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Abstract: The growing demand for lithium-ion batteries (LIBs), driven by their use in portable
electronics and electric vehicles (EVs), has led to an increasing volume of spent batteries. Effective
end-of-life (EoL) management is crucial to mitigate environmental risks and prevent depletion of
valuable raw materials like lithium (Li), cobalt (Co), nickel (Ni) and manganese (Mn). Sustainable,
high-volume recycling and material recovery are key to establishing a circular economy in the battery
industry. This paper investigates challenges and proposes innovative solutions for high-volume LIB
recycling, focusing on automation for large-scale recycling. Key issues include managing variations
in battery design, chemistry, and topology, as well as the availability of sustainable raw materials
and low-carbon energy sources for the recycling process. The paper presents a comparative study of
emerging recycling techniques, including EV battery sorting, dismantling, discharge, and material
recovery. With the expected growth in battery volume by 2030 (1.4 million per year by 2040),
automation will be essential for efficient waste processing. Understanding the underlying processes
in battery recycling is crucial for enabling safe and effective recycling methods. Finally, the paper
emphasizes the importance of sustainable LIB recycling in supporting the circular economy. Our
proposals aim to overcome these challenges by advancing automation and improving material
recovery techniques.

Keywords: EV battery recycling; IoT; automation; LIBs chemistries; sorting; End-of-Life (EoL);
disassembly; digital twin

In Appendix A Table Al is provided the list of abbreviations.

1. Introduction

The automotive industry’s traditional reliance on fossil fuels has contributed large greenhouse
gas emissions in the last Century, which has contributed to climate change. According to a recent
European Union report, transport is the only sector where greenhouse gas emissions have increased
significantly in Europe over the past three decades, rising 33.5% between 1990 and 2019 [1]. Achieving
climate neutrality by 2050 requires reducing the sector’s fossil fuel dependency [2]. With tighter
regulations on COzemissions, the demand for EVs has surged recently. Both battery electric vehicles
(BEVs) and plug-in hybrid electric vehicles (PHEVs) are currently regarded as crucial routes to
achieving future environmental impact standards and sustainable transport. Rechargeable LIBs have
gained global attention since their commercialization by Sony in 1991 [3]. LIBs were initially
developed for commercial use in portable consumer electronics. In recent years, their application has
expanded significantly, particularly in EVs [4], due to their high current density, low self-discharge,
long lifespan, and low environmental effect [5-7], and versatility across various applications,
including portable electronics and EVs. To improve battery lifespan, reliability, safety, and
performance, various battery chemistries haven been developed in recent years, and are still currently
under development [8]. As highlighted in [9] the global lithium-ion battery (LIB) market is expanding
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rapidly, with production capacity rising from 242 GWh in 2020 to 822 GWh in 2024 and projected to
reach 991 GWh in 2025 and 2,731 GWh by 2030. This represents an over 11-times surge in LIBs
capacity within just a decade. Sales of EVs have been rising at an exponential rate; more than 10
million passenger EVs were sold in 2022, and by 2025, sales are predicted to double [10]. As the
production of EVs continues to rise, the number of retired LIBs from these vehicles also increases,
albeit with a significant lag: this leads to a growing need to consider end of life and
dismantling/decommissioning for huge numbers of LIBs in the coming years. In particular, efficient
upcycling/second life, recycling and disposal solutions are needed to manage this rising waste
stream, and potentially recover and re-valorize any reusable materials [11]. Figure 1 illustrates the
projected growth in EV battery production in the UK alongside the global market’s EV battery
capacity from 2020 to 2030. This projection highlights the increasing demand for EV batteries driven
by the rise of electric vehicle adoption. The UK’s production capacity is expected to expand
significantly, supporting the country’s commitment to becoming a leader in sustainable automotive
solutions. Meanwhile, global production capacity is set to experience exponential growth, reflecting
broader trends in electrification and efforts to reduce reliance on fossil fuels, making EVs a
cornerstone of future transportation strategies.
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Figure 1. Projected EV production in the UK and EV battery capacity in Global Market from 2020 to 2030.

The growing demand for LIBs has increased the need for critical raw materials such as lithium
(Li), nickel (Ni), and cobalt (Co), which are concentrated in specific regions. For example, over 50%
of cobalt is sourced from the Democratic Republic of Congo, and about 80% of lithium is controlled
by Australia and Chile [12]. This uneven distribution raises concerns about supply chain stability,
with geopolitical factors contributing to price volatility and potential monopolies [13]. To mitigate
these risks, establishing a secondary supply of critical materials through the recycling of spent LIBs
from electric vehicles, stationary storage, and manufacturing waste is essential for sustainability [14].
Materials like copper (Cu) and aluminium (Al) that are easily recyclable are used to make packaging
and covers. High-value metals like cobalt (5-20 weight percent), lithium (5-7 weight percent), and
nickel (5-7 weight percent) are found in considerable numbers in spent lithium-ion batteries and are
found in higher concentrations than in natural ores [15]. Thus, one of the best waste management
solutions for discarded LIBs seems to be recycling processing [4,16] Recycling techniques may reduce
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the need for raw material extraction, which involves high energy consumption and the production
of COz emissions, as certain elements will be recovered as high-quality outputs [17]. EoL battery
recycling in high volumes has become a major priority due to the rising number of EVs being
produced, the rising number of spent batteries, and environmental concerns. At the EoL stage,
inadequate handling and recycling of batteries can significantly amplify environmental and health
risks [18]. Table 1 illustrates the key components of the cell and their corresponding mass fractions,
providing a detailed breakdown for reference.

Table 1. Typical Composition of a Commercial Lithium-Ion Battery Cell.

Battery component Materials Mass (%)
Cathode Lithium-based compounds (e.g., NMC, LFP, or LCO). 30-40
Anode Primarily graphite, sometimes with small percentages of = 20-25
silicon additives for enhanced energy density.

Electrolyte Composed of lithium salts (e.g., LiPFe) dissolved in a 10-15
mixture of organic solvents like EC,DMC, and DEC.

Separator Made from thin polymeric films (e.g., polyethylene or 5
polypropylene).

Current Collectors Aluminum foil (for the cathode) and copper foil (for the 10-15
anode).

Binder and | Polyvinylidene fluoride (PVDF) and carbon black. 3-5

Conductive

Additives

Casing Aluminum or steel. 10-20

The study and deployment of LIBs is currently of tremendous scientific and technological
interest to provide alternatives which help decrease the number of fossil fuel-powered vehicles.
Vehicle electrification is an emerging solution to (among other things, such as potential weight
reduction and improved powertrain performance) to reduce fossil fuel dependence and the
environmental pollution caused by automobile emission [19]. As the market for LIBs grows, there is
an increasing demand to recover and recycle spent LIBs [20]. Health and environmental risks
associated with battery waste could affect society’s ability to grow sustainably [21]. Therefore,
developing efficient and sustainable recycling methods is key to reducing the environmental impact
and promoting a circular economy. Recycling not only recovers valuable materials but also reduces
the need for raw material extraction, which is energy-intensive and generates significant CO:
emission [16,22,23]. Recycling opportunities are expected to emerge early, driven by the need to
process manufacturing scrap from the battery production process. This scrap includes defective cells,
modules, and excess electrode material. During initial scale-up and optimization, production scrap
can reach 20-30%, dropping to 5-10% once stabilized [24]. In the 2020s, production scrap will be the
main source of recyclable material [25], while by the 2030s, EoL batteries will contribute significantly
more, by 2040, around 83% of recycled battery material will come from EOL batteries [26].
Furthermore, a significant portion of EVs are written off annually by insurers due to the inability to
assess or repair damaged battery packs, particularly after incidents such as vehicle collisions [27].
These compromised battery packs, often deemed unserviceable due to safety and performance risks,
are classified as non-repairable and must undergo EOL processing for safe material recovery and
recycling [28].

Repurposed LIBs can be a valuable source of future battery materials. By 2030, it is anticipated
that more than 5 million metric tons of LIBs will reach the end of their operational lifespan [29]. The
National Academy of Science and Engineering predicts that by 2035, there will be 150 million used
EV batteries, up from 50,000 in 2020. This highlights the significance of having a recycling
infrastructure and established reuse procedures in place to handle the influx of spent batteries [30].
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This projected surge necessitates the development of extensive recycling infrastructures to recover
valuable materials and mitigate the environmental and health hazards posed by improperly
managed toxic components. Ensuring sustainable battery management practices is crucial to
preventing these burdens from being passed to future generations. Thus, the battery manufacturing
industry must embrace a model that prioritizes social responsibility, environmental sustainability,
economic feasibility, and innovative practices [31].

Removing the battery from the vehicle and discarding it is not the best option. In this case, the
battery industry has two choices for dealing with the battery’s EoL phase. Redirecting the battery to
a second life-use circuit extends its usable life and provides alternate energy storage, lowering the
environmental effect per kWh delivered. Transfer the battery to a recycling circuit, where important
components, including critical raw materials are reused to make new batteries, lowering the
environmental effect of manufacturing [31]. The rapid deployment of EVs in the market, in
combination with reuse and recycling, has the potential to create a circular economy [32].
Technologies for recycling must be versatile and adaptable to developing methods of manufacturing,
especially those that process materials for future battery generations [33]. Figure 2 presents a
schematic overview of the potential recycling pathways for lithium-ion batteries (LIBs).
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Figure 2. Schematic overview of possible recycling routes for LIBs.

Recycling lithium-ion batteries presents a variety of technical, economic, and environmental
challenges that need to be addressed. Some of the key challenges are discussed below.

e  Lithium, cobalt, nickel, manganese, and graphite are among the components that make up lithium-
ion batteries. The recycling process is complicated and costly because each of these materials requires
a different set of processes[34,35].

e  The variety of battery formulations makes sorting difficulties according to their chemistry a crucial
problem when it comes to recycling lithium-ion batteries. Distinct recycling procedures are needed
for different battery chemistries, and incorrect sorting can result in lower material recovery, safety
hazards, and inefficiencies [36].

e  The wide variations in battery designs among manufacturers pose a challenge to the development of
standardised recycling procedures. Automatic disassembly and recovery are made more difficult by
this irregularity [37,38].

e  Battery systems in electrically powered vehicles store energy in chemical form, with capacities
ranging from 20 to 100 kWh and system voltages between 300 and 800 V [39][40]. The associated
hazards become particularly critical when the battery is disconnected from its operational context,
such as during dismantling or recycling procedures [41].
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e There are significant regional differences in the laws regarding battery recycling. Large-scale
recycling system development is hampered by a lack of international standards and a lack of
enforcement of current laws [42,43].

e  Recycling is intended to lessen environmental damage, however the procedures themselves can be
harmful and energy intensive.

e Each of the existing materials recovery process technologies such as direct recycling process,
hydrometallurgical process, and pyrometallurgical process has disadvantages [15,44], namely:
Pyrometallurgy process uses a lot of energy and yields fewer valuable materials (it recovers cobalt
but not lithium) [45,46].

Hydrometallurgy process uses a lot of chemicals, which leads to secondary environmental issues [47].
Direct recycling process is a promising but undeveloped technique that entails reusing battery
components without disassembling them into their component raw materials.

e  There are concerns regarding the future availability of essential elements like lithium and cobalt as
the demand for LIBs keeps increasing, particularly with the popularity of EVs [48,49]. Recycling
might reduce these supply risks, but the challenges mentioned above need to be overcome.

e  If LIBs are handled improperly during manufacture or transportation, they may experience thermal
runaway, which can result in explosions or fires [50]. It Is important to follow safety precautions
when handling damaged or used batteries.

Figure 3 presents a comprehensive flowchart outlining the key challenges and advanced
technologies involved in LIBs recycling.

Lithium-lon

Batteries (LIBs)

Collection and Sorting (Logistics, safety, battery identification)

LIBs Recycling
Process

Discharge and Dismantling (High energy density, contamination risk)

Material Recovery (Pyrometallurgy, Hydrometallurgy, Direct Recycling)

Technical Challenges (Battery chemistry variation)

Challenges in
LIBs Recycling

Economic Challenges (High costs, market demand fluctuations)

Environmental & Safety Challenges (Hazardous waste, fire risks, emissions)

—

Technologies
and Automation and Robotics (Automated dismantling, robotic sorting)
Innovations

Advanced Recycling Technologies (Low-emission pyrometallurgy, improved hydrometallurgy)

Direct Recycling Methods (Reuse of active materials with minimal processing)

( A ) . . ’
Sustainable Practices (Circular economy, eco-design of LIBs)
Future Policy and Regulations (Standardization, safety protocols, global agreements)
Directions Y g g P -4 g
Research and Development (Efficiency improvements, reducing emissions, maximizing recovery)

Figure 3. Flowchart of LIBs Recycling Challenges and Technologies.

This review paper provides an in-depth review of the high-volume recycling challenges related
to LIBs, including the materials recovery procedure, current recycling technologies and based upon
the results offering advanced technical insights that set it apart from existing literature. Unlike many
reviews that focus on specific aspects such as material recovery or environmental impacts, this paper
takes a holistic approach by integrating the challenges associated with the entire lifecycle and
recycling process, including LB battery online tracking and condition monitoring, recycling decision
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support, material recovery, battery discharge management, and automated dismantling. A key
distinguishing feature is the inclusion of practical technical data, such as datasets for battery sorting,
control algorithms for battery discharge, and methodologies for robotic dismantling. These elements
are often underexplored in other reviews, yet they are crucial for advancing the scalability and safety
of recycling processes. Additionally, the paper emphasizes the adoption of emerging technologies
like automation, robotics, and artificial intelligence, addressing the critical need for efficient and
scalable solutions in line with Industry 4.0 advancements. By bridging knowledge gaps, enabling
industrial adoption, and providing actionable insights, this paper not only enhances academic
understanding but also supports the transition of innovative recycling technologies from research to
real-world applications. Its focus on practical data and future-oriented solutions makes it a significant
resource for driving progress in sustainable LIB recycling, particularly in the context of the growing
demand for electric vehicles.

The remainder of this article is structured as follows: Section 2 presents a comprehensive
background review and an in-depth analysis of current developments in the field of electric vehicle
(EV) battery recycling, in light of recent commitments to vehicle electrification. This section addresses
several critical challenges, including the complexities involved in sorting EV batteries efficiently,
managing the discharge of batteries during the scale-up production process, and the technical
hurdles associated with dismantling batteries for recycling. These challenges are essential to
overcome in order to support the growing demand for EVs and ensure sustainable battery life cycles.

Section 3 explores the groundbreaking innovations reshaping the recycling of EoL EV batteries,
focusing specifically on automation technologies and the advancement of sophisticated sorting and
disassembly methods. The use of robots in dismantling EV batteries is a key area of innovation,
providing significant improvements in safety, efficiency, and precision. Robotic systems can perform
complex tasks such as the removal of battery modules, disassembling battery packs, and sorting
materials, reducing the need for manual labor and mitigating risks associated with handling
hazardous materials. This section also explores the recovery of critical materials from EoL EV
batteries, such as lithium, cobalt, and nickel, which are essential for new battery production.
Innovations in this area aim to increase recovery rates, reduce costs, and minimize environmental
impact, contributing to a more sustainable and circular economy in the automotive industry.

2. Current Challenges and Developments

Growing demand for batteries and their use in a variety of industries, especially in various types
of vehicles, are the results of the quick development of LIBs, which has improved manufacturing
efficiency and decreased costs for manufacturers [16,51]. Reusing, recycling, and repurposing LIBs is
essential to creating a sustainable battery economy that can meet demand for LIBs while reducing
emissions that have an adverse effect on the climate [16,52]. The increasing demand for EVs
worldwide due to the urgent need for greener transportation and reduced greenhouse gas emissions
has made recycling LIBs more crucial than ever [53]. These batteries, which are essential to the
operation of the majority of EVs, contain lithium, cobalt, and nickel in addition to other valuable and
scarce minerals. Improper disposal of these batteries poses significant environmental risks [23].
Effective recycling reduces the carbon footprint of battery manufacturing and dependency on virgin
resources [54]. It also makes it easier to recover necessary materials and reduces the risk of
environmental contamination [55]. A more sustainable strategy to managing EVs batteries is being
made possible by recent advancements in recycling technologies, changing regulatory frameworks,
and heightened industry stakeholder collaboration. Because of this, LIB recycling is a fundamental
component of the circular economy and is necessary to promote environmental stewardship and the
long-term sustainability of electric vehicles.

2.1. Challenges in Sorting EV Batteries

Sorting is the first step in recycling EV batteries, and it is a crucial but difficult procedure. Due
to the large variety of battery chemistries, forms, and architectures that have been produced by the
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quick rate of innovation in EV battery technologies, separating batteries effectively for recycling has
become increasingly difficult [13,31,56]. LIBs packs are intricate assemblies consisting of multiple
interconnected modules. Each module contains numerous cells, which can be of pouch, prismatic, or
cylindrical types [57]. These cells are typically arranged in diverse parallel-series configurations to
achieve the desired electrical output. Common techniques for joining within LIB cells, modules, and
packs include welding, wire bonding, and mechanical fastening, ensuring structural integrity and
electrical connectivity [58]. Diversity in chemistry, intricate battery designs, labour-intensive
procedures, a lack of standardised labelling, and safety concerns are some of the issues that affect
sorting accuracy, which in turn affects the safety, effectiveness, and economic viability of recycling
processes [59,60].

The chemistry of the battery is a primary criterion in the sorting process and is often
complemented by additional parameters such as state of health (SoH), remaining usable life (RUL),
and state of charge (SoC). These parameters are crucial for determining the most appropriate
recycling pathway for spent LIBs [61]. However, accurately estimating a battery’s SoH is particularly
challenging due to the variability in internal side reactions and external operating conditions [62].
Batteries must be properly sorted in order to be arranged in storage chambers based on their unique
types and conditions, which lowers safety risks associated with damaged and unknown EoL batteries
[63].

In Figure 4, a comprehensive framework for cloud-based battery tracking, classification, sorting,
and recycling support is presented. A prototype implementation of such a framework is currently
developed at Teesside University. Test, analysis, and experience reporting is part of planned future

work. [64].
Electric Vehicle Batteries (Multiple
Manufacturers) Physical EV battery Pack
| Inspection & QR Code : __1 Electrical
{®)  Physical Scanning, '\ Measurements
. Measurements GPS & GIS & Analytics
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Physical Health & (BIN), Manufacturer, SoC/SoH Digital Twin
Structural Integrity Generation, Model, Capacity, /RUL
Location & Usage History
i -
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Warehousing & Decision
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Standards &
Regulatory
Frameworks

Business
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Database

Decision Support
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Cone | v

Figure 4. EV Battery Tracking, Classification and Sorting Mechanisms.

2.1.1. Diversity in Chemistry and Compatibility Issues

EV batteries use a range of chemistries, including Lithium cobalt oxide (LCO), lithium nickel
cobalt aluminium oxide (NCA), lithium nickel manganese cobalt oxide (NMC), and lithium iron
phosphate (LFP), Lithium Manganese Oxide (LMO) and Lithium Titanate (LTO) [65-67]. To
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maximise recovery and reduce contamination, each type requires a different approach to treatment.
For example, NMC batteries are valued for their nickel and cobalt content, whereas LFP batteries
have fewer high-value elements, which makes recovery using traditional techniques less profitable
[68]. In the recycling process, mixing numerous chemistries can decrease the purity of recovered
materials, making it more difficult to re-enter the battery supply chain and reducing profit [23,69,70].
Additionally, there are safety and handling standards for these chemicals; improper sorting increases
the risk of fires, particularly when volatile chemicals are inadvertently mixed [71]. Table 2 compares
various characteristics of the chemistries in terms of specific energy, cycle life, thermal runaway,
nominal voltage, operating range and applications. [23,69,70]

Table 2. Different Li-ion batteries chemistries.

Battery Specific | Cycle | Thermal  Nominal Operating | Applications
chemistry | energy life runaway | voltage/Cell | range/cell
(Wh/kg) O (V) V)
LCO 150-200  500- 150 3.60 3.0-4.2 Mobile  phones,
1000 tablets,  laptops,
cameras
LMO 100-150 | 300~ 250 3.70 3.04.2 Power tools,
700 medical  devices,
electric
powertrains
NMC 150-220 | 1000- | 210 3.70 3.6-4.0 E-bikes, medical
2000 devices, EVs,
industrial
LFP 90-160 2000 270 3.20 2.0-3.65 Portable and
and stationary needing
higher high load currents
and endurance
NCA 200-260 500 150 3.70 3.0-4.2 Medical devices,

industrial, electric
powertrain (Tesla)

LTO 50-80 3,000- | N/A 2.3 1.5-2.85 uUPs, electric
7,000 powertrain, solar-
powered street

lighting

2.1.2. Complexity of Battery Pack Design

Disassembling EV batteries presents significant challenges due to the wide variety of battery
designs [72], the lack of detailed knowledge about each battery’s condition, and the limited
availability of comprehensive design information from original equipment manufacturers (OEMs).
This complexity often necessitates adaptive strategies and specialized expertise to navigate unknown
variables effectively [73]. To maximise battery performance and safety, manufacturers frequently
create packs with distinctive electronics, cooling systems, module designs, and casing. Because of this
diversity, specific disassembly methods are needed, which are time consuming and need for specific
abilities and tools. For instance, some packs have welded joints or adhesive coatings that make it
difficult to separate cells and modules using conventional disassembly techniques [37].

The complexity of battery pack design varies significantly across manufacturers, driven by
differences in battery chemistry, cell configuration, thermal management strategies, and scalability.
For example, Tesla uses cylindrical cells, such as the 18650 and 2170 models, in its battery packs.
These cells are arranged in large-scale configurations, with up to 7,000 cells in models like the Model
S, allowing for high energy density and efficient use of space. However, this design introduces
significant complexity, as each cell requires individual monitoring for voltage balancing, temperature
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regulation, and charge/discharge optimization. Tesla addresses these challenges with an advanced
liquid cooling system that circulates coolant around the cells, ensuring temperature control and
enhancing battery longevity.

In contrast, the Nissan Leaf uses pouch cells, which are lighter and more flexible than prismatic
cells, allowing for efficient packing and better optimization of space within the battery pack. The 48-
module configuration in the Leaf’s battery pack can range from 24 kWh to 62 kWh in the latest
models, providing a balance between energy density and system simplicity. However, pouch cells
have certain limitations, particularly in their thermal management, as they are more sensitive to
temperature fluctuations. The air-cooling system used in the Leaf is less efficient than liquid cooling
solutions, affecting the long-term performance in extreme conditions.

The design complexity of EV battery packs is influenced by the choice of cell format, thermal
management methods, and overall system integration. Tesla’s cylindrical cells and advanced cooling
systems are optimized for high energy density and long-range performance but require complex
thermal and management solutions. In contrast, manufacturer like Nissan leaf cost-effective designs
with pouch cells and simpler thermal strategies, which offer trade-offs in energy density and range.
Each approach reflects the manufacturer’s priorities, whether it is maximizing performance,
minimizing costs, or balancing both.

2.1.3. Lack of Standardized Labelling and Identification Systems

The lack of standardised labelling for battery chemistries, structural designs, and manufacturer-
specific data is a significant impediment to efficient sorting, the absence of material labelling
significantly impedes the quality of recycling processes [38]. Many battery packs lack unambiguous
labelling indicating their composition or even manufacturer origin, which slows sorting and raises
the chance of errors. Several initiatives have proposed universal labelling standards, such as the use
of QR codes [74], with information on chemistry, capacity, and recycling instructions, however
acceptance has been uneven across sectors and countries . The review by Bai et al. [75] provides a
comprehensive overview of the current state of research and introduces the concept of the Battery
Identity Global Passport (BIGP). This concept aims to enhance the recyclability of LIBs by facilitating
the separation of components. This can be achieved by identifiable markings, such as labels, QR
codes, which simplify the sorting and processing of battery materials during recycling. Without a
standardised strategy, recycling facilities are compelled to use human identification methods, which
adds time and cost to the sorting process. Standardised labelling has the potential to increase sorting
accuracy and efficiency by providing recyclers with crucial information for safe and optimized
handling. European governments and battery industry businesses are working to enhance battery
and accumulator regulations [76].

2.1.4. High-Cost, Labor-Intensive Processes

At present, disassembly is typically performed manually and is not non-destructive.
Additionally, the absence of proper labelling for materials used in the batteries impedes the ability to
conduct high-quality recycling [38]. Due to technological limitations, in automated systems, current
sorting processes remain largely manual, resulting in high labor costs and limited throughput. These
limitations arise from the complexity of accurately identifying diverse battery chemistries, the need
for precision in handling delicate components, and the difficulty in scaling automation to
accommodate various battery types. While advancements in robotic systems offer potential for
improved precision and efficiency, their integration into sorting processes is still in the
developmental phase, limiting the effectiveness of fully automated solutions in high-volume
operations. The sophisticated construction of battery packs necessitates expert workers identifying
chemistries, disassembling components, and sorting them by kind, a time-consuming and error-
prone task. While robotic solutions and Artificial intelligence (AI) powered sorting systems are being
developed, they are still prohibitively expensive and not yet feasible for general usage. Advanced Al
technologies capable of distinguishing battery kinds by visual or chemical fingerprints, for example,


https://doi.org/10.20944/preprints202501.1483.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 21 January 2025 d0i:10.20944/preprints202501.1483.v1

10 of 26

could speed up sorting, but the needed equipment and cost commitment make it difficult for many
facilities to implement. Furthermore, human error in sorting might result in misclassification,
lowering recycling efficiency and posing safety issues.

2.1.5. Safety Risks and Environmental Hazards

Sorting EV batteries involves several environmental and safety issues that need to be carefully
handled. During handling, batteries may retain residual charge, which could result in short circuits
or thermal runaways [77]. Thermal runaway in LIBs refers to a rapid, uncontrolled increase in
temperature caused by a chain reaction of exothermic chemical processes within the battery. This
phenomenon occurs when the internal temperature of the battery rises to a critical point, causing the
materials inside —such as the electrolyte, anode, and cathode —to decompose and release more heat.
As the temperature continues to rise, it accelerates the reaction, leading to potential fire, explosion,
or permanent damage to the battery, posing serious safety risks.[78].

The global commitment to decarbonizing the transportation sector has catalysed significant
growth in the electric vehicle (EV) market, which in turn drives an escalating demand for battery raw
materials. As the world strives to meet net-zero emissions targets, the demand for key materials such
as lithium, cobalt, nickel, and graphite is expected to rise substantially. Specifically, between 2021
and 2050, the global demand for lithium is projected to increase 26-times, cobalt 6times, nickel 12-
times, and graphite 9-times. This surge in demand underscores the critical need for sustainable
sourcing and efficient recycling strategies to meet the future needs of the EV industry while
addressing environmental concerns associated with raw material extraction [51].

Furthermore, several batteries have dangerous components like cobalt, lithium salts, and
poisonous electrolytes that, if handled improperly, can cause fires, or release hazardous compounds
into the environment. Therefore, to reduce these dangers, sorting procedures must follow strict safety
guidelines, such as fireproof enclosure and specialised handling equipment. Inadequate sorting and
processing of batteries can result in groundwater and soil contamination, which presents long-term
ecological risks [23]. The economic feasibility of battery recycling is thus further impacted by safety
precautions, which increase the difficulty and expense of sorting.

2.1.6. Logistics and Infrastructure Limitations

In many areas, there is insufficient infrastructure to process different types of batteries, which
makes sorting logistically difficult. Since recycling centres are frequently centralised, spent EV
batteries must be carried across great distances, raising expenses and carbon emissions. Furthermore,
sorting efficiency and recycling capacity are decreased by the fact that many facilities lack the
necessary equipment to handle a range of battery types. Enhancing sorting procedures, cutting
emissions from transportation, and lowering total costs are all possible with the development of
regional sorting and recycling infrastructure, but this calls for a large financial outlay and stakeholder
collaboration [31].

2.2. Challenges in discharge EV Batteries (Scaleup Production)

The disassembly of electric vehicle batteries is a pivotal step in the recovery, recycling, and reuse
of valuable materials. However, this process is hindered by a lack of standardization, intricate design
variations, and safety challenges posed by the uncertain and variable conditions of end-of-life
batteries [79]. Scaling up the discharge of EV batteries presents numerous issues, the most significant
of which is the large residual energy that EoL batteries retain, which increases the risk of short
circuits, fires, and chemical reactions [80,81]. To ensure safety, specialised equipment and protocols
are required, which are expensive and difficult to execute on a large scale. The lack of standardisation
among battery types complicates matters further, as each kind may require distinct discharge
procedures, slowing the process and increasing labour expenses [82,83]. The discharge process is
often time-consuming and requires a balance of speed and safety, since quick discharge can result in
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overheating, whilst sluggish discharge diminishes operational efficiency [84]. Furthermore, large-
scale discharge facilities must meet severe environmental and regulatory requirements, manage
hazardous waste, and employ experienced workers trained in high-voltage safety, all of which add
to expenses [85]. Limited automation choices, as well as the challenging logistics of transporting and
processing multiple batteries, impede scaling efforts and make it difficult to build efficient, safe, and
economically sustainable EV battery discharge facilities.

2.3. Challenges in Dismantle EV Batteries

Dismantling EV batteries on a large scale is difficult due to their complicated and non-standard
designs [86]. Each manufacturer has a unique battery design, cell arrangement, and module structure,
making it challenging to establish uniform dismantling techniques [69]. EoL batteries provide
significant safety issues due to their high energy and dangerous contents, which can lead to, fires,
and chemical exposure [87]. Dismantling is primarily manual and labour-intensive because existing
robotic techniques are not fully ready to properly handle the vast range of battery designs. Scaling
up is further complicated by environmental and legal limits, as the process must adhere to stringent
handling and disposal regulations for dangerous chemicals such as heavy metals and electrolytes.
Furthermore, diversity in battery conditions such as damage, degeneration, or leakage requires
flexible handling techniques, which makes automated dismantling difficult to standardise. To
manage huge volumes of batteries, parts, and materials, facilities need huge area and logistics [88].
Finally, the economics of dismantling are difficult; the high costs of labour, specialised equipment,
and compliance can surpass the value of materials recovered, making large-scale operations
economically unsustainable [89]. To tackle these obstacles, advancements in automation, improved
design standardisation, and efficient safety standards, as well as industry collaboration to ease
dismantling and enable more sustainable battery recycling, are required.

3. Innovations in EoL EV batteries recycling

EoL EVs battery recycling innovations are revolutionising the sector by improving
sustainability, efficiency, and material recovery [90]. With the use of advanced recycling processes,
such as hydrometallurgical processes and direct recycling, vital materials like nickel, cobalt, and
lithium can be recovered with minimal waste and energy. Sorting and processing are optimised
through the use of artificial intelligence (Al) and machine learning, allowing for more accurate battery
component identification and classification [91]. Furthermore, automated robotic technologies
improve battery disassembly effectiveness and safety, and new chemical processes are being
developed to recover components without producing dangerous by products [79]. By reusing EV
batteries for energy storage solutions, research into second-life uses is also essential to prolonging the
batteries’ lifespan. Together, these developments not only make battery recycling more economically
feasible, but they also help create a more circular economy by lowering dependency on virgin
resources and lessening the negative effects on the environment.

3.1. Automation In Recycling

As EV demand rises, automation in EV battery recycling is becoming more and more vital to
improving sustainability and operating efficiency. This innovative technique safely and efficiently
disassembles battery packs by using advanced robotic tools, such the ABB IRB 6700. Al powered
technologies and automated sorting lines also greatly improve the recovery and classification of
precious materials, guaranteeing the best possible use of available resources. Using data analytics
and predictive maintenance, these automated systems save downtime, optimise operations, and
enhance safety by handling dangerous materials in regulated settings [92,93]. Moreover, traceability
and regulatory compliance are guaranteed throughout the recycling process via integrated
automated systems. Automation has the potential to transform EV battery recycling, making it more
effective, efficient, and environmentally friendly, even while obstacles like high upfront costs and the
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need for skilled employees still exist. Automating the dismantling of batteries could lead to
significant cost reductions. For example, the manual disassembly of EV battery packs from
manufacturers like Renault, Nissan, Peugeot, Tesla, BAIC, and BYD ranges in cost from US$ 47 to
US$ 197 per pack. This cost variation primarily arises from differences in the number of modules,
screws, fasteners, and welded components [94]. Transitioning from manual to semi-automated or
fully automated recycling could dramatically lower these costs. For instance, the recycling cost for a
Nissan Leaf battery could decrease from US$ 0.64 per kg to just US$ 0.02 per kg [94]. Ongoing research
into automation, alongside advancements in artificial intelligence, is progressing rapidly, aiming to
enable the sorting of batteries based on visual characteristics such as size, colour, and geometry [95].

There are a few challenges in automating the LIBs disassembly process due to absence of
standardisation among battery designs makes it difficult to automate the disassembly of lithium-ion
traction batteries, requiring robots to adapt to different configurations [73,96]. The wide variation in
component geometries within battery packs, coupled with the complexity of differing battery pack
designs, presents a major challenge for automating the disassembly process; even between EV battery
packs from the same manufacturer [97]. Additionally, significant differences in component weights
complicate the precise and efficient selection of appropriate disassembly tools and robotic platforms
[38]. Another significant challenge arises from non-detachable connections, such as glued or welded
joints, including thermal interface materials used to couple battery cells to cooling plates and
adhesive seals between the housing cover and tray. Developing specialised tools and processes is
essential to automate the separation of these components. Additionally, the limited accessibility of
individual parts further complicates the design of an effective automation concept [95,98]. Another
challenge is hazardous materials and high-voltage components require complex sensors and control
systems to limit toxic exposure and prevent fires, safety hazards further hinder automation [99].
Furthermore, it is challenging for robots to disassemble batteries without damaging the strong
adhesives and fasteners used in their production; this necessitates sophisticated manipulation
techniques that raise the complexity and expense. Because of these issues, automation is not
economically feasible for extensive recycling applications due to its high cost and technical demands.
In industrial production, robots are usually programmed for repetitive tasks on fixed objects within
structured environments. However, disassembling used EV batteries presents a more complex
challenge, as it involves working with less predictable conditions that vary depending on the
battery’s state, type, and design. This requires robots to be adaptable to different battery
configurations and conditions. To achieve this, higher-level control systems and advanced machine
vision are necessary to accommodate the variability in processes and parameters [72].

Despite these difficulties, an automated disassembly solution that can successfully overcome the
associated technological obstacles is desperately needed. These issues must be specifically addressed
by creating specialised tools and sophisticated component detection techniques, as well as by
structuring the disassembly system to consider the particular needs of battery disassembly. With the
anticipated rapid increase in the number of electric vehicles on the road, the volume of battery returns
at the end of their life cycle will rise significantly. This highlights the critical need for process
automation to ensure a cost-effective and efficient separation process in the future.

3.2. Advance Sorting and Disassembly Techniques

Battery sorting presents a significant challenge and can become a costly component within the
battery recycling process [100]. Currently, battery sorting relies heavily on manual labour, with
technicians and staff performing many of the tasks. However, this process demands a deeper
understanding of battery chemistries and SoH, which adds complexity [101]. Given the substantial
energy stored in battery packs, they are not suitable for manual disassembly. Their intricate designs,
numerous components, varying configurations, and different EoL conditions make automated
disassembly the most viable solution. Automation is necessary to ensure safety, efficiency, and
scalability in handling these complex systems [63]. The various battery designs, chemistries, sizes,
electrical connections, and packaging formats present ongoing challenges to the development and
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implementation of automated disassembly solutions, despite the fact that researchers and industry
players are actively exploring automated disassembly technologies to improve the efficiency and
scalability of the recycling process [102].

Parameters such as size, weight, and magnetic properties are crucial for developing a basic
approach to approximating battery chemistry [103]. However, the chemistries and internal structures
of many batteries are either not disclosed or are obscured due to battery degradation. This makes the
chemistry-based sorting process more challenging. To address this, recent studies propose
integrating electrochemical models with deep learning and machine learning algorithms to better
determine the electrochemical characteristics of the battery [104]. Recent advances of incorporating
Al and machine learning in sorting processes provide innovative approaches to cope with the
demanding situations of computerized disassembly [105]. Understanding the disassembly process
through human worker monitoring and analysis can help in developing efficient automation
strategies [106]. Figure 5 presents a conceptual flowchart for sorting EV batteries based on their SoH
and cathode chemistry. One effective solution to address the variability in battery designs is the
creation of digital passports for EV batteries. These digital passports would be invaluable for
automating processes such as testing and disassembly. They would store critical information,
including component dimensions, 3D CAD models, the level of degradation in battery modules, and
whether a module is damaged or still reusable. Additionally, sensor-based sorting technologies could
be utilized to analyze cathode chemistry and assess the SoH of the battery, further enhancing the
sorting and recycling process [63]. Additionally, Al and machine learning (ML) methodologies can
significantly improve the dismantling process through advanced computer vision pipelines and
sensor-based sorting technologies. When effectively implemented, these technologies can accelerate
the process while reducing time, costs, and safety risks compared to manual methods. Al and ML
enhance the accuracy and efficiency of sorting by enabling the recognition of battery components,
such as screws and connectors, which allows robots to perform disassembly more effectively.
Redwood Materials is an example of a company that has developed efficient methods for recycling
lithium-ion batteries. They employ cutting-edge sorting systems, utilizing high precision robots and
advanced material recovery processes to optimize recycling efficiency.
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Figure 5. Proposed flowchart of EV battery sorting.

3.3. Integration of Artificial Intelligence/ Machine Learning in Recycling Processes

The incorporation of Al and ML in the recycling of EV batteries has revolutionized the industry
by significantly enhancing efficiency, sustainability, and resource recovery [107]. Al technologies
leverage ML algorithms, sensors, and data analysis to automate the sorting and identification of
various battery types based on their chemistry, size, and state of charge [108]. Al detection systems
utilize advanced visual inspection technologies to evaluate material quality, identify defects, and
ensure precise placement during recycling processes [109]. This automation not only minimizes
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human labor but also increases the accuracy and speed of sorting, ensuring that batteries are correctly
categorized for appropriate processing [96]. Once sorted, Al optimizes the subsequent recycling
processes, such as dismantling and material recovery, by continuously analyzing data and predicting
the most effective methods for extracting valuable metals like lithium, cobalt, and nickel [110]. This
results in improved resource utilization, reduced waste, and a more sustainable recycling process.
Furthermore, Al plays a crucial role in the logistics of battery collection and transportation, analyzing
data on collection routes and facility capacities to optimize the flow of materials. This optimization
reduces transportation costs, lowers fuel consumption, and minimizes the environmental footprint
of the recycling operations. By enabling higher recovery rates and reducing the need for new raw
materials. Al contributes to the circular economy, helping to mitigate the environmental impacts of
battery production and disposal. As Al technologies continue to evolve, their potential to further
improve the sustainability of EV battery recycling becomes increasingly significant, driving both
economic and environmental benefits [55].

3.4. Recovery of Critical Materials from EoL EV Batteries

Sustainability requires recovering crucial elements from EoL EV batteries because of the
growing demand for EVs and the valuable metals they contain, including nickel, manganese, cobalt,
and lithium [95]. Although the production of new batteries depends on these metals, their extraction
from natural sources is expensive and harmful to the environment. Recycling and recovering these
elements from EoL batteries can help save natural resources, lessen waste and environmental effect,
and drastically reduce reliance on raw material mining. Battery packs are safely and methodically
disassembled at the start of the recovery process, usually with the aid of sophisticated robotic devices.
Because it expedites the disassembly process and reduces human exposure to hazardous chemicals,
high-voltage systems, and other possible hazards, automation is essential in this situation [111]. In
this phase, battery packs are disassembled into separate cells and modules, making it possible to
efficiently access the vital components inside. Robotic systems with machine vision and sophisticated
manipulation skills guarantee accurate handling of battery parts, lowering the possibility of
contamination or damage and enhancing the process’s overall safety and effectiveness [38]. After
disassembly, separated battery cells undergo a series of chemical extraction processes to isolate and
purify key metals [68]. The two most common methods are hydrometallurgy and pyrometallurgy
[112-114]. Alongside these traditional approaches, direct recycling is gaining traction as an
innovative technique for recovering essential materials from EOL EV batteries. Table 3 provides a
detailed comparison of various EV battery recycling methods, each with its unique advantages and

disadvantages.
Table 3. Comparison of the EV batteries recycling methods.
Current Recycling Pros Cons
Methods

Mechanical Process Lower Energy Limited recovery of materials

Consumption Low purity of materials
Relatively inexpensive Limited applicability
Good in Safety
Pyrometallurgical High Recycling Rates High Energy consumption due to high
Process Solvent Free temperatures
Simple Operation Toxic gas generation
May need other operations to effectively
recover materials
Li and Mn are not recovered
Hydrometallurgical High Recycling Rates Complex process
Processes High Purity Product Usage of toxic reagents
Formation Long and costly operation
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Wide variety of metals are | Excess wastewater generation
recovered
Low Energy Consumption

Direct Recycling Environmentally Does not allow for simultaneous

Process Sustainable processing of different cathode materials
High Specificity High operational and equipment costs
Low Energy Consumption | Challenges associated with component
High Recovery Rate heterogeneity

Reduction in recovery costs

3.4.1. Mechanical Treatment of Spent LIBs

Mechanical treatment in EVs Battery recycling is a key procedure that involves physically
separating spent batteries to recover valuable materials such as metals, plastics, and critical minerals.
The process starts by discharging the batteries to eliminate any residual charge, minimizing the risk
of fire or explosion. Once discharged, the batteries are dismantled to remove the outer casings and
separate the individual modules or cells. This can be done either manually or using robotic systems,
which enhance both efficiency and safety [111].

The next phase involves shredding, where the battery cells are broken down into smaller pieces.
This is followed by size reduction, achieved through milling, or grinding, to create finer materials,
especially when separating metals from other components. Various separation techniques, including
magnetic separation for ferrous metals, eddy current separation for non-ferrous metals, and gravity
separation based on density differences, help extract valuable materials such as aluminum, copper,
and iron from plastics, ceramics, and other waste. Additionally, air classification is used to further
separate lightweight materials.

The final product is black mass, a powder rich in lithium, cobalt, nickel, and manganese, which
is then processed through hydrometallurgical treatment to recover these valuable metals [115]. This
mechanical treatment is a crucial step in the recycling process, offering an efficient and energy-
conscious way to recover essential elements while minimizing the environmental risks linked to
battery disposal [7].

3.4.2. Metallurgical Recycling

Mechanical techniques cannot separate black mass components due to the physical and chemical
features of active materials, such as microscopic grain size. These processing steps can be
accomplished through metallurgical techniques [116]. Pyrometallurgy is a high-temperature process
[117,118] widely used to recover valuable metals such as cobalt, nickel, and copper. In the
pyrometallurgical process, which is a conventional method of recovering metal, various thermal
processes, including roasting, sintering, smelting, and burning, are performed at regulated high
temperatures in order to extract the metallic components from electronic waste [119]. Although the
high-temperature smelting method is relatively simple and productive [120], its poor Li recovery
efficiency and high energy consumption have limited its further application [121].

The hydrometallurgical process is a chemical-based method for recycling EV batteries that uses
selective precipitation and dissolution to extract important metals like nickel, cobalt, and lithium
from EoL batteries [68]. The process of hydrometallurgy delivers a high recovery rate of over 98% for
copper, nickel and lithium [24]. Hydrometallurgy uses a sequence of aqueous (water-based) chemical
processes and works at relatively low temperatures, in contrast to pyrometallurgy, which depends
on high temperatures. This makes it a more environmentally friendly and energy-efficient technique
to recycle EV batteries, particularly as it gives you more control over the extraction of high-purity
metals [122]. Following battery disassembly and shredding into “black mass,” this substance is
dissolved in an acidic solution (usually sulfuric acid or hydrochloric acid)in a process known as
leaching [123,124] Metals can dissolve into ions as a result of the materials being broken down. After
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the metals have dissolved, high-purity metals are isolated for further usage using methods such as
solvent extraction and precipitation [7,125]. Energy efficiency and accurate metal recovery are two
benefits of hydrometallurgy [115]; nevertheless, controlling acidic waste and increasing recovery
rates are still difficulties. Nevertheless, it is a productive method for creating battery-grade materials,
enabling a closed-loop system in the electric vehicle sector.

The direct recycling of the active material is a third option, in addition to pyrometallurgy and
hydrometallurgy [126]. This procedure was created to produce new LIBs by reusing the cathode
active material from LIBs recycling. Recovering electrode material from LIBs and then regenerating
the recycled electrode material are the two main processes in the method [127]. Numerous studies
have already shown success on a laboratory scale, but industrial application has not yet occurred.
Figure 6 compares the costs and key environmental impacts associated with producing 1 kg of
NMC111 from virgin raw materials and through three recycling methods pyrometallurgical,
hydrometallurgical, and direct recycling at a large commercial scale (50,000 tons per year). The data
reveals that direct recycling results in the lowest environmental and cost impacts across all categories
[128].
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Figure 6. Cost and environmental impacts of producing 1 kg of NMC111 from virgin material and recycled using
different methods [128].

4, Discussion

LIBs play a critical role in modern technology, powering applications ranging from portable
consumer devices to EVs and large-scale energy storage systems. The rapid growth of EV adoption,
driven by stricter decarbonization policies and CO: emission reduction targets, has intensified the
need for affordable EVs and efficient strategies for managing end-of-life batteries.

Battery recycling has emerged as a sustainable and practical solution. Advanced methods allow
for the recovery of valuable metals like Ni, Co, Mn, Li and packaging materials such as aluminum
(Al) and Cu, reducing dependence on raw material extraction. This not only conserves resources but
also lowers energy consumption and environmental emissions. Additionally, efficient recycling
processes significantly reduce the costs of new battery production, making EVs more economically
viable. The reviewed literature highlights significant challenges in the current EV battery recycling
processes, including the wide variation in battery chemistries, complex pack designs, and the absence
of standardized labeling systems. These issues increase the complexity of dismantling and sorting
operations, leading to higher costs, lower efficiency, and elevated environmental and safety risks.
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While advancements in robotic dismantling and material recovery technologies show promise, their
scalability and efficiency are limited due to the lack of integration with standardized manufacturing
and automated sorting systems. This underscores a critical research gap in achieving seamless
automation and harmonization across the battery lifecycle, from production to end-of-life recycling.

A key observation is the lack of universal standards in battery pack design, which significantly
hinders the efficiency of recycling operations. Proprietary designs and non-uniform configurations
complicate automated disassembly. The implementation of standardized modular designs and
digital labeling technologies, such as QR codes could facilitate precise identification of battery
chemistries and configurations, streamlining sorting and dismantling processes. Moreover, while
robotic dismantling technologies have shown potential, they remain in the developmental phase and
require further optimization to address the diverse designs and chemistries of battery packs
effectively.

Another major gap identified is the absence of integrated data management systems for real-
time tracking of battery chemistries and electrical parameters. Establishing comprehensive, database-
driven sorting methodologies could significantly enhance the accuracy and efficiency of material
recovery processes. Furthermore, leveraging advanced technologies such as digital twin models for
process simulation and optimization could enable dynamic adaptation to varying battery designs,
improving both safety and efficiency. Addressing these gaps through interdisciplinary research,
policy support, and collaboration between manufacturers and recyclers is essential for conserving
resources, reducing environmental impacts, and transitioning toward a sustainable circular economy
for EV batteries.

Robotic battery dismantling represents a significant innovation in recycling workflows. Robots
enhance precision and safety, reducing human exposure to hazardous materials while improving
efficiency in disassembling complex battery packs. Currently, robotic dismantling is still in its early
stages, requiring substantial advancements to enhance its speed, efficiency, and overall effectiveness.
Optimizing this technology will allow for the rapid dismantling of entire battery packs, meeting the
demands of large-scale recycling. By combining these advanced methods robotic dismantling, data-
driven sorting, and digital twin technology battery recycling is evolving into a critical pillar of the
circular economy. Continued innovation in these areas is essential for creating a robust and
sustainable infrastructure to meet the growing demands of EV and energy storage industries.

Altilium, a UK-based clean technology innovator, is spearheading the global transition toward
a zero-carbon energy future through its proprietary EcoCathode™ technology [64]. This advanced
hydrometallurgical process represents a significant breakthrough in the recycling of EOL LIBs and
production waste from gigafactories. Designed to maximize material recovery and minimize
environmental impact, EcoCathode™ enables the efficient extraction of critical metals including
lithium, nickel, cobalt, and manganese at high purity levels suitable for direct reuse in the
manufacturing of new batteries.

Unlike conventional pyrometallurgical methods, which are energy-intensive and often result in
the loss of valuable materials like lithium and manganese, Altilium’s EcoCathode™ process leverages
aqueous chemical extraction techniques to achieve superior recovery rates. Specifically, the process
recovers over 95% of key metals from EV battery waste streams, preserving their quality for
reintegration into the battery supply chain. This ensures a closed-loop recycling system that reduces
dependency on raw material mining, which is both environmentally damaging and subject to volatile
market conditions.

EcoCathode™ is engineered to address the dual challenges of sustainability and economic
viability in battery recycling. The process achieves a 60% reduction in carbon emissions compared to
traditional mining and refining of virgin raw materials, making it a more environmentally
sustainable solution. Additionally, the process reduces material recovery costs by 20%, offering a
competitive edge to manufacturers seeking to lower production expenses without compromising
quality or performance [129].
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The scalability of EcoCathode™ further enhances its industrial appeal. Its modular design and
adaptability to different battery chemistries, including NMC and LFP, make it a versatile solution for
the rapidly evolving energy storage market. By addressing key technical, environmental, and
economic barriers, Altilium’s EcoCathode™ technology provides a robust framework for
establishing a circular economy within the battery industry, ensuring long-term sustainability and
resilience in the transition to clean energy systems.

Altilium Clean Technology is partnering with leading UK automakers to establish a circular
economy for EV battery recycling. Their advanced processes focus on maximizing material recovery,
minimizing environmental impact, and enabling the reuse of critical metals in new battery
production. Planned UK recycling facilities are expected to produce enough sustainable lithium
annually to manufacture over 250,000 EV batteries, equivalent to powering more than 80% of the EVs
sold in the UK in 2023, significantly reducing reliance on virgin material sourcing [130].

Through this review and observations, it is evident that improving EV battery recycling requires
a combination of standardized manufacturing practices, technological innovation, and policy
support. By addressing these challenges, the industry can significantly reduce waste, conserve critical
resources, and make EVs more sustainable. Continued research and collaboration between
stakeholders will be critical to achieving these goals, ensuring that the EV revolution aligns with
environmental and economic sustainability.

5. Conclusion

This review has explored the critical challenges and emerging technologies in EV battery
recycling, highlighting the urgent need for sustainable and efficient solutions. Key obstacles such as
the diversity in battery chemistries, complex pack designs, the absence of standardized labeling
systems, high operational costs, and safety risks continue to hinder progress in recycling processes.
Despite these challenges, advancements in robotic dismantling, database-driven sorting, and
innovative material recovery techniques show significant potential. However, the lack of industry
wide standardization and limited integration of advanced digital tools remain significant barriers to
widespread adoption.

Addressing these challenges is essential to improving the economic feasibility and
environmental sustainability of battery recycling. By adopting standardized manufacturing practices,
integrating automation technologies, and utilizing digital twin models, the recycling process can be
transformed into a streamlined and scalable operation. Collaboration between policymakers,
manufacturers, and researchers is crucial to developing harmonized frameworks that support
innovation in battery lifecycle management and resource conservation.

The digital twin model represents a transformative, technologically advanced approach to EV
battery recycling. By integrating automation, real-time monitoring, and chemistry-specific
processing, it addresses key challenges associated with resource recovery and sustainability. The
model’s ability to simulate and optimize the recycling process offers significant benefits, including
improved safety, enhanced material recovery rates, and reduced environmental impact. Ultimately,
this innovation contributes to a more sustainable and resource-efficient future for the EV industry.

6. Future Work

To overcome current limitations and drive progress in EV battery recycling, several future
research and development directions must be pursued.

First, the development of standardized battery pack designs should be prioritized. Universal
guidelines for modular, recycling-friendly pack designs, coupled with digital labeling systems such
as Barcode/QR codes, can simplify sorting and dismantling processes. These measures will enable
efficient identification of battery chemistries and configurations, reducing complexity during
recycling.
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Second, significant advancements in robotic dismantling systems are needed. Future efforts
should focus on enhancing the speed, precision, and adaptability of robotic technologies to handle
diverse battery pack structures. Incorporating machine learning and Al algorithms into robotic
systems could further improve their ability to manage variability in design while ensuring safety and
precision.

Third, the integration of digital twin technology offers immense potential for optimizing
recycling operations. Digital twins can enable real-time simulation, monitoring, and predictive
maintenance of recycling systems, increasing efficiency and scalability while reducing operational
costs.

Additionally, the implementation of centralized, database-driven sorting systems can enhance
material recovery rates. These systems should track battery chemistries, configurations, and lifecycle
data, ensuring accurate sorting and efficient recovery of valuable materials. Concurrently, research
must focus on developing eco-friendly and cost-effective recycling processes that minimize
environmental impacts while achieving high recovery yields for critical materials.

Finally, strong policy and regulatory frameworks are essential to support these advancements.
Regulations promoting circular economy practices, extended producer responsibility, and financial
incentives for recycling-friendly designs can drive widespread adoption. Collaborative efforts
between stakeholders are vital to achieving a sustainable battery recycling ecosystem.

By addressing these priorities, the EV battery industry can overcome existing challenges and
establish a robust, resource-efficient recycling framework. These advancements will not only
conserve critical materials but also mitigate environmental impacts, contributing to the global shift
toward cleaner and more sustainable energy systems.
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Appendix A
Table Al. List of Abbreviations.
LIBs Lithium-Ion Batteries
EoL End-of-Life
EV Electric Vehicle
Mn Manganese
Co Cobalt
Li Lithium
Ni Nickle
LCO Lithium Cobalt Oxide
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NCA Lithium Nickel Cobalt Aluminium Oxide
NMC Lithium Nickel Manganese Cobalt Oxide
LFP Lithium Iron Phosphate
LMO Lithium Manganese Oxide
LTO Lithium Titanate
Cu Copper
Al Aluminium
BEVs battery electric vehicles
PHEVs plug-in hybrid electric vehicles
BIGP Battery Identity Global Passport
Al Artificial intelligence
ML Machine learning
EC Ethylene Carbonate
DMC Dimethyl Carbonate
DEC Diethyl Carbonate
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