous media.

ˆ Development and testing of a novel non-invasive discharging method that enhances
safety and prevents electrolyte leakage.

ˆ Identi�cation of critical ine�ciencies in sorting, dismantling, comminution, and sep-
aration during pre-treatment.

ˆ Exploration and experimental validation of ultrasonic-assisted separation as a more
sustainable alternative to solvent-based processing.

ˆ Integration of life-cycle and techno-economic assessments demonstrates the trade-o�s
between environmental bene�ts and economic feasibility and highlights the need for
tailored regional recycling infrastructure.

These contributions collectively advance the understanding of LIB pre-treatment and pro-
vide a foundation for developing more sustainable and economically viable recycling.

Future e�orts should focus on scaling up automated and sustainable pre-treatment
technologies, optimising waste management frameworks, and fostering policy-driven in-
centives to support industry-wide adoption. These conclusions serve as academic insight
and practical guidance for further development of LIB recycling systems. By addressing
these challenges, LIB recycling can evolve into a more resilient, economically viable, and
environmentally sustainable process.
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